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Cover Picture

Alexander N. Grechkin*, Lucia S. Mukhtarova, Larisa R. Latypova,
Yuri Gogolev, Yana Y. Toporkova, and Mats Hamberg

The cover picture shows the mechanism of catalysis by the tomato allene oxide syn-
thase (syn. hydroperoxide dehydratase, EC 4.2.1.92.) LeAOS3, CYP74C3. Enzymes of this
CYP74 family control the main routes of the plant lipoxygenase cascade, the source of
oxylipins, which play important roles in plant signalling and defence. The primary prod-
ucts of allene oxide synthases are the short-lived allene oxides. For instance, the 9-hy-
droperoxide of linoleic acid is converted by LeAOS3 into allene oxide (122)-9,10-epoxy-
10,12-octadecadienoic acid. Trapping experiments demonstrated that in contrast to the
ordinary allene oxide synthases (CYP74A subfamily), LeAOS3 (CYP74C subfamily) is a
multifunctional enzyme that catalyses not only the synthesis, but also the hydrolysis
and cyclisation of allene oxide. Further details can be found in the article by A.N.
Grechkin, L. S. Mukhtarova, et al. on p. 2498 ff.
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Iron-Sulfur Cluster Biogenesis Systems and their Crosstalk

Xiang Ming Xu and Simon G. Mgller*?

The biogenesis of iron-sulfur clusters ([Fe—S]) plays a very impor-
tant role in many essential functions of life. Several [Fe—S] bio-
genesis systems have been discovered, such as the NIF (nitrogen
fixation), SUF (mobilisation of sulfur) and ISC (iron-sulfur cluster)
systems in bacteria, and the ISC-like and CIA (cytosolic iron—
sulfur protein assembly) systems in yeast. Experimental evidence
has revealed that SUF and ISC in bacteria communicate with
each other partly through IscR to coordinate the utilisation of

1. Introduction

Iron—sulfur clusters ([Fe—S])—derived from two of the most
versatile and abundant elements on our planet—are important
cofactors of [Fe—S] proteins involved in numerous important
biological processes." Although simple in structure, [Fe—S] bio-
synthesis requires intricate interplay of a large number of pro-
teins and can be divided into three basic steps: formation of
elemental sulfur, sulfur and iron cluster assembly, and cluster
insertion into apo proteins. Most research on [Fe—S] biogenesis
has come from studies in bacteria and yeast,”” and recent
research has shed light on the seemingly intricate pathways of
[Fe—S] biogenesis in plants.®"%

Since the first [Fe—S] biogenesis system was revealed by
Dean’s group nearly 20 years ago,” three complete bacterial
[Fe—S] biogenesis systems have been discovered, termed NIF
(nitrogen fixation), ISC (iron-sulfur cluster), SUF (mobilization
of sulfur). In yeast and higher nonphotosynthetic organisms
only the ISC-like system exists in the mitochondria. The CIA
(cytosolic iron—sulfur protein assembly) system is regarded as
an iron-sulfur protein assembly system, and recent evidence
revealed that the two CIA proteins, Cfd1 and Nbp35, can form
a scaffold complex for [Fe—S] assembly in the eukaryotic cyto-
sol."™ CIA is therefore a cytosolic iron-sulfur cluster biogenesis
system in eukaryotic organisms. Based on amino acid se-
quence similarity, most components of CIA have counterparts
in Arabidopsis. 1SC is ubiquitously found in prokaryotes and in
the mitochondria of both nonphotosynthetic and photosyn-
thetic eukaryotes, whilst SUF is present in bacteria and plant
plastids.

Although our knowledge about the mechanisms of [Fe—S]
biogenesis in these systems is good, and the mode of action
of several of the individual proteins is known, we still have
little insight into the molecular and cellular relationship be-
tween individual elements and different systems. In this review
we will provide insight into the crosstalk between different
[Fe—S] biogenesis systems in bacteria, yeast and plants. As the
NIF system generally only exists in nitrogen fixing bacteria, it
will not be discussed here.
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iron and cysteine. The ISC-like system in yeast is localised to the
mitochondria, while the ISC-dependent CIA system is localised to
the cytosol; this suggests a possible role for the ISC mitochondrial
export machinery in mediating crosstalk between the two sys-
tems. Based on genetic analysis, the model plant Arabidopsis
thaliana contains three [Fe—S] biogenesis systems similar to SUF,
ISC and CIA named AtSUF, AtISC and AtCIA. Possible communica-
tion between these three systems has been proposed.

2. Bacteria: Crosstalk between ISC and SUF

In Escherichia coli, there are two [Fe—S] biosynthesis systems,
ISC and SUF (Figure 1). The ISC system consists of IscR, IscA,
IscS, IscU, HscA, HscB, Fdx and CyaY, and all genes except cyaY
exist as a gene cluster in which iscRSUA forms an operon. IscR
is a feedback repressor of this operon, which will be dis-
cussed below. The group | cysteine desulfurase IscS mobilises
sulfur from cysteine to the scaffold protein IscU, and both IscS
and IscU represent key elements of ISC. Due to the excellent
work of many research groups, there is now no controversy re-
garding their function.**® Cyay, a frataxin-like protein, func-
tions as an iron donor in the assembly of [Fe—S],"*'¥ and the
sulfur from IscS and iron from CyaY are used to assemble [Fe—
S] on the IscU scaffold. Ferredoxin Fdx provides the necessary
electron™'® (Figure 1). The specific functions of the chaper-
one/cochaperone HscA/HscB are still unknown, but they are
speculated to mediate the transfer of synthesised [Fe—S] to
IscA either indirectly, by acting as a carrier, or directly to [Fe—S]
apo proteins (Figure 1). Although IscA might act as an [Fe—S]
carrier, much research suggests that IscA is a scaffold pro-
tein”') However, there is no consensus regarding the
number and the nature of [Fe—S] associated with IscA. Further-
more, this role has been challenged by IscA’'s possible role as
an iron donor to IscU.”*?"" The ISC system appears to be a
housekeeping system.

The SUF system harbours six protein members. SufA, which
is a homologue of IscA, is thought to be a scaffold protein
within the SUF system.” SufB, SufC and SufD are ABC (ATP-
binding cassette) superfamily members that form a protein
complex.”*?! SufC exhibits ATPase activity, which might pro-
vide energy for the [Fe—S] biogenesis process. Further, SufB
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Figure 1. SUF-and ISC-mediated iron-sulfur cluster ([Fe—S]) biogenesis sys-
tems in bacterial cells. A white background indicates harsh/stress conditions
and a grey background indicates normal conditions. a) Uptaken iron is
stored within proteins (probably ferritin) that act as an iron source. b) Up-
taken sulfate is assimilated to cysteine as a sulfur source. c) Stored iron
might be redistributed directly or through other carriers to SufB, SufA, CyaY
and possibly to IscA; the latter two deliver iron to IscU. Dotted lines indicate
that these processes have not been confirmed. d) Cysteine is used by IscS or
SufS to release sulfur, which can be accepted by IscU from IscS to assemble
[Fe—S], or by SufE from SufS, and then e) transferred to SufB or SufA to as-
semble [Fe—S]. f) [Fe—S] synthesized on IscU is transferred to apo protein (X),
likely with the help of the HscA-HscB chaperone-cochaperone complex, or
g) to [Fe—S] carrier protein IscA, first for transient storage, and then h) to
apo protein (X). i) IscA might also provide iron to IscU. j) Fdx can provide
electrons to IscU for [Fe—S] synthesis, but an electron provider for the SUF
system is not known.

has been discovered recently to bind a [4Fe—4S] cluster and to
interact with SufE; this allows sulfur transfer from SufE to
SufB,* and suggests a probable scaffold function for SufB.
SufS, which is homologous to IscS, is a group Il cysteine desul-
furase the activity of which can be enhanced dramatically
through interaction with SufE and SufBCD™*-*' (Figure 1). In
contrast to ISC, SUF is specifically adapted to oxidative stress
and iron starvation. For more detailed information about bac-
terial ISC and SUF, please see these excellent reviews [2,4-6].

Although ISC and SUF are two distinct [Fe—S] biogenesis sys-
tems, they have similar net functions, which dictates that they
need to communicate with each other to provide appropriate
levels of [Fe—S] under different growth conditions and to main-
tain iron and sulfur homeostasis.

2.1 Overlapping function of ISC and SUF

The SufA protein shares 40% sequence identity with IscA, and
all analyses to date indicate that both proteins possess similar
functional properties.”*® A series of in vitro studies have
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shown that SufA and IscA can act as interchangeable scaffold
proteins; [Fe—S] biotin synthase (BioB) can be reconstituted by
either holo-IscA or holo-SufA."” Equally, IscS is similar to SufS in
that both proteins act as cysteine desulfurases during [Fe—S]
biosynthesis. More surprisingly, although SufE is highly dissimi-
lar in sequence to IscU, structural data have demonstrated that
SufE is an IscU-like protein.”’® Therefore, it appears that SufS-
mobilized sulfur from cysteine is transferred to SufE, whilst
within the ISC system IscS releases sulfur followed by transfer
to IscU. It will be interesting to investigate whether SufE can
also functionally complement IscU.

At the primary sequence and structural level the SufBCD
complex and the HscAB complex show no similarity. The only
similarity between the two protein complexes is their ability to
hydrolyse ATP, and thereby presumably provide energy for
[Fe—S] biosynthesis. As far as we are aware, it is not known
whether SufBCD can complement HscAB deficiency.

Although in silico analysis and genetic evidence for pathway
coordination is helpful, experimental verification is vital. Sever-
al studies have now confirmed that ISC and SUF have overlap-
ping functions in bacteria; lethality is only observed upon dele-
tion of both the isc and suf operons, and furthermore, over-
expression of the suf operon compensates for the absence of a
functional ISC.”?® Despite these compensatory mechanisms,
over-expression of the suf operon appears toxic, as elevated
expression of the entire suf operon in the isc deletion mutant
YT1014 has an inhibitory effect on growth.” In contrast, there
is no experimental evidence to confirm whether excessive
expression of the isc operon is harmful to bacteria. However,
since excessive expression of the isc operon is tightly requlated
by IscR autoregulation, it is highly likely that isc over-expres-
sion is detrimental to cells.

In conclusion, experimental evidence has confirmed that ISC
and SUF are two distinct but overlapping systems, and sug-
gests a level of communication between them.

2.2 Coordinating the use of iron and cysteine between ISC
and SUF

In contrast to higher eukaryotes, bacteria lack organelles, and
because of this SUF- and ISC-mediated [Fe—S] biosynthesis
takes place in the same cellular compartment. As they have
similar overall functions, coordination between SUF and ISC
will undoubtedly be important for the regulated utilisation of
iron and cysteine resources.

Sulfate taken up by bacteria is usually assimilated into cys-
teine for sulfur storage and is distributed for usage in, for ex-
ample, [Fe—S] and GSH (glutathione) synthesis. Sulfur released
from cysteine by cysteine desulfurases is accepted by SufE or
IscU, and demonstrates that in bacteria the activity of cysteine
desulfurases SufS and IscS determines sulfur flow to either SUF
or ISC, respectively (Figure 1). Under normal conditions, 1SC
plays a housekeeping role for [Fe—S] synthesis and utilizes
most of the sulfur, whilst SUF most probably only plays a
minor role. However, when iron or sulfur metabolism is dis-
rupted by iron starvation or oxidative stress, SUF plays a major
role for [Fe—S] biosynthesis.””

ChemBioChem 2008, 9, 2355 -2362
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Due to its toxicity, iron must also be assembled onto storage
proteins. The most likely storage-protein candidate is the high
iron affinity protein ferritin, which could then act as an iron
source (Figure 1). Even though ferritin is the most probable
iron source, no direct evidence has shown that ISC or SUF can
acquire iron from ferritin. CyaY is an iron provider for ISC, but
it is not clear whether CyaY can accept iron from ferritin. Fur-
thermore, it is not known what provides iron for the SUF
system. Combined, the lack of direct evidence for iron-provider
proteins makes it challenging to analyze iron distribution be-
tween the two systems.

The regulation of ISC and SUF plays a key role in coordinat-
ing the distribution of iron and cysteine between the two sys-
tems (Figure 2). In ISC, regulation is controlled by IscR. IscR has
two forms, holo- and apo-IscR. Holo-IscR contains a [2Fe—2S]
cofactor, which can bind to the promoter of the isc operon
(iscRSUA)™ to inhibit its expression. When [Fe—S] is impaired
or lost due to its sensitivity to oxygen, IscR converts to the apo
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Figure 2. Regulation of the SUF and ISC pathways. a) Oxidative stress condi-
tions induce suf operon (SUfABCDSE) expression by causing OxyR to bind to
the ORE-I site (—236 to —197 nucleotides upstream of the transcription
start) and IHF to bind to ORE-Il (—156 to —127).5" b) The iron-rich form of
Fur (Fur-Fe) binds at the promoter site (—32 to —3) and represses the tran-
scription of the suf operon under normal conditions.®” c) During iron starva-
tion, Fur-Fe loses iron and Fur turns into its inactive form, which is unable
to bind to the promoter; this results in derepression of the suf operon.?”:¢"
d) The SufE and SufBCD complex can enhance the cysteine desulfurase ac-
tivity of SufS.”*%! e) Apo-IscR (without [Fe—S]) can bind to the ORE-IIl site
(—56 to —35) of the suf operon promoter and activate its expression to an
almost equal level to OxyR in response to oxidative stress.®" f) Stress condi-
tions affect expression of the isc operon (iscRSUA—hscAB-Fdx is not part of
the isc operon) through IscR,*” which can be converted from holo-IscR to
apo-IscR under these conditions. g) Expression of the isc operon facilitates
[Fe—S] synthesis, which enables assembly of holo-IscR. h) Holo-IscR binds to
the isc operon promoter and induces expression."? Under harsh conditions,
[Fe—S] is impaired or lost; this leads to the formation of apo-IscR, which is
unable to bind the promoter and the isc operon is inactivated.
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form and is then released from the isc promoter; this results in
the expression of isc operon.

The suf operon (sufABCDSE) is controlled by OxyR, IHF, Fur
and apo-IscR®* (Figure 2). OxyR and IHF bind to different re-
gions of the suf promoter and activate its expression mainly
under conditions of oxidative stress. The iron-rich form of Fur
(Fur—Fe) normally binds to the suf promoter and represses its
expression, whilst the iron-limiting form of Fur loses its binding
ability; this results in the activation of the suf operon. Suft and
SufBCD might also play a role in regulating [Fe—S] assembly,
owing to their ability to promote SufS activity.

Interestingly, it has been demonstrated that IscR can regu-
late both the ISC and SUF systems.*®*" In addition to regulat-
ing isc operon activity, apo-IscR can act as an activator of the
suf operon by directly binding to its promoter region under
oxidative conditions.?>*" Apo-IscR contributes almost equally
to OxyR to activate the suf operon in response to oxidants.”"

It is clear that IscR plays a central role in regulating the func-
tion of ISC and SUF, and also coordinating the consumption of
iron and cysteine between these two systems (Figure 2). Under
normal growth conditions, IscR continuously oscillates be-
tween the holo and apo forms because of the sensitivity of
[Fe—S] to oxygen and the feedback control of IscR on [Fe—S]
synthesis. However, it is unlikely that SUF is fully activated by
IscR since it would also require OxyR- and IHF-mediated activa-
tion and Fur derepression. It is, therefore, reasonable to
assume that under normal conditions [Fe—S] is essentially gen-
erated by the ISC. On the other hand, when bacteria are
grown under oxidative-stress and iron-starvation conditions,
which are detrimental to [Fe—S], IscR mainly occurs in its apo
form. Even though ISC is active, apo-IscR, OxyR and IHF activa-
tion and Fur derepression mediate SUF activation in concert.
Further, SufE- and SufBCD-mediated enhancement of SUF ac-
tivity establishes the central role of SUF for [Fe—S] biogenesis
under these conditions (Figure 2).

3. Yeast: Crosstalk between CIA and ISC

Elegant work in the group of Roland Lill and others has estab-
lished a well-defined mitochondria-localized [Fe—S] biogenesis
ISC-like system and a cytosolic-localized CIA (cytosolic iron-
sulfur protein assembly) [Fe—S] biogenesis system in
yeast.? 323 Yeast ISC not only provides [Fe—S] for mitochondri-
al proteins, but also has an important role for cytosolic [Fe—S]
biogenesis, whilst CIA is essential for the maturation of iron-
sulfur proteins in both the cytosol and nucleus. Because of this
spatial [Fe—S] biosynthesis distribution, coordination in yeast is
more complicated than in bacteria, and the fact that yeast con-
tains many more ISC components than in bacteria strengthens
this argument. For example, sulfur transfer to Isu1, which is the
IscU homologue in yeast, requires Isd11 to form a complex
with Nfs1,29 whilst Mgel, which is a GrpE-like protein, is re-
sponsible for ADP/ATP exchange on Ssql—the HscA homo-
logue in yeast.”™ Further, Grx5, which is a monothiol glutare-
doxin, is required after [Fe—S] assembly involved in transferring
[Fe—S] to apo proteins.’® Recent reviews®>3¥ have presented
excellent information regarding the function of all ISC ele-
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ments and a good model for ISC- and CIA-mediated [Fe—S]
biosynthesis.

Four CIA components have been identified to date and
shown to be essential for [Fe—S] biosynthesis in the cytosol
and nucleus.®?¥ Cfd1 and Nbp35 are P-loop NTPases and can
form a stable protein complex, which can act as a cytosolic
scaffold for [Fe—S] synthesis."" This raises the question: which
components provide sulfur and iron for CIA?

It has become clear that CIA is a mitochondria-dependent
system.B¥ As cysteine desulfurase in yeast is found predomi-
nantly in the mitochondria, and the frataxin-like iron donor
protein Yfh1 is also localized to mitochondria, [Fe—S] synthesis
in the cytosol must dependent highly on mitochondrial func-
tions. Nbp35 can further interact with the [Fe—S] protein Nar1
when [Fe—S] is transferred from Nbp35 to Narl. Therefore, it
appears that CIA is not a complete [Fe—S] biosynthesis system,
and that mitochondrial export of a still unknown component(s)
could be important in linking the yeast ISC and CIA systems
together.>?

In mitochondria, the export machinery associated with [Fe—
S] biosynthesis consists of three components: Atm1, Erv1l and
GSH (glutathione). Atm1 is an ABC transporter that is located
in the inner membrane of mito-
chondria.?” It exports a still un-

S. G. Mgller and X. M. Xu

compound needed as a cofactor for the CIA system which con-
tains free sulfhydryl groups.®®

4. Arabidopsis: Possible Crosstalk between
AtCIA, AtISC and AtSUF

The extensive and informative research on bacteria and yeast
has encouraged an escalation in intensity within plant [Fe—S]
biogenesis research. Based on genetic analysis, Arabidopsis har-
bours three [Fe—S] systems similar to ISC, SUF and yeast CIA
(Figure 3). Most SUF-like components apart from AtSufEl,
which shows dual localization in both plastids and mitochon-
dria,*>*"" have been confirmed to be localized to plastids.®?
Together with the plastidic scaffold-like proteins AtNFUT,
AtNFU2 and AtNFU3, these components constitute a functional
AtSUF system (Figure 3).

The two important elements of the ISC-like system, AtlscS
and AtlscU, are localized in mitochondria as are AtNFU4 and
AtNFU5. Moreover, plants also contain homologues to IscA,
HscA/HscB, Fdx  (At4g21090 and  At4g05450), CyaY
(At4903240), Isd11 (At5g61220) and Mgel (At4g26780 and
At5g55200), which are predicted to be localized in mitochon-

known compound that is re- T UACIA
2 -
quired for cytosolic and nuclear /" AtSUF & \ o AtISC
[Fe—S] protein maturation and :. AtNbp35 * aic 3
- = .
iron-uptake regulation.®® Erv1 is 2 ) . tHscAl
. . . AtNbp35
a sulfhydryl oxidase in the inter- Echnm' :_H: lA‘Cfdl' E
- 2
membrane space and is also re- = AtNarl ;'
-
quired for protein import.”® The *, ’o'. @
other element of export machi- el AtCial K
- *
nery is GSH, but it is still unclear Ty N RRE| Atlsd] ] m
what role GSH plays in the Sulfate > ysted .. . — — = ' AtlscU1-3
export process, since GSH is the s 4
major redox buffer in yeast and m' - = == == l—— 0
= A—
is involved in detoxification pro- AINFUL-S 1
d protection against -
cesses an
e FrR— I
oxidative stress.*>*" _ ltf4 1 %A
As cytosolic [Fe—S] protein m— 1 :
maturation depends on ISC and 1 Iﬂl
the Atm1-Erv1-GSH export ma- 1
chinery, the activity of ISC and 1
Atm1-Erv1-GSH most probably \ Chloroplast \ Mitochondrion )
determines the ability of CIA in Plant cell
providing [Fe—S] for the cytosol
and nucleus. The transport activ- o
Fe™

ity of Atm1 depends on its
ATPase activity, which is stimu-
lated by peptides that contain
multiple cysteine residues. It has
therefore been speculated that
the physiological substrates of
Atm1 include [Fe—S] stabilized
by peptides, a sulfur compound
needed for incorporation into
cytosolic/nuclear [Fe—S], or a
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Figure 3. [Fe—S] biogenesis systems in Arabidopsis. Coloured objects indicate that these elements have homo-
logues in both bacteria and yeast; the colourless objects only have homologues in yeast. The relationship be-
tween all of the proteins shown is not clear except: 1) in plastids, AtSufB, AtSufC and AtSufD can form an ATPase
complex that might provide energy for [Fe—S] biogenesis in chloroplasts; 2) AtSufS of plastids and AtlscS of mito-
chondria are cysteine desulfurases; 3) in plastids, AtSufE1-3 can interact with AtSufS and accelerate its activity;

4) AtSufE1 is also localized in mitochondria and enhances the activity of AtlscS; 5) AtSufA and AtNFU1-2 act as
scaffold proteins in plastids;®®*! 6) AtlscU3-5 are scaffold proteins in mitochondria.”>%® An extended description
of AtSUF, AtISC and AtCIA is presented in the text. All functional and interaction data regarding AtISC-like AtHscA/
AtHscB, AtFH, AtFdx, AtFdr, AtMge1, AtGrx5, Atlsd11 and nearly all AtCIA components are based on genetic analy-
sis. To date, little has been reported on these elements. Although the assimilation pathway for sulfate and iron is
to some extent clear, their delivery and redistribution inside plant cells is not clear (dashed lines).

ChemBioChem 2008, 9, 2355 -2362
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dria (Figure 3). By using the Grx5 sequence as an input to
search for Arabidopsis homologues, many putatively corre-
sponding loci can be identified, but to date it is unclear which
locus is the real AtGrx5. All these together form a mitochondri-
al [Fe—S] biogenesis system named AtISC. Although no CIA-like
components have been confirmed in Arabidopsis, sequence
prediction analysis by using yeast CIA proteins as inputs has
revealed a putative CIA-like system. Further in silico predictions
suggest that Nbp35-, Nar1- and Cial-like proteins might be
cytosolic (Table 1, Figure 3). Cfd1 has two homologues in Arabi-
dopsis; Hcf101 has been confirmed to be plastidic, whilst
AtCfd1 is predicted to be mitochondrial. Together with mito-
chondrial export machinery homologues, they form the third
system named AtCIA, and are predicted to serve the need for
[Fe—S] by the cytosol and nucleus in Arabidopsis (Table 1,
Figure 3).

Even though much progress has been made in deciphering
the functions of the AtSUF and AtISC components, their rela-
tionship to each other and to AtCIA—a completely novel and
putative system in plants—is far from clear. Since much re-
search on Arabidopsis [Fe—S] biogenesis and crosstalk is based
on progress from bacteria and yeast, an attempt is made (see
below) to outline the Arabidopsis [Fe—S] biogenesis
systems and their relationship, with reference to bac-

- - - - T cuoles and plastids, play a key
Table 1. AtCIA (CIA-like and related mitochondria export elements in Arabidopsis). j A
role in the intracellular compart-
Proteins in yeast Homologues in Arabidopsis Localization Name mentalization of iron. More than
Nbp35, Cfd1 AT5G50960 cytosol® AtNbp3s | 90% of the iron in leaf cells is lo-
AT4G19540 mitochondria® AtCfd1 cated in chloroplasts,*” and in
AT3G24430 Ch'°f°F?|]aSt[b] HCF101 plastids the ferritins can store an
Nar1 AT4G16440 cytosol™ AtNar1 . N
important fraction of cellular
Cial AT2G26060 cytosol® AtCiala . P 42 o
AT4G32990 cytosol® AtCialb iron.™ Ferritin is a globular pro-
Atm1 AT4G28630 mitochondrial membrane™ AtATM1 tein complex that consists of 24
AT4G28620 mitochondrial membrane:j AtATM2 protein subunits with the abi“ty
AT5G58270 mitochondrial membrane AtATM3
to store up to 4500 atoms of
Ervl AT1G49880 mitochondria® AtErvi . . P o
GSH (glutathione) synthesized by GSH1 and GSH2 iron. It is the main intracellular
- - - iron storage protein in both pro-
[a] Predicted; [b] confirmed by experiment.
karyotes and eukaryotes, and

has the ability to keep iron in a
soluble and nontoxic form. These proteins play various roles
related to iron homeostasis during development or in response
to environmental stresses. Arabidopsis contains four ferritin-
encoding genes, (AtFer1-4) all predicted with high confidence
to be localised to plastids;*” this suggests that iron storage is
mainly constrained to organelles.

Similar to bacteria, sulfur is taken up as sulfate in plants and
is then incorporated into cysteine.*® Sulfur assimilation occurs
through the cysteine biosynthetic pathway, which is located in
plastids; this indicates that plastids are the main source of cys-
teine in cells.*>*

As most cysteine and iron is be redistributed from plastids,
communication between AtISC, AtSUF and AtCIA is essential
for balancing the need for iron and cysteine for [Fe—S] biosyn-
thesis in different organellar compartments. Iron and cysteine
flux across the plastid membranes is therefore vital for cytosol-
ic and mitochondrial [Fe—S] biosynthesis.

To date, few proteins involved in iron transport across plant
organellar membranes have been characterized. However, re-
cently the permease PIC1 (permease in chloroplasts 1) was
shown to function in iron transport across the inner envelope
of chloroplasts and hence in cellular metal homeostasis,*” but

teria and yeast.

4.1 Relocation of cysteine and iron

As [Fe—S] biogenesis is central to iron and sulfur me-
tabolism (Figure 4) its analysis will increase our un-
derstanding of iron and sulfur homeostasis in plants.
Iron in plants cannot only be used for [Fe—S] synthe-
sis, but also for heme assembly.*? Cysteine is the pri-

Plant cell

Di-iron Enzyme

S

H,S

% Phytoalexins
A
7 \G)

mary product of the sulfur assimilation that occurs in
plastids. Sulfur is not only used for [Fe—S] synthesis,
but also to generate sulfur-rich proteins (SRPs, includ-
ing thionins), GSH, glucosinolates and phytoalexins™
(Figure 4).

Storage and buffering of iron at the subcellular
level are crucial mechanisms that allow plants to
cope with iron scarcity and toxicity. Although iron
can be stored in the apoplast, organelles such as va-
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Figure 4. Iron and sulfur metabolism in plant cells. Sulfate taken up into the plant cell is
incorporated into cysteine through the cysteine biosynthetic pathway, which is localized
to plastids;"***! this highlights the importance of plastids in storing and redistributing
cysteine in plant cells. The primary product of sulfur assimilation is incorporated into
[Fe—S], SRPs (sulfur-rich proteins) and GSH and used to synthesize glucosinolates, phy-
toalexins, methionine.* Iron taken up by plant cells will most likely be stored within the
ferritins AtFer1-4, which are all localized in plastids,”* and iron is mainly used to gener-
ate [Fe—S] and heme.
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it is not clear whether this protein is responsible for both iron
uptake and efflux in chloroplasts.

Cysteine is a neutral amino acid the allocation of which is
mediated by AAP permeases in Arabidopsis.*® However, none
of these has been confirmed to be cysteine-specific transport-
ers. In yeast, cysteine transport is mediated by at least eight
different permeases that are not specific for cysteine. Recently
a new transporter, Yct1p, was found to have high-affinity to-
wards cysteine, and transport experiments have revealed that
Yct1p is the major contributor to cysteine transport.*? Disap-
pointingly, Yctlp does not have homologues in Arabidopsis.
Whether there are cysteine-specific permeases in Arabidopsis
remains an open question, but it is tempting to speculate that
plant-specific permeases will be crucial for the redistribution of
cysteine and other amino acids between different subcellular
compartments in plant cells.

An interesting discovery was recently made by Heeg et al.
who showed that mitochondria and not plastids play the most
important role for cysteine synthesis in Arabidopsis. However,
their data demonstrate that cysteine and also sulfide must be
sufficiently exchangeable between the cytosol and organelles;
this supports our notion outlined above.®

4.2 Communication between AtSUF, AtISC and AtCIA

In bacteria, genes that encode the ISC or SUF components
form gene clusters or operons, and the regulation of these two
systems is simpler than the regulation of eukaryotic cells. In
Arabidopsis, genes that encode AtSUF or AtISC components
are scattered throughout the genome and have partly un-
known and complicated expression patterns. Three SufE-like
proteins (AtSufE1-3) have been characterized and shown to
accelerate the cysteine desulfurase activity of AtSufS.!*%4"°"
AtSufE2 and AtSufE3 are plastidic proteins, whilst AtSufE1 is lo-
calized to both the plastid and mitochondria. Detailed experi-
mentation has demonstrated that AtSufE1 localises initially to
plastids followed by localisation to the mitochondria, which
could explain slightly contradictory reports.“>*" Further evi-
dence of dual localisation has come from in vivo protein—-pro-
tein interaction experiments in which AtSufE1l and the mito-
chondrial protein AtlscS (AtNfs1) show a clear interaction in mi-
tochondria.*” In addition, AtSufE1 can enhance the activity of
AtlscS in mitochondria, and acts as a possible regulator of the
AtISC system. AtSufE3 contains SufE- and NadA-like (bacterial
quinolinate synthase) domains and not only stimulates cys-
teine desulfurase activity, but also acts as a quinolinate syn-
thase.®" AtSufE3, therefore, appears to be a quinolinate syn-
thase in Arabidopsis.”" The combined activities of AtSufE1-3 in
plastids and AtSufE1 in mitochondria will most probably influ-
ence cysteine distribution between the AtSUF and AtISC path-
ways (Figure 3).

AtNAP1 (AtSufB) is the counterpart of SufB in bacteria that
interestingly has acquired ATPase activity during evolution.®?
This is not entirely surprising considering that the oxidative en-
vironment in the chloroplast requires continuous [Fe—S] repair
and/or synthesis. The activity of AtNAP1 is affected by iron
levels; this indicates that it might also relate to iron homeosta-
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sis.’? The suf operon in bacteria is regulated by Fur, which re-
quires iron to repress this operon and also allows iron to be
utilized for other processes, such as heme synthesis. AtNAP1 is
the first AtSUF component found to be affected by iron levels.
Interestingly, AtNAP1 can interact with AtSufE (X.M.X. and
S.G.M., unpublished data), which is in agreement with recently
published bacterial data,”” but further work is needed to con-
firm that it can also assemble [Fe—S]. AtNAP7 (AtSufC) is an-
other ATPase that can complement a bacterial SufC mutant
under oxidative stress conditions.”® Further, interactions be-
tween AtNAP1 and AtNAP7 and between AtNAP7 and the
SufD-like protein AtNAP6?** have been firmly established;
this confirms the presence of a SUfBCD complex in Arabidopsis
plastids. Whether AtSufBCD can acquire iron and if this activity
is regulated by AtSufEs remain to be elucidated, but are excit-
ing prospects. In the mitochondria, iron acquisition and dona-
tion for [Fe—S] biosynthesis depend partly on the frataxin-like
protein AtFH.®*>* However, whether AtSufBCD and AtFH co-
ordinate to balance iron distribution between AtISC and AtSUF
is not clear.

An interesting aspect of the AtCIA system is that the yeast
cytosolic Cfd1 homologues in Arabidopsis have been spatially
separated during evolution: HCF101 is localized to chloroplasts
and AtCfd1 to mitochondria (Figure 3). Based on our knowl-
edge about yeast, it is reasonable to assume that AtNbp35
forms dimers in Arabidopsis, which might act in a similar fash-
ion to the yeast Cfd1-Nbp35 complex, as a scaffold for [Fe—S]
assembly. The HCF101 protein is plastid-localized and involved
in [4Fe—4S] biosynthesis. The hcf101 mutant is embryonic
lethal and impaired with respect to photosystem | (PSI), which
contains three [4Fe—4S], but has normal levels of [2Fe—2S]-
containing proteins, such as ferredoxin and PetC.*® AtCfd1 is
predicted to be mitochondrial, but its function has not yet
been characterized (Figure 3).

4.3 Crosstalk between AtISC and AtCIA

In the Arabidopsis genome, homologues of all the yeast ISC-re-
lated export machinery components exist, which are regarded
as part of AtCIA (Table 1). Among them, the Atm1 homologues
AtATM1-3 are confirmed mitochondrial proteins and AtATM1
and AtATM3 can complement the yeast atmi petite pheno-
type;F” this indicates that they have transmembrane transport
properties. The homologue of Ervl in Arabidopsis, AtErv1,
exhibits all of the characteristic features of the Erv1l protein
family, which include a redox-active YPCXXC motif, noncova-
lently bound FAD and sulfhydryl oxidase activity.”®*® Transient
expression of an AtErv1-GFP fusion protein in plant proto-
plasts showed preferential localization to mitochondria. More-
over, in vitro assays with purified protein and artificial sub-
strates have demonstrated a preference of AtErv1 for dithiols
with a defined space between the thiol groups; this suggests a
thioredoxin-like substrate®™ (Table 1). Glutathione (GSH) is the
major redox buffer in yeast and is also involved in ISC-related
export. In Arabidopsis, GSH is synthesized in two steps. The
first step is controlled by y-glutamate cysteine ligase (GSH1),
which is exclusively located in plastids, and the second step by
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glutathione synthetase (GSH2), which is located in both the cy-
tosol and plastids.®™™ Based on the above, Arabidopsis might
have a mitochondrial export machinery that is involved in
mediating cytosolic [Fe—S] assembly, similar to that of yeast
(Figure 3). If plants have retained the function of the yeast
export machinery, the Arabidopsis mitochondrial export com-
plex should play a key role in AtISC and AtCIA crosstalk.

5. Conclusions

In bacteria, the SUF and ISC component genes are organized
into operons or gene clusters and together with the lack of
membrane-bound organelles, SUF and ISC communication and
regulation are well understood (Figures 1, 2). Similarly in yeast,
the mitochondrial ISC and the cytosolic CIA system have been
well studied. However, although it is fairly clear that CIA-de-
pendent [Fe—S] synthesis is dependent on ISC, their regulation
at the gene and protein level remains largely unknown. Here,
we have presented three [Fe—S] biogenesis systems AtSUF,
AtISC and AtCIA from Arabidopsis and their possible crosstalk
largely based on genetic analysis. Even though we have only
just started to understand the communication between these
seemingly interlinked [Fe—S] biogenesis systems, the evolution-
ary comparison of crosstalk between spatially separated funda-
mental biological processes paves the way for an exciting
future within [Fe—S] biogenesis research.
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Design of Gold Nanoparticle-Based Colorimetric

Biosensing Assays

Weian Zhao,” Michael A. Brook,** and Yingfu Li*®®

Gold nanoparticle (AuNP)-based colorimetric biosensing assays
have recently attracted considerable attention in diagnostic ap-
plications due to their simplicity and versatility. This Minireview
summarizes recent advances in this field and attempts to provide
general guidance on how to design such assays. The key to the
AuNP-based colorimetric sensing platform is the control of colloi-
dal AuNP dispersion and aggregation stages by using biological
processes (or analytes) of interest. The ability to balance interpar-
ticle attractive and repulsive forces, which determine whether
AuNPs are stabilized or aggregated and, consequently, the color
of the solution, is central in the design of such systems. AuNP ag-
gregation in these assays can be induced by an “interparticle-
crosslinking” mechanism in which the enthalpic benefits of inter-

1. Introduction

The controlled assembly and disassembly of gold nanoparticles
(AuNPs) has been a subject of great interest over the past
decade due to the potential applications of these particles in
nanobiotechnology.!" Their unique physical properties,”® partic-
ularly their localized surface plasmon resonance (LSPR; sec-
tion 2), make AuNPs attractive building blocks for nanoscale
electronic and photonic devices as well as signal transducers
and/or signal amplifiers in a variety of biosensing platforms
that exploit colorimetric (through interparticle plasmon cou-
pling or local refractive index change-induced plasmon band
shifts),*@  plasmonic light scattering,®™ surface-enhanced
Raman scattering (SERS),® fluorescent,*™ and electrochemi-
cal assays.F™

Of particular interest is the AuNP-based colorimetric biosen-
sor, which takes advantage of the color change that arises
from the interparticle plasmon coupling during AuNP aggrega-
tion (red-to-purple or blue) or redispersion of an AuNP aggre-
gate (purple-to-red)."**¥ Since the first DNA sensor was devel-
oped by Mirkin and co-workers,” this platform has been in-
creasingly applied for the detection of a large variety of tar-
gets, (Tables 1 and 2) including nucleic acids, proteins, saccha-
rides, small molecules, metal ions, and even cells. It is quickly
becoming an important alternative to conventional detection
techniques (e.g., fluorescence-based assays) and holds great
potential in clinical diagnostics, drug discovery, and environ-
mental contaminant analysis, among others.

In this Minireview, we attempt to summarize the recent ad-
vances in the development of AuNP-based colorimetric bio-
sensing assays that employ AuNP aggregation and dispersion.
Given that excellent, but general, review articles for some rele-
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particle bonding formation overcome interparticle repulsive
forces. Alternatively, AuNP aggregation can be guided by the con-
trolled loss of colloidal stability in a “noncrosslinking-aggrega-
tion” mechanism. In this case, as a consequence of changes in
surface properties, the van der Waals attractive forces overcome
interparticle repulsive forces. Using representative examples we il-
lustrate the general strategies that are commonly used to control
AuNP aggregation and dispersion in AuNP-based colorimetric
assays. Understanding the factors that play important roles in
such systems will not only provide guidance in designing AuNP-
based colorimetric assays, but also facilitate research that ex-
ploits these principles in such areas as nanoassembly, biosciences
and colloid and polymer sciences.

vant topics on AuNPs exist (the preparation, surface functional-
ization, physical properties, applications including biosensing
platforms other than absorption-based colorimetric as-
says,'**2¢  biomolecule-mediated nanoassembly,"®” DNA
nanotechnology,” and nanoparticle-based bioanalysis®), we
will address the subject from the standpoint of colloid chemis-
try and attempt to provide general guidelines on how to
design AuNP-based colorimetric biosensors by tuning interpar-
ticle forces and controlling AuNP colloidal stability and aggre-
gation. We begin with a brief introduction of the physical
phenomenon (i.e., colors) associated with AuNPs and their ag-
gregation, briefly discuss the interparticle forces of AuNPs, and
describe general strategies to stabilize or aggregate these col-
loidal particles. After providing a general background, we will
concentrate on the design of biosensing assays through the
modulation of AuNP stability and aggregation, which utilize
both interparticle crosslinking and noncrosslinking aggregation
mechanisms.

[a] W. Zhao, Prof. Dr. M. A. Brook, Prof. Dr. Y. Li
Department of Chemistry, McMaster University
1280 Main Street, W. Hamilton, ON L8S 4M1 (Canada)
Fax: (+ 1)905-522-9033
E-mail: liying@mcmaster.ca

mabrook@mcmaster.ca
Prof. Dr. Y. Li
Department of Biochemistry and Biomedical Sciences
McMaster University, 1280 Main Street
W. Hamilton, ON, L8N 3Z5 (Canada)
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Table 1. Typical types of interparticle (bio)recognitions and their representative target analytes in AuNP-based colorimetric biosensing assays by using the
interparticle crosslinking aggregation mechanism. See Figure 3 and the main text for a detailed description of each platform.

Platform Interparticle biorecognition
DNA-DNA aptamer-target antibody-  streptavidin-  lectin-sugar metal-ligand  other chemical
antigen biotin interactions®
A nucleic acids,> ! thrombin,™ cells,"  antibody"**! streptavidin* lectin,"* " chol- heavy cysteine and glutathione,"*¥
DNA binding mole- PDGF,#! ATP14d era toxin!"" metals,'! phage™m
cules,m'”ﬂ HgZ+'[13(,14k] Cu“,““”] KH14g)
proteins,"*? cysteine,'*
cytokine!™Y
B Pb?*, adenosine, biotin'29 glucose,®
cocaine!™ protein—protein
interaction!”
C Pb2+;[18ﬂ K+,[14C] protease'['lBa] ﬁ_lactamase'[18d]

adenosine,“sg] Cu2+ N4d

D kinase!"*
E DNase [
F pH[19(,d,14\]

streptavidin

kinase!

phosphatase,* H,0,,'®

protein modification!'
[14n]

proteasel2®

192] cytochrome c!'*!

[a] These include AuNP crosslinking with molecules that bear multiple AuNP surface binding sites (e.g., thiol) through chemical interactions (e.g., Au-S).

Table 2. Typical platforms and their representative target analytes in
AuNP-based colorimetric biosensing assays using the noncrosslinking ag-
gregation mechanism. See Figure 4 and the main text for a detailed de-
scription of each platform.

Platforms G H |

targets  DNA,P% KF,2d ATPR221 adenosine,®?  DNA,?" adeno-
thrombin, 2> ki- DNase 1,23 sine,"? adenosine
nase’[ug,h] ng+,[22j] Pb2+,[23b] deaminase'[ﬂ] K+[12]
lysozyme,??! nucleic acids®"

phosphatase'"”

2. Localized Surface Plasmon Resonance of
AuNPs

Small AuNPs (normally 10-50 nm in diameter) in water or glass
appear deep-red in color, a phenomenon that has fascinated
people since ancient Roman times. The physical origin of this
phenomenon is associated with the coherent oscillation of
AuNP surface electrons (localized surface plasmon) induced by
the incident electromagnetic field.">® When visible light shines
on AuNPs, the light of a resonant wavelength is absorbed by
AuNPs and induces surface electron oscillation. Small AuNPs
(e.g., 13 nm in diameter) absorb green light, which corre-
sponds to a strong absorption band (surface plasmon band) at
~520 nm in the visible light spectrum; therefore solutions of
AuNPs appear red in color (Figure 1B, red line). For small
AuNPs, surface electrons are oscillated by the incoming light in
a dipole mode. As the size of the AuNP increases, light can no
longer polarize the nanoparticles homogeneously, and higher
order modes at lower energy dominate. This causes a red-shift
and broadening of the surface plasmon band."™ This also ex-
plains the corresponding surface plasmon band shifts (red-
shift) and color changes (red-to-purple) that are observed
during the aggregation of small AuNPs (Figure 1B, blue line).
When AuNPs aggregate, their surface plasmons combine (in-
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Figure 1. A) General schematic representation of absorption-based colori-
metric AuNP biosensing assays by using AuNP aggregation and dispersion.
B) Typical surface plasmon absorption bands for 13 nm AuNPs in the visible
light region. The red and blue curves correspond to dispersed and aggregat-
ed AuNPs, respectively.

terparticle plasmon coupling), and the aggregate could be
considered as a single large particle, although the detailed in-
terparticle plasmon coupling is rather complex and dependent
on many factors, such as aggregate morphology and nanopar-
ticle density."™ For the detailed physics of LSPR and interparti-
cle plasmon coupling, which is beyond the scope of this Mini-
review, we recommend some excellent review articles, such as
refs. [1a,b, 2].

It is the predictable color change during AuNP aggregation
(or redispersion of an aggregate) that provides an elegant plat-
form for absorption-based colorimetric detection with AuNPs

ChemBioChem 2008, 9, 2363 -2371
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as signal reporters.”) A target analyte or a biological A)
process that directly or indirectly triggers AuNP ag-
gregation (or redispersion of an aggregate) can be
detected by the color change of the AuNP solution
(Figure 1A). As interparticle plasmon coupling can
generate a huge absorption band shift (up to cEms
~300 nm), the color change can be observed by the -\W-
naked eye, and therefore sophisticated instruments i
are not required for qualitative analysis. Importantly,
owing to their extremely high extinction coefficients
(e.g., 27x10 M 'ecm™" at ~520 nm for 13 nm spheri-
cal AuNPs, >1000 times higher than those of organ-
ic dyes),"@ AuNP-based colorimetric assays have
high sensitivity, which is comparable to that of con-
ventional biodetection assays that, for example, use
fluorescence."*® For quantitative analysis, the ab-
sorption spectra are recorded (normally at an arbitrarily chosen
assay time, given the fact that AuNP aggregation is a continu-
ous process) by using a standard spectrophotometer (Fig-
ure 1B). The ratio of the absorbances at 520 nm, which corre-
sponds to dispersed particles, and a longer wavelength (e.g.,
600 nm) for a given system, which corresponds to aggregated
particles, is often used to quantify the aggregation process or
color change. Sometimes, an aggregation parameter, which
measures the variation of the integrated absorbance between,
for example, 600 and 700 nm, is used for quantitative analysis,
and this method can provide a higher sensitivity.®" Typically,
the detection limit of current AuNP-based colorimetric assays,
without signal amplification steps, is in the range of nm to
um—depending on both the design of the system (sections 4
and 5) and the binding affinity of the biomolecule receptor
used in the assay.

3. Colloidal AuNP Stabilization

The key to the AuNP-based colorimetric sensing platform is
the control of the colloidal AuNP dispersion and aggregation
stages with a biological process (or analyte) of interest. AUNP
stabilization or aggregation depends on the net potential be-
tween interparticle attractive and repulsive forces.”

AuNPs after preparation are often stabilized against van der
Waals attraction-induced aggregation by surface-tethered cap-
ping ligands—species used to control AuNP growth in the
AuNP preparation process. For instance, AuNPs prepared by
the classic citrate reduction method"” are stabilized in water
by charged citrate ions on their surface. The stability of AuNPs
can be further controlled to an exceptional degree through
the introduction of colloidal stabilizers (see below) by using
chemical grafting methods (e.g., Au-thiol, Au-amine), electro-
static adsorption and physical adsorption, etc. Common colloi-
dal stabilizers include charged small molecules, polymers, and
polyelectrolytes, which stabilize the colloidal particles through
electrostatic, steric, and electrosteric (a combination of electro-
static and steric) interactions, respectively (Figure 2).1

With respect to electrostatic stabilization (Figure 2A), the
surface charges, together with the counter ions in the
medium, form a repulsive electric double layer that stabilizes
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Steric stabilization

Figure 2. Schematic representation of colloidal stabilization through A) small charged
molecules on the AuNP surface (electrostatic stabilization), B) surface grafted polymers
(steric stabilization), and C) surface grafted charged polymers (electrosteric
stabilization)

91

colloids against van der Waals attractive forces.”>¥ A character-

istic feature of electrostatic repulsion is its high sensitivity to
the bulk ionic strength; the force of electrostatic repulsion di-
minishes significantly at high salt concentrations, when the
electric double layer is highly suppressed.”¥ This explains
why citrate-capped AuNPs are stabilized in water but undergo
aggregation at elevated salt concentrations (e.g., 50 mm
NaCl).'™

In the case of steric stabilization®®? (Figure 2B), macromo-
lecules grafted on colloid surfaces in a “good solvent”—that is,
a solvent in which steric stabilization diminishes with decreas-
ing solubility—impart a polymeric barrier that prevents col-
loids from coming too close, and van der Waals attractive
forces can dominate.*>®" Essentially, the penetration of poly-
mer chains on colloids when they approach each other results
in a loss of polymer configurational entropy, which disfavors
the aggregation process.”®7 Steric stabilization is much less
sensitive towards ionic strength than electrostatic stabilization.
Rather, the molecular weight of the macromolecule and sur-
face graft density are more important factors. In general, thick-
er polymer layers and higher graft densities lead to more effec-
tive steric stabilization.*®"

Electrosteric stabilization provided by surface-tethered
charged polymers (Figure 2C) is probably the most effective
strategy to stabilize colloidal particles.®®7 DNA (negatively
charged polymer) modified AuNPs represent an excellent ex-
ample of such systems. DNA-modified AuNPs with high DNA
graft density remain stabilized even at very high salt concen-
trations (e.g., 300 mm MgCl,). Steric factors are expected to
play a major role in stabilizing AuNPs at salt concentrations in
which the electrostatic repulsion is significantly diminished."?

4, Interparticle Crosslinking Aggregation

The controlled aggregation of AuNPs in absorption-based col-
orimetric biosensing assays can be realized by interparticle
bonding formation (interparticle crosslinking aggregation
mechanism) or by the removal of colloidal stabilization effects
(noncrosslinking aggregation mechanism). Interparticle cross-
linking aggregation is, so far, the most common approach
through which AuNPs are brought together. This occurs either
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by using crosslinker molecules that have multiple binding sites
for the receptor molecules on AuNPs (Figure 3A), or by the
direct interaction (without crosslinkers) between receptor-
modified AuNPs and AuNPs to which complementary (or anti-

A) Noncrosslinker

-

C Biological
modification
8
+ Crosslinker A
e
-—

— Crosslinker B

Crosslinker

Nonreceptor-AuNPs

Receptor-AuNPs

®:
*

Receptor-AuNPs D

Biological
modification

By,
D »

.
Dy, Uy
,O(\qfs‘%{{v g :#

Figure 3. Interparticle crosslinking AUNP aggregation. A) AuNPs are brought
together by crosslinking molecules that have multiple binding sites for the
corresponding receptors on AuNPs (pathway A). Biological recognition
events (or processes) that remove (or break) crosslinking molecules cause
AuNP deaggregation (pathway B). Biological recognition events (or process-
es) that can modify crosslinking molecules (pathway C) or receptors on
AuNP surface (pathway D) can indirectly control AuNP aggregation and
deaggregation. B) AuNP aggregation is induced by direct recognition (with-
out crosslinkers) of receptor-modified AuNPs and complementary (or anti-
receptor) AuNPs. Biological recognition events (or processes) that break
these interparticle interactions result in AuNP deaggregation (pathway E).
The AuNP aggregation process can also be regulated by biological processes
that modify surface-attached receptors (pathway F). See the main text for
detailed description of different assay designs in pathways A-F.

Biological
modification

L B

Nonreceptor-AuNPs

receptor) molecules are attached (Figure 3B). In the case of in-
terparticle crosslinking initiated aggregation, the enthalpic
benefits of interparticle bond formation (e.g., H-bonding, elec-
trostatic attraction, hydrophobic interaction, metal-ligand co-
ordination) associated with interparticle biological recognition,
overcome the interparticle repulsive forces (electrostatic and/
or steric repulsion). Typical biological recognition events in-

2366

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Y. Li et al.

clude DNA hybridization, aptamer-target interactions, anti-
body-antigen interactions, streptavidin-biotin interactions,
lectin-sugar interactions, and metal-ligand coordination. Fur-
thermore, biologically relevant organic molecules (such as pep-
tides) that have multiple gold surface binding tags (such as
thiol and guanidine) can also directly crosslink AuNPs by chem-
ical interactions (e.g., Au-S). Table 1 summarizes the typical in-
terparticle (bio)recognition mechanisms and their representa-
tive target analytes in AuNP-based colorimetric biosensing
assays that use the interparticle crosslinking aggregation
mechanism.

The first and most popular platform detects a target analyte
(crosslinker) that bears multiple binding sites for the receptors
on AuNPs (Figure 3A, pathway A). A classic example is the
DNA sensor developed by Mirkin and co-workers, in which
target DNA molecules trigger AuNP aggregation by hybridizing
two complementary DNA strands on AuNPs.®’ A red-to-purple
color change is therefore observed upon the addition of target
DNA. Given the nature of DNA hybridization, the aggregation
process is fully reversible; denaturation of the hybridized DNA
duplex at elevated temperature (above the melting tempera-
ture) causes the dissociation of aggregates into dispersed
AuNPs. Remarkably, the melting transition is extremely sharp,
which might enhance the selectivity of perfectly-matched
target DNA strands over those with mismatches.” Using a sim-
ilar strategy, Mirkin and colleagues have recently developed
assays for the detection of DNA-binding molecules and metal
ions (e.g., Hg*".'¥ This platform (Figure 3A, pathway A) has
also been applied by many others for the detection of a large
variety of substances (Table 1).1""

Due to the controllable reversibility of AuNP aggregation,
one can also make purple-colored, crosslinked AuNP aggre-
gates and then use them to detect analytes that dissociate the
crosslinkers and redisperse the AuNP aggregates (Figure 3A,
pathway B).">'® An inverse color change (purple-to-red) is an-
ticipated in this case. Lu and co-workers have developed a
series of such assays for the detection of Pb?*, adenosine, and
cocaine.™ In the Pb**-sensing assay,"* for instance, DNA mol-
ecules with a single RNA linkage serve as crosslinkers that
bring complementary DNA-attached AuNPs into aggregates. A
DNA enzyme (DNAzyme) that is prehybridized with DNA sub-
strate crosslinker cleaves the substrate by using Pb?* as cofac-
tor. Therefore, a purple-to-red color change indicates the pres-
ence of Pb**. Aslan et al. have applied a similar strategy for the
detection of glucose." In their assay, dextran modified AuNPs
were aggregated by using concanavalin A (Con A) as crosslink-
er, which has multiple binding sites for dextran. The addition
of glucose, which binds competitively to Con A, dissociates the
AuNP aggregates into dispersed AuNPs, and leads to a purple-
to-red color change. This type of competitive assay has also
been used to study protein—protein interactions."”

Given that AuNP aggregation in the assays mentioned
above is induced by the interaction of crosslinker and receptor
molecules on AuNPs, biological processes that can convert the
crosslinker molecules into noncrosslinker molecules (or vice
versa; Figure 3A, pathway C)'® or can modify receptor mole-
cules into nonreceptor molecules (or vice versa; Figure 3A,
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pathway D) can therefore be indirectly detected. Representa-

tive examples regarding the modification of crosslinkers in-
clude protease detection assays, in which a protease digests a
peptide crosslinker that would otherwise assemble AuNPs into
aggregates."™ A similar strategy has also been applied for the
detection of Pb**, B-lactamase, phosphatase, and hydrogen
peroxide, among others."® " The assays that concern the
modification of receptor molecules on AuNPs (Figure 3 A, path-
way D) will be discussed below together with pathway F in
Figure 3B.

Interparticle crosslinking aggregation can also take place
without crosslinkers (Figure 3B). If receptor molecule-modified
AuNPs are mixed with another type of AuNPs to which com-
plementary (or anti-receptor) molecules are attached, AuNPs
spontaneously form aggregates through interparticle biorecog-
nition (Figure 3B). This is the case when AuNP aggregates are
prepared by mixing DNA-modified AuNPs with complementary
DNA-tethered AuNPs.”%@ Mirkin and co-workers have prepared
such purple-colored AuNP aggregates and used them as
probes for the detection of endonuclease (DNase I) and its in-
hibitors (Figure 3B, pathway E).”? The addition of endonu-
clease cleaves double-stranded (ds) DNA strands and results in
the dissociation of AuNPs, which is accompanied by a purple-
to-red color change.

The detection of biological processes that modify biomole-
cule receptors on AuNP surfaces and lead to (or prevent) AUNP
aggregation, is another common platform that uses the inter-
particle crosslinking aggregation mechanism with (Figure 3 A,
pathway D) or without crosslinker molecules (Figure 3B, path-
way F).'¥ Brust and co-workers reported a kinase-sensing assay
in which a kinase catalyzes the phosphorylation of peptide
substrates that are attached to AuNPs.' As vy-biotin-ATP is
used as a cosubstrate, the phosphorylation reaction introduces
biotin onto AuNPs, which allows the kinase-modified AuNPs to
crosslink with avidin-modified AuNPs and form aggregates
through the interaction between avidin and biotin (Figure 3B,
pathway F). A similar approach has also been applied to detect
proteases, pH changes, and to study protein conformational
changes.l"®*-4

In summary, AuNP-based colorimetric bioassays that employ
an interparticle crosslinking aggregation mechanism rely on in-
terparticle biorecognition forces (and sometimes chemical in-
teractions). This aggregation mechanism is mainly applied to
target biological processes (or analytes) that are directly or in-
directly associated with the formation of interparticle bonds.
One could readily design such systems, particularly for targets
that have multiple binding sites on their receptors. On the
other hand, however, this could restrict the use of such assays
mainly to cases in which target analytes and/or receptors have
multiple binding sites. Moreover, AuNP aggregation induced
by interparticle crosslinking is sometimes a relatively slow pro-
cess. For example, AuNP aggregation modulated by DNA hy-
bridization between target DNA crosslinkers and DNA probes
on AuNPs normally takes a few hours.” Careful annealing
steps (heating and cooling) are often required in such systems.
The relatively slow aggregation is presumably due to the
nature of the interparticle crosslinking aggregation mechanism.
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Aggregation is mainly driven by random collisions between
nanoparticles with relatively slow Brownian motion;*'? addi-
tionally interparticle repulsive forces (electrostatic and/or
steric) create high energy barriers for aggregation (although in-
terparticle bonding formation is favored thermodynamically).
Furthermore, when AuNP aggregates are used as probes
(Figure 3, pathways B and E), biomolecules inside aggregates
are only poorly accessible for biorecognition, which might
impair both the detection sensitivity and assay time.!"™

5. Noncrosslinking Aggregation

More recently, a “noncrosslinking aggregation” or “destabiliza-
tion-induced aggregation” mechanism has been employed as
an alternative way to control AuNP aggregation in AuNP-
based colorimetric biosensing assays. In such systems, AuNP
aggregation is induced by the controlled loss of electrostatic,
steric or electrosteric stabilizations without the formation of in-
terparticle bonds (Figure 4, pathways G-I). Table 2 summarizes
different sensing platforms that use the noncrosslinking aggre-
gation mechanism and some representative target analytes.

A) -
. 3 < X

Xf;{\ ‘_’\‘fg;
e P
&{

Figure 4. Representative strategies for the noncrosslinking aggregation
mechanism. Van der Waals attractive forces dominate aggregation when in-
terparticle repulsive forces are significantly reduced by A) the loss of electro-
static stabilization for small charged molecule-stabilized AuNPs. Representa-
tive examples are the use of AuNPs to monitor a biological reaction in
which the reactant and product have different effects on AuNP surface
charge properties, B) the loss of (electro)steric stabilization for (charged) po-
lymer-stabilized AuNPs, such as the removal of DNA molecules from AuNPs
by endonuclease cleavage, and C) (charged) polymer conformational transi-
tions, such as DNA aptamer folding upon binding to its target. See the main
text for a detailed description of pathways G-I.
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5.1. Changing surface charge

AuNPs stabilized electrostatically by small charged moieties,
such as citrate-capped AuNPs, undergo aggregation when sur-
face charges are screened by the addition of salt, displaced by
uncharged species or neutralized by oppositely-charged spe-
cies (Figure 4A, pathway G). Citrate-capped AuNPs have been
used for biodetection by using this principle.'"*? For instance,
Li and Rothberg found that single-stranded (ss) DNA can bind
to citrate-capped AuNPs through DNA base-gold interactions
and stabilize AuNPs electrostatically.”< In contrast, dsDNA
formed by the hybridization of ssDNA and its complementary
DNA target, shows little binding affinity to citrate-capped
AuNPs and, therefore, it provides little stabilization, because,
once hybridized, the DNA bases are not free to bind to AuNP
surface. In other words, at an appropriate salt concentration
(e.g., 200 mm NaCl), citrate-capped AuNPs are stabilized in the
presence of ssDNA, but aggregate in the presence of dsDNA.
This provides a means to detect the presence of target DNA or
monitor DNA hybridization. A similar strategy has also been
applied to the detection of K*, thrombin and ATP, and takes
advantage of the different effects of ssDNA aptamers with and
without target analytes on citrate-capped AuNPs.?*¢7 More re-
cently, using the same principle, Willner and co-workers have
developed an ultrasensitive Hg*" sensor in which thymine-rich
nucleic acids affect AuNP stability differently in the presence
and absence of Hg**.*2!

We have expanded the use of this platform (pathway G) to
the detection of enzymes or monitoring enzymatic reactions in
which the reactant and product differently affect the surface
charge properties of citrate-capped AuNPs.'" In a dephosphor-
ylation reaction, for example, ATP (reactant) is converted into
adenosine (product) by alkaline phosphatase. ATP and adeno-
sine both bind to the citrate-capped AuNP surface through
DNA base-Au interactions, which presumably lead to the dis-
placement of charged citrate ions from the AuNP surface.
Therefore, the adsorption of highly charged ATP or uncharged
adenosine either stabilizes AuNPs or causes their aggregation,
respectively, due to the gain or loss of surface charges. Upon
mixing citrate-capped AuNPs with the reaction solution at cer-
tain reaction times, the AuNP solution color, which corre-
sponds directly to the amount of ATP and adenosine in the
enzyme solution, reflects the degree of conversion of ATP to
adenosine and indicates how far the enzyme-catalyzed reac-
tion has proceeded.

Using a similar strategy, Oishi etal. have also developed
assays for the detection of a protein kinase that phosphory-
lates a peptide substrate.’?" They found that the nonphos-
phorylated peptide, which carries positive charges, can bind to
the negatively charged citrate ion-capped AuNPs. The neutrali-
zation of surface charges in this case results in AuNP aggrega-
tion and a red-to-purple color change. In contrast, the phos-
phorylated peptide that has reduced positive charges did not
cause AuNP aggregation.
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5.2. Changing (electro)steric stabilization

5.2.1. Loss of polymeric stabilizers: A second platform that uses
the noncrosslinking  aggregation mechanism  concerns
(charged) polymer-modified AuNPs that are (electro)sterically
stabilized (Figure 4B, pathway H). Biological processes (or ana-
lytes) that cause the loss of (electro)steric stabilization, for ex-
ample, by removing (charged) polymers from AuNP surface,
can be detected by using this platform. We have demonstrated
an adenosine-sensing assay in which the addition of adenosine
causes dissociation of DNA aptamers®” (charged polymers)
from the AuNP surface; this process results in AUNP aggrega-
tion at an appropriate salt concentration (e.g., 40 mm
MgCl,).”*¥ We recently found that DNA molecules on AuNPs
can also be removed by enzymatic cleavage using either a pro-
tein enzyme (DNase I) or a Pb**-mediated DNAzyme.” The re-
sultant aggregation and red-to-purple color change indicate
either the presence of DNase | or Pb*+.[%"!

5.2.2. Structural changes of polymeric stabilizers: Another plat-
form that employs a noncrosslinking aggregation mechanism
relies on the change in colloidal AuNP stability upon (charged)
polymer conformational transitions on the AuNP surface (Fig-
ure 4C, pathway 1).'*?" Maeda and co-workers discovered that
AuNPs attached to ssDNA are more stable against salt-induced
aggregation than dsDNA-tethered AuNPs formed by the hy-
bridization of the complementary target DNA strand with DNA
probes on AuNPs.2'@ The authors attribute this phenomenon
to three factors: 1) the formation of a DNA duplex raises the
binding constant with counter ions (e.g., Nat) that screen the
charges of DNA molecules on AuNPs, and therefore reduces
the interparticle electrostatic repulsion;*'¥ 2) the entropic loss
associated with the formation of a rigid DNA duplex;*'¥ and
3) interparticle DNA duplex association;'? in this case, the ag-
gregation mechanism in this system becomes a different type
of interparticle crosslinking mechanism (Figure 3B, pathway F).

We recently investigated DNA aptamer folding upon binding
to a non-nucleic acid target molecule (adenosine or K*) on the
AuNP surface, and its effect on AuNP colloidal stability."” Inter-
estingly, we observed a unique colloidal stabilization effect as-
sociated with aptamer folding; AuNPs attached to folded apta-
mer structures are more stable against salt-induced aggrega-
tion than those tethered to unfolded aptamers. Significantly,
distinct AuNP aggregation and redispersion stages can be
readily controlled by manipulating aptamer folding and un-
folding states with adenosine and adenosine deaminase, re-
spectively."”? Our finding was initially a surprise, particularly
when compared to the system described by Maeda and co-
workers in which the formation of rigid DNA duplexes on
AuNP surface resulted in colloidal destabilization. While the
precise mechanism is not yet fully understood, the conforma-
tion that aptamers adopt on AuNP surfaces appears to be a
key factor that determines the relative stabilities of different
AuNPs."? Dynamic light scattering (DLS) experiments revealed
that the height of the folded aptamer layer on AuNP surface
was larger than that of the unfolded (but largely collapsed in
salt solution) aptamer layer on the surface.'” From both the
perspective of electrostatic and steric stabilization, folded ap-
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tamers are more extended from the surface and therefore
have a higher stabilization effect on AuNPs than unfolded
aptamers.

In noncrosslinking aggregation systems, van der Waals at-
traction dominates aggregation once interparticle repulsive
forces are insufficient to stabilize AuNPs. The loss of colloidal
stabilization, often modulated by salt, can be realized by re-
moving surface charges and surface-grafted (charged) poly-
mers, and by target-induced (charged) polymer conformational
transitions. The mechanism of AuNP aggregation induced by
the loss of colloidal stabilizers in pathways G and H is relatively
simple to interpret. In contrast, AUNP aggregation that results
from (charged) polymer conformational changes on AuNP sur-
faces (pathway I) is more complex. Many parameters, including
surface charge properties (e.g., charge density, the amount of
associated counter ions) and entropy factors are involved in
these systems. This can make such systems case-specific, and
the general rules for the design of such assays can only be ob-
tained with a full understanding of the effects of (charged) po-
lymer conformations on colloidal stability and aggregation.

Compared to interparticle crosslinking aggregation systems,
the noncrosslinking aggregation mechanism has some attrac-
tive features. First, neither interparticle biorecognition nor a
target analyte/receptor that bears multiple binding sites is re-
quired. Moreover, aggregation induced by the noncrosslinking
process is very rapid and assays can often be completed in a
few minutes. This is presumably due to the nature of noncros-
slinking aggregation. Once the interparticle repulsive forces
are significantly reduced, the interparticle attractive forces (van
der Waals) dominate and result in rapid aggregation.'>'¥ Nev-
ertheless, as salts are often used to modulate AuNP stability
and aggregation in noncrosslinking aggregation systems, one
might need to choose the proper salt type and concentration
in order to achieve optimal assay performance. In cases in
which biomolecular functions are not compatible with certain
salt types and/or concentrations, one might need to either
choose a salt that has no effect on the biomolecular activity or
seek a compromise between biomolecular performance and
AuNP stability/aggregation at a specific salt concentration."

It is worth noting that the classification of the aggregation
mechanisms into “interparticle crosslinking” and “noncrosslink-
ing”, and the definitions of each platform (pathways A-I) in
these two categories are rather arbitrary. There can be an inter-
play between these two aggregation mechanisms. One could
even design assays in which colloid aggregation is induced by
a combination of factors in interparticle crosslinking and non-
crosslinking aggregation mechanisms. For instance, Bhatia and
co-workers prepared two types of colloidal magnetic particles
(although not AuNPs) that were modified by either avidin or
biotin.**@ These two types of particles aggregate upon mixing
due to interparticle avidin-biotin biorecognition. To avoid such
aggregation, these particles were further modified by peptide-
tethered polyethylene glycol (PEG). Avidin-biotin interaction
was then prohibited by the steric hindrance provided by the
PEG layers. The addition of a protease that cleaved the peptide
linker and therefore removed the PEG layers (i.e., the colloidal
stabilizer was removed—a strategy often used in noncrosslink-
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ing aggregation) allowed avidin to interact with biotin; this re-
sulted in the aggregation of particles (interparticle crosslink-
ing). This example clearly demonstrates the versatility of con-
trolling colloidal stability and aggregation by defining interpar-
ticle forces associated with both interparticle crosslinking and
noncrosslinking aggregation mechanisms.

6. Conclusion and Outlook

We have summarized recent advances in the development of
AuNP-based colorimetric biosensing assays that employ inter-
particle plasmon coupling. The key in these assays is to control
AuNP aggregation and dispersion stages that are guided by in-
terparticle attractive and repulsive forces. Colloidal parameters,
such as surface charges (charge amount and density) and sur-
face grafted polymers (molecular weight, graft density and
conformations) are important for both interparticle crosslinking
and noncrosslinking aggregation mechanisms.

While our aim is to provide a general guidance for the
design of AuNP absorption-based colorimetric biosensing
assays, we also hope that the strategies of controlling colloidal
aggregation/dispersion discussed herein can be applied in
other AuNP-based sensing platforms, such as plasmonic light
scattering™ and SERS,®“® which exploit interparticle interac-
tions, and other colorimetric assays in which a red color is de-
veloped during the growth of AuNPs triggered by a target bio-
logical process.”>< We also hope that these principles can fa-
cilitate research in nanoassembly fields for the construction of
well-defined nanostructures by assembling AuNPs or other
types of nanoscale materials (e.g., quantum dots, nanotubes,
nanowires).

Given that AuNP-based colorimetric assays are compatible
with some practical platforms, for example microfluidic devi-
ces, dipstick-type assays, and other solid substrates,”” the de-
velopment of such new devices represents one future direction
of AuNP-based colorimetric probes. We are currently examin-
ing such feasibilities using paper-based substrates.”® We have
found that the colors and color changes of AuNPs and their
aggregation/dispersion properties are maintained on (or in)
paper-based substrates. Therefore, the combination of AuNPs
and paper-based substrates®” could provide opportunities for
cheap, low-volume, portable, disposable, and easy-to-use bio-
assay development.

AuNP-based colorimetric assays can also be used as an indi-
rect yet simple tool to complement other techniques, such as
NMR, X-ray crystallography, and to interpret biomolecular be-
havior (e.g., conformational changes) on surfaces, provided
that such conformational changes modify AuNP colloidal sta-
bilities and lead to different AuNP colors upon aggregation/
dispersion. This is the case in which the binding of a ssDNA
probe (or DNA aptamer) to its complementary DNA target (or
non-nucleic acid target) on AuNP surface causes a significant
colloidal stability change.">" Similar assays could be used to
interpret other DNA (or RNA) structures (e.g., triplex, G quadru-
plex, hairpin, i motif) and protein structures (particularly their
conformational transitions)."***% The study of such systems
would not only facilitate our understanding of the biological
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functions of these biomolecules, but also provide guidance for
the development of surface-based biosensing devices (e.g., mi-
croarrays and nanoparticles). Furthermore, the new discoveries
in these studies would also complement the traditional theo-
ries in colloidal and polymer chemistry.
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Multifunctional Enzymes in Oxylipin Metabolism

Claus Wasternack™ and Ivo Feussner*

The paper by Grechkin etal! in this
issue presents a new exciting example of
how enzymes involved in oxylipin forma-
tion and metabolism carry out similar if
not overlapping functions. Oxylipins are
a diverse class of lipid metabolites that
derive either from chemical or enzymatic
oxidation of unsaturated fatty acids.” In
plants a major portion of these mole-
cules are polyunsaturated fatty acid-de-
rived signals formed by different branch-
es of the lipoxygenase (LOX) pathway.”
Beside the initial reactions of oxygen in-
sertion in positions C-9 or C-13 of fatty
acids with 18 carbon atoms by different
LOX isoforms, the largest diversity of
oxylipins is provided by the family of
CYP74 enzymes.” These proteins belong
to an atypical cytochrome P450 subfami-
ly and all of them catalyze the conver-
sion of LOX-derived fatty acid hydroper-
oxides (Scheme 1, boxed area). Accord-
ing to their substrate specificity, they are
divided into at least four different sub-
families: 1) the allene oxide synthases
(AOS) that catalyze the first specific step
in jasmonate biosynthesis are grouped
as CYP74A; all of them are specific for
(13S)-hydroperoxides;  2) hydroperoxide
lyase (HPLs) enzymes catalyze formation
of leaf aldehydes and alcohols;® HPLs
that act specifically with (13S)-hydro-
peroxides form the CYP74B subfamily;
3) AOSs and HPLs that lack substrate
specificity as well as AOSs that convert
(9S)-hydroperoxides have been grouped
into the CYP74C subfamily based on
sequence  similarities;  4) enzymes
grouped into the CYP74D subfamily con-
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vert (95)- and/or (13S)-hydroperoxides

to the corresponding divinyl ethers
(DESs)."
Interestingly, although among the

CYP74 enzymes a remarkable number of
proteins with high sequence similarity
exist, until now no example was de-
scribed for which additional or at least
bifunctional activities could be observed.
In principle bifunctional enzymes have
been described that cover catalysis
within the group of oxylipins that might
derive from CYP74 activity; but these
functions have been in combination
with  completely different enzymes.
Prominent examples include the follow-

ing:

1) A fusion protein has been found in
coral with LOX and AOS-like do-
mains.” The AOS-like domain has
only weak activity and shows se-
quence similarity to a catalase. As
suggested by crystal-structure analy-
sis, the LOX-AOS fusion protein
might have evolved by mutations of
interacting LOX and AOS proteins.”®
Such a dual function protein was re-
cently also found in Anabaena.' In
contrast to the enzymes from higher
plants, both examples form and con-
vert fatty acid hydroperoxides that
are in the R configuration. It is tempt-
ing to speculate that like the coral
AOS-LOX fusion protein other cata-
lase-related AOS homologues corre-
sponding to the plant CYP74 P450
family (e.g., HPL, DES and epoxyalco-
hol synthase (EAS)) might be part of
a fusion protein.®

2) From the primitive land plant Physco-
mitrella patens, a LOX gene was
cloned that as recombinant protein
exhibited arachinoate 12-LOX activity,
linoleate 13-LOX activity, hydroperox-
idase activity as well as HPL activi-
ty.

3) From mangrove plants, which are salt
tolerant, an AOC protein was cloned

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with a 70 amino acid extension that
was responsible for the salt-tolerant
phenotype.'? Although the product
of this enzyme is not characterized
yet, it might be another candidate
for a bifunctional enzyme.

These examples are part of a scenario
in which multifunctional proteins might
have evolved in closely related subfami-
lies. Interestingly these multifunctional
enzymes have yet not been described in
higher plants. However, the CYP74 sub-
families are candidates due to their sig-
nificant sequence similarities between
different functionalities, and even in sol-
anaceous species up to four isozymes
have been described to occur in the
same plant.”

The paper by Grechkin et al. is an ex-
citing new example of versatile protein
evolution in closely related proteins of
this pathway. The work was initiated by
unusual properties of a CYP74C family
member, the 9-AOS of potato stolons
and tomato roots.*™ This enzyme cata-
lyzes formation of a substantial amount
of cyclopentenone cis-10-oxo-11-phyto-
enoic acid from 9-hydroperoxy linoleic
acid, whereas other AOSs do not cyclize
the allene oxide due to the structural
requirement with respect to the position
of the double bound. Interestingly, a
similar reaction was found in sunflower
roots."?

Now, excellent proof by has been ob-
tained by chemical and analytical ap-
proaches, which show that recombinant
9-AOS from tomato catalyzes not only
the synthesis of the allene oxide, but
also hydrolyzes the allene oxide to ketols
and most importantly is able to cyclize it
to the corresponding cyclopentenone
compound. Such multifunctional proper-
ties of an enzyme of the oxylipin form-
ing LOX pathways raise several new
questions on lipid-derived signaling:
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Scheme 1. The LOX pathway. The boxed area shows the reactions that derive from the activity of CYP74 enzymes. AOS: allene oxide synthase; DES: divinyl
ether synthase; a-DOX: a-dioxygenase; EAS: epoxy alcohol synthase; HPL: hydroperoxide lyase; LOX: lipoxygenase; PXG: peroxygenase.

how did such enzyme properties
evolve?

is the described multifunctional 9-
AOS activity an example of the influ-
ence of environmental and develop-
mental cues on the evolution of
enzyme diversity in below-ground
organs?

In the case of 9-AOS analyzed by
Grechkin etal. important answers to
these questions will be provided by crys-
tallographic analyses and side-directed
mutagenesis as have been obtained for
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coral AQOS, AOC2 of Arabidopsis, and
OPR1 and OPR3 of tomato.® "7~
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Phosphate Selective Uranyl Photo-Affinity Cleavage of Proteins.
Determination of Phosphorylation Sites

Line Hyltoft Kristensen,” Peter Eigil Nielsen,” Christian Isak Jorgensen,”® Birthe B. Kragelund," and

Niels Erik Mallegaard*®

Phosphorylation of proteins is one of the most important
mechanisms in cellular signaling and is involved in cellular pro-
cesses such as metabolism, transcription, translation, cell cycle,
movement, apoptosis, and differentiation. Phosphorylation
takes place at serine, threonine, and tyrosine residues in a
1000:100:1 ratio, and it has been estimated that 30% of all
proteins are reversibly phosphorylated at one or multiple sites
at some point during their lifetime."” This is facilitated by the
high number of kinases and phosphatases, which constitute
2% of all human genome genes.” Phosphorylation of pro-
teins is a reversible process, and proteins can be phosphorylat-
ed at substoichiometric levels. For proteins containing multiple
phosphorylation sites, each site can be associated with a differ-
ent function; this makes the particular function in question
dependent on the phosphorylation pattern.

To understand the role of dynamic protein phosphorylation,
the identification of the exact sites and extent of phosphoryla-
tion is crucial. At present, state-of-the-art techniques for inves-
tigation of protein phosphorylation make use of mass spec-
trometry (MS), subsequent to protease digests (most often
trypsin) of an isolated phosphoprotein or of the entire phos-
phoproteome in a cell lysate. Secondly, phosphopeptide en-
richment is carried out to reduce the number of peptides to
be analyzed. Finally N-terminal sequencing and/or MS analysis
are performed to identify the specific positions of phosphoryla-
tion.* Although different MS approaches have been used for
detecting phosphorylated positions in the proteome, limita-
tions and difficulties remain concerning signal suppression of
phosphate containing peptides, dephosphorylation, difficulties
in achieving coverage of the full length of long peptides, pep-
tides present in low amounts, peptides phosphorylated at sub-
stoichiometric levels, and finally, difficulties in distinguishing
among multiple possible phosphorylation sites within in a
given peptide fragment. Thus, analysis of peptides after trypsin
digests is not straightforward and determination of the exact
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site of phosphorylation often fails for recovered phosphopep-
tides.”® Therefore alternative approaches have been consid-
ered in order to develop improved methods for phosphoryla-
tion site determination in the proteome.

An attractive goal has been to develop phosphospecific pro-
teases in order to reduce the amount of peptide products,
which have to be analyzed. Furthermore, such a protease
would generate peptide products containing the phosphoami-
no acid residue positioned either at the N or C terminus there-
by significantly simplifying MS analysis and the identification
of the phosphorylation sites. Although no phosphospecific
protease has so far been found in nature, a chemical approach
has been developed where phosphoserines and phospho-
threonines are converted into lysine analogues (amino-ethyl
cysteine and B-methyl S-ethyl cysteine) to generate cleavage
sites for lysine specific proteases.”'” However, this methodolo-
gy is both complex and laborious and involves several chemi-
cal and enzymatic modifications, and most importantly, indu-
ces problems in distinguishing naturally occurring lysines from
those generated from phosphorylated serine and threonine
residues.

Uranyl photocleavage has for two decades been used for
studying protein-double-stranded (ds) DNA interactions, drug-
dsDNA interactions, and the interactions of metal-ions with nu-
cleic acids.""'¥ Uranyl photocleavage of nucleic acids is based
on the high affinity of the divalent uranyl cation for phos-
phates in the backbone of nucleic acids and the strong oxida-
tion power of the excited state of the uranyl ion. Upon excita-
tion of the bound uranyl ion, the high oxidation potential of
uranyl induces breakage at the sugar-phosphate backbone at
each nucleotide. It was recently reported that proteins can also
be photocleaved by uranyl but at low efficiency."” In view of
the high affinity of the uranyl(VI) ion for phosphate, we have
now systematically analyzed whether phosphorylated sites
present in proteins could recruit the uranyl ion for subsequent
cleavage. We find that both the specificity as well as the effi-
ciency of the photocleavage reaction is increased in the pres-
ence of phosphorylated residues and this opens the potential
application for detection of phosphorylation sites in proteins
by uranyl photocleavage.

To examine whether site-specific cleavage at phoshorylated
residues in proteins could be induced by uranyl photocleav-
age, three different phosphoproteins were selected as model
systems: a-casein, 3-casein, and ovalbumin. The three proteins
differ in size, structure, and extent of phosphorylation, and rep-
resent different patterns of phosphorylation in proteins. Initial-
ly all three proteins were subjected to uranyl photocleavage at
different uranyl/protein ratios and irradiated at 320 nm. The
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Figure 1. Uranyl photocleavage of a-casein, ovalbumin and B-casein. A) Uranyl photocleavage of a-casein. Ali-
quots of a-casein were treated with varying amounts of uranyl. In the samples of lanes 2-8 a molar ratio between
UO,** and protein of: 0.25, 0.5, 1, 2, 4, 8, and 16, respectively, was used. Irradiation was performed at 320 nm for
10 min. The sample of lane 1 was irradiated for 10 min in the absence of UO,**, M,,: Molecular weight markers.

B) Uranyl photocleavage of ovalbumin. Aliquots of ovalbumin were treated with varying amounts of uranyl. In the
samples of lanes 2-7 a molar ratio between UO,?* and ovalbumin of; 0.5, 1, 2, 4, 8, and 16, respectively was used.
Irradiation was performed at 320 nm for 10 min. In lane 1 the sample was irradiated for 10 min in the absence of
UO,?*. My,: Molecular weight markers. C) Uranyl photocleavage of B-casein. Aliquots of B-casein were treated with
varying amounts of uranyl and irradiated for 10 min at 320 nm. Lanes 1-6: The molar ratio of UO,*" to B-casein
was: 0.5, 1, 2, 3, 4, and 5, respectively. Lanes 10-12 the molar ratio of UO,** and dephosphorylated [-casein was:
1, 3, and 5 respectively. The sample of lanes 7 and 13 was irradiated in the absence of UO,*", the sample of lanes
8 and 14 contained a molar ratio of UO,2* and B-casein of 5 with no irradiation. Lanes 9 and 15: sample control
of stock solutions. My,: Molecular weight markers. D) Sequence of -casein. Phosphorylated residues are marked
as bold S. The tryptic peptide, -cas 1-25, is boxed in the sequence E) MS-ESI analysis of uranyl photocleaved {3-
casein. Aliquots of B-casein was treated with UO,>" at a UO,?" to B-casein ratio of three and irradiated for 10 min
at 320 nm. The sample was analyzed by LC-ESI-MS. Prior to analysis a desalting step was introduced, thereby re-
moving all peptides with a molecular mass below 10 kDa. Intensity was measured in arbitrary units.

cleavage products were analyzed by SDS-PAGE as shown in
Figure 1 A-C.

Bovine a-casein contains serine phosphorylation sites at resi-
due 56, 61, 63, 79, 81, 82, 83, 90, and 130.'® The phosphorylat-
ed a-casein was cleaved almost completely by uranyl photo
treatment and two major products, a broad band with migra-
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tion between 15 and 20 kDa, as
well as a sharper band with
apparent mass around 12 kDa
were detected by SDS-PAGE
(Figure 1A, i and ii). If cleavage
occurs N-proximal to the phos-
phorylated residues, C-terminal
fragments with masses of 19.0,
18.4, 18.2 (cleavage N-proximal
to position 56, 61, and 63), 16.2,
15.9, 158, 15.6, 14.7 (cleavage
N-proximal to the cluster of po-
sition 79, 81, 83, and 90), and
9.9 kDa (cleavage N-proximal to
position  130),  respectively,
would appear. Accordingly, the
broad band between 15 and 20
might reflect cleavage at some
or all of the phosphorylated res-
idues. Notably, uranyl photo-
cleavage of the nonphosphory-
lated form of a-casein was not
observed under these condi-
tions (data not shown). Analo-
gously, uranyl photocleavage of
chicken ovalbumin also gave
rise to distinct cleavage prod-
ucts as analyzed by SDS PAGE
(Figure 1B). Chicken ovalbumin
contains two well separated
phosphorylated serine residues
at position 69 and 345, respec-
tively.'™ MS and N-terminal se-
quencing of the small cleavage
product below 10kDa, (Fig-
ure 1B v) showed that cleavage
had occurred N-proximal at resi-
dues 66, 68, 69, 345, 346, 347,
348, and 349, showing that
uranyl photocleavage indeed
occurred at the phosphorylated
sites at p-Ser 69 and p-Ser345
(data not shown).

Bovine f-casein contains 209
amino acid residues including
four phosphoserines clustered
at residue 15, 17, 18, and 19 (p-
Ser15, 17-19) and a single phos-
phorylated serine at residue 35
(p-Ser35)  (Figure 1D).*"  As
shown by the data represented

in Figure 1C, phosphorylated but not the nonphosphorylated
[-casein was efficiently and selectively photocleaved by uranyl.
Irradiation at 320 nm in the presence of uranyl resulted in con-
version of the phosphorylated protein into two well-defined
cleavage products as analyzed by SDS-PAGE (Figure 1C, lanes
1-6). The efficiency and specificity of the photocleavage were
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clearly uranyl dose-dependent. At low uranyl/protein

ratios one cleavage product was observed, and 700004 7000
above a uranyl/protein ratio of two the second T
cleavage product was the more abundant (Figure 1C
i and ii). At high uranyl/protein ratios a third low-in-
tensity band was also visible. The band representing ] s ‘ s\ ,

full-length B-casein was virtually absent at a uranyl/ . LL_

M et
protein ratio of five demonstrating very high effi-
ciency of the cleavage. In contrast, no cleavage of  B)
phosphorylated (-casein was observed upon irradia- 700007
tion in the absence of uranyl or when incubated ]
with uranyl without irradiation (Figure 1C, lanes 7
and 8). Even more importantly, no cleavage was ob-
served in a similar experiment using enzymatically
dephosphorylated B-casein even at a high uranyl/ J I
protein ratio of 5 (Figure 1C, lanes 10-15). The spe- C)
cificity of cleavage was further examined in a mix- 70000
ture of phosphorylated (-casein and bovine serum .
albumin (BSA; Supporting Information). In this case
phosphorylated [-casein was preferentially cleaved
over BSA.

As the uranyl photocleavage of purified [-casein -
yielded the most unambiguous results, we chose to
analyze the fate of this protein in more detail. In
order to characterize the observed cleavage prod- 70000
ucts and to identify the cleavage positions in the
phosphoprotein, a sample of uranyl photo cleaved
[p-casein was analyzed by LC-ESI-MS (Figure 1E).
Three intense, broad peaks with masses of 24013 Da 3
(full-length  protein, 1-209, expected mass ] it ' |I|
24023 Da), 21992 Da (residue 15-17, 19-209, ex- E)
pected masses 22415, 22135, 21888, and 21721 Da) 70000
and 19920 Da (residue 35-209, expected mass
19,789 Da) were apparent. The masses agree nicely
with those expected from cleavage sites proximal to
the phosphorylated residues.

To accurately determine the exact cleavage sites, 1
N-terminal sequencing of the cleavage products was 1000 ' miz/Da —» ' 3000
performed. The smaller product gave the sequence
SEEQQQTED, indicating that cleavage had indeed F)
occurred at the N-terminal side juxtaposed p-Ser35.
However, with this method we did not succeed in
determining the precise cleavage sites responsible 1-18 224042 Not obsered
for the larger SDS-PAGE cleavage product from the
p-Ser15, 17-19 region. Therefore, we decided to per-
form an analogous uranyl photocleavage experiment
using a tryptic peptide fragment from [-casein (- 1-14 1625.98 1625.5
cas 1-25) containing the phosphoserine cluster (Fig-
ure 1D) at p-Ser15, 17-19. Fragments of masses of  Figure 2. Uranyl photocleavage of -casein peptide 1-25. All samples contained peptide

1625, 1906, 2073, and 2240 Da would be expected if and UO,>" in a molar ratio of 1:0.5 (except the sample of panel E, which contained no
cleavage occurred N-broximal to each of the phos- UO,*™). Irradiation time was 1 min in panel A), and 3, 10, 20, and 20 min in panel B), C),
9 P P D), and E), respectively. The masses of fragments 1-14, 16, and 17 were determined to

phoserines. The time course of the cleavage reaction  pe 1625.5, 1906.3, and 2073.3 Da, respectively, corresponding to N-terminal fragments
showed that two fragments of masses 1625.5 and  from uranyl photocleavage N-terminal to pSer 15, 17, and 18, respectively. The peptide

1906.3 Da were formed upon irradiation indicating starting material (panel E) was a mixture of 3-casein 1-25 and 2-25 with masses of

. . 3124.8 and 2967.1 Da resulting from incomplete trypsin digestion a R1. The signal la-
specific cleavage N-proximal to p-Ser15 and to p- beled [M+2H]" in panel E is the doubly charged B-casein 1-25. Intensity was measured
Ser17 (Figure 2). Furthermore, a peak at 20733 Da i, arbitrary units. F) Expected and correspondingly detected masses of the uranyl/UVA-

could be clearly identified after 10 min of irradiation  cleaved peptide fragments are listed.
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consistent with cleavage N-proximal to p-Ser18. In contrast the
mass corresponding to cleavage N-proximal to p-Ser19 was
not observed. The expected and detected masses of the pep-
tides are summarized in Figure 2F. It is evident that the two
analyses performed on f-casein showed cleavage exclusively
in the p-Ser15, 17-19 regions (upper band in Figure 1C) at low
uranyl/protein ratio and when using an elevated uranyl/protein
ratio, cleavage N-proximal to p-Ser35 took place as well. It is
worth noting that uranyl photocleavage is apparently able to
resolve phosphorylation even at individual and closely posi-
tioned sites that might be adjacent.

Experimental data support the conclusion that uranyl in-
duced photocleavage of nucleic acids is caused by photo-oxi-
dation of the riboses adjacent to the phosphate to which
uranyl is complexed, and the reaction has been proposed to
involve direct hydrogen abstraction by the excited uranyl
ion.2" Most surprisingly, the presented MS and N-terminal se-
quencing data suggest that uranyl photocleavage of proteins
is primarily occurring via photoinduced hydrolysis of the
amide bond, producing peptide products with free amino and
carboxy termini, analogous to protein cleavage by Fe"" com-
plexes.”” The presence of cleavage sites resulting from uranyl
photocleavage at sites adjacent to the phosphorylated resi-
dues in ovalbumin indicates that some cleavage related to
structural motifs might also be present. This is supported by
the lack of cleavage sites adjacent to phosphoserines in f3-
casein, whose structure, contrary to the compact tertiary struc-
ture of ovalbumin, is looser and has been described as rheo-
morphic. However, the exact mechanism of the reaction for
uranyl photocleavage warrants further study.

The dramatic quantitative and qualitative differences in
uranyl photocleavage between the phosphorylated and non-
phosphorylated p-casein (and a-casein) clearly demonstrate
that at stoichiometric amounts of uranyl to protein any back-
ground cleavage (from the low-affinity site) in the protein was
very inefficient compared to phosphorylation directed cleav-
age. This clearly identifies uranyl as a phosphoamino acid se-
lective photocleavage reagent. Although the full potential of
the uranyl photocleavage strategy cannot yet be assessed, we
suggest that the technique will offer significant advantages in
determination of protein phosphorylation sites with high pre-
cision, especially when combined with automated MS tech-
niques.

The present results do not address whether uranyl photo-
cleavage at phosphothreonine and phosphotyrosine takes
place with the same efficiency and specificity. However, 90%
of all proteomic phosphorylation sites involve serine and most
likely analogous results will be obtained for phosphothreonine
(and possibly phosphotyrosine) containing proteins, as the
affinity is related to the phosphogroup and not the specific
residue type.

A detailed understanding of the uranyl-protein photochem-
istry as well as of the influence of sequence context on cleav-
age efficiency is warranted in further studies. Furthermore,
uranyl photocleavage should have interesting applications in
protein engineering, using phosphoserine peptide tags that
subsequently can be removed by uranyl directed photocleav-
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age. Finally, the finding that phosphorylated proteins are spe-
cifically cleaved by uranyl might be relevant for the evaluation
of uranyl (photo) toxicity because phosphorylated proteins are
central regulators of intracellular communication.

Experimental Section

Purification of B-casein: The purification protocol was modified
from that previously described.”® Bovine P-casein was purified
from consume skimmed milk (100 mL). Whole casein was precipi-
tated at 20°C with slow addition of HCl (0.2 m) until pH reached
4.6. The precipitate was collected by centrifugation at 3500 rpm
for 1 min and the supernatant discarded. The precipitate was
washed with deionized water (50 mL), recollected, redissolved in
buffer [20 mL Tris-HCl (20 mm, pH 7.2), urea (4.5m), DTT (1 mm)]
and filtered through a 22 um sterile filter. Aliquots of whole casein
(3 mg) were applied to a MonoQ 5/5 HR column on an AKTA FPLC
purification system (Amersham pharmacia biotech) and a linear
salt gradient was run with buffer A [Tris-HCI (20 mm, pH 7.2), urea
(4.5m), DTT (1 mm)] and buffer B [Tris-HCI (20 mm, pH 7.2), urea
(4.5m), DTT (1 mm), NaCl (0.35m)]. Fractions containing [-casein
eluted around 76.5% B, and were pooled and dialyzed extensively
against Tris-HCI (20 mm, pH 7.2), at 4°C to remove urea. Finally [3-
casein was concentrated on a Millipore spin filter with a cut off at
10000 Da. The protein was heated to 78°C for 15 min to prevent
autoproteolysis. The final concentration was determined by A,
using an absorptivity of 0.46 cm?mg~".*¥ The batch was diluted to
an exact concentration of 1 mgmL~', and separated into aliquots
(120 pL) and stored at —20°C. The phosphorylated peptide; [3-cas
1-25, and bovine o-casein were purchased from Sigma. Chicken
ovalbumin was purchased from Worthington. All purchased pro-
teins were used without further purification.

Dephosphorylation of f-casein: An aliquot of [-casein (120 pg)
was dephosphorylated using CIP (calf intestinal alkaline phospha-
tase; M0290L, New England BioLabs) (5 units) according to the
manufacturer’s instructions. To remove all traces of EDTA, which
would otherwise complex the reactive uranyl ion, the dephoshory-
lated protein was extensively dialyzed against Tris-HCl (20 mm,
pH 7.2). Finally the protein was concentrated to 1 mgmL™~". The
efficiency of the dephosphorylation was judged from SDS-PAGE, as
the dephosphorylation causes a gel shift of approximately 3 mm
on a 15% SDS tris-glycin gel (results not shown). Dephosphorylat-
ed a-casein was purchased from Sigma and used without further
purification.

Uranyl photocleavage: UO,(NOs), (CAS: 36478-76-9, Bie & Bernt-
sen) was dissolved in deionized water to a concentration of
100 mm (stable at RT). Prior to reaction, the uranyl solution was di-
luted 200- or 500-fold with Tris-HCl (20 mwm, pH 7.2). The reaction
was performed in low binding Eppendorf tubes with each reaction
mixture containing protein/peptide (200-350 pmol), NP-40 (0.05 %)
and uranyl in a molar ratio as indicated in the figure legends. Tris-
HCI (20 mm, pH 7.2) was added to a final reaction volume of 20 uL.
The reaction was incubated for 15 min on ice. The reaction mixture
was transferred to the lids of Eppendorf tubes and placed directly
under a Philips TL 40 W/03 fluorescent light tube with 1=320 nm
and irradiated for 1-20 min at 0°C as indicated in the figure leg-
ends. After irradiation the samples were analyzed by SDS-PAGE, MS
and/or N-terminal sequencing. Samples that were not immediately
analyzed were stored at —20°C.

MALDI-TOF MS: Aliquots of uranyl photocleaved (-cas 1-25 were
desalted on a Millipore ZipTip according to the manufacturer’s
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instructions. The peptide was eluted from the ZipTip in 2 pL aceto-
nitrile (50%, v/v)/TFA (0.1%, v/v) and mixed 1:1 (v/v) with HCCA
(10 mgmL™" in acetonitrile (50%, v/v)/TFA (0.1%, v/v). The peptide/
matrix mixture was spotted on a MTP anchor chip™ 600/384 TF
target plate. The drops were allowed to air dry, and analyzed on a
Bruker autoflex Il MALDI-TOF mass spectrometer in linear positive
mode. A total of 100 shots were averaged for each spectrum. The
spectra were analyzed with MoverZ (Proteometrics, Inc)

LC-ESI-MS: LC-ESI-MS analysis was performed on a Bruker electro-
spray (ESI) MicroTOF Focus coupled to an Agilent 1100 HPLC
system where aliquots of uranyl photocleaved (-casein were de-
salted on a MassPREP™ On-Line Desalting Cartridge (Waters). ES
Tuning mix from Agilent was used for “quasi” internal calibration.
Spectra deconvolution was done by the maximum entropy
method using Maximum Entropy (MaxEnt) Deconvolution software
from Spectrum Square Associates, Inc.

N-terminal sequencing: Prior to sequencing uranyl photocleaved
[-casein samples were separated by SDS-PAGE. The samples were
loaded on a standard, precast 4-20% SDS polyacrylamide gel (Invi-
trogen) for electrophoresis and blotted to a PVDF membrane for
N-terminal sequencing. Selected protein bands were cut from the
membrane and sequenced on a Procise Protein Sequencer from
Applied Biosystems according to the manufactures instructions
using the standard gas-phase PVDF method.
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Photocontrol of Genomic DNA Conformation by Using a Photosensitive
Gemini Surfactant: Binding Affinity versus Reversibility
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In nature, genomic DNAs are A
long molecules that are com-
pacted to fit within narrow
spaces such as viral capsids or
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genomic DNA by light® and we AzoTAR L sar m AzoTAB 1
applied this system to the con- s 807 & .
trol of the DNA conformation at Z a0l °

the single-molecule level inside -% i : .
cell-mimicking microenviron- AzoGEM e E o

ments.” This methodology con- » 00 1"‘ 1 1'0 1'00 1500 10‘000
sists of adding azobenzene tri- ’ T S

methylammonium bromide
(AzoTAB) to the DNA solution.
AzoTAB is a cationic surfactant,
which undergoes a trans to cis
isomerization at 365 nm accom-
panied by a change of polarity.
Consequently, there exists an
AzoTAB concentration range for which genomic DNA is com-
pacted under dark conditions but unfolded under UV illumina-
tion at 365 nm. However, the affinity of AzoTAB for DNA is very
low, that is, a very high concentration of AzoTAB is needed to
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Figure 1. Molecular structure and UV/Vis absorption spectra for different UV exposure times of A) azobenzene tri-
methylammonium bromide (AzoTAB, 30 um in water) and B) an azobenzene-derived gemini surfactant (AzoGEM,
10 um in water). C) Typical fluorescence microscopy images of individual T4 DNA molecules labeled by YOYO-1
dye in the presence of AzoTAB or AzoGEM for two surfactant/DNA charge ratios Z*. Scale bar=5 pum. D) Fraction
of individual DNA molecules in the compact state as a function of Z* for AzoGEM and AzoTAB.

compact DNA. Herein we used for the first time a photosensi-
tive gemini surfactant (AzoGEM)*' to control DNA conforma-
tion by light. We found that AzoGEM interacts strongly with
DNA, allowing photocontrol of conformation at a very low
AzoGEM concentration. Contrary to AzoTAB, the photocontrol
of DNA conformation provided by AzoGEM is not reversible in
the presence of DNA.

Figure 1 shows the interaction between the two photosensi-
tive surfactants used in this study and T4 DNA (166 kb). On
one hand, AzoTAB (Figure 1A) is a photosensitive surfactant
with a single ammonium group as a polar head and a short hy-
drophobic tail containing an azobenzene group. Under UV ex-
posure at 365 nm in aqueous solution, it undergoes a trans
(Amax=356 NnM) 10 Cis (Anax=318 nm) isomerization occurring in
a few minutes (Figure 1A). On the other hand, AzoGEM surfac-
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tant (Firgure 1B) presents two ammonium groups and two
long hydrophobic tails separated by an azobenzene group.
Under UV exposure at 365 nm in aqueous solution, the trans
to cis isomerization is slower than that of AzoTAB and a stable
composition is reached after approximately 30 min. It should
be mentioned that UV/Vis spectra for AzoTAB were taken
much below the critical micellar concentration (CMC~10 mm)
whereas those for AzoGEM were taken above CMC (~2.5 um)
to get enough absorbance. In the latter case, the presence of
micelles can affect the absorbance properties. By using fluores-
cence microscopy (FM) we char-
acterized the conformation of

given concentration of surfactant, AzoGEM binds much more
strongly to DNA and for a given binding rate AzoGEM induces
more easily the folding of DNA. We thus conclude that the
two effects act simultaneously and result in a much stronger
activity for AzoGEM than AzoTAB to compact DNA.

Then we studied the possibility to control DNA conforma-
tion by light using AzoGEM. AzoGEM was exposed under UV
for 50 min prior to DNA introduction. Figure 2A shows the
compaction curves for AzoGEM initially exposed to UV (¢) or
without UV exposure (0). There is a clear difference in the DNA

individual DNA molecules in the A)100 - o0 o
presence of AzoTAB or AzoGEM. T 80 [ ¢
To compare the efficiency of the Rel @
two surfactants, we used the pa- T o
rameter Z* defined as the 4006
charge ratio between surfactant £ 20 [°
and DNA (Z*=[AzoTAB]/[DNA] 0 —e

0 2 4

or 2*[AzoGEM]/[DNA] where
[AzoTAB], [AzoGEM], and [DNA]
represent the concentrations of
AzoTAB, AzoGEM, and DNA in
nucleotides, respectively). Fig-
ure 1C shows typical fluores-
cence images of individual DNA
molecules for Z*=0 and Z*=3.
In the absence of surfactant
(Z*=0), DNA is in the typical elongated coil state characterized
by intramolecular fluctuations and a slow translational diffu-
sion. After the addition of a small concentration of surfactant
(Zz*¥=3), all DNA molecules remain in the coil state with
AzoTAB whereas they are in the fully compact state with
AzoGEM. By using FM, we analyzed systematically the confor-
mation of a large number of DNA molecules and calculated
the fraction of molecules in the full compact state as a func-
tion of Z* (compaction curve). Figure 1D shows that AzoGEM
interacts much more strongly with DNA than AzoTAB does.
Whereas the transition for AzZoGEM occurs at Z*=1-2, it is in
the range Z*=5000-6000 for AzoTAB. It has been well estab-
lished that the folding transition of single-chain DNA by purely
electrostatic interactions occurs when DNA total charge is neu-
tralized by 88-89%.° This neutralization is mainly driven by
the counter-ion condensation on the DNA chain and ionic ex-
change between DNA counter ions and cationic ions in the
medium. As the neutralization rate increases with the counter-
ion valency (e.g., according to the Manning-Oosawa conden-
sation theory), from a purely electrostatic point of view,
AzoGEM (divalent) is more efficient than AzoTAB (monovalent)
to neutralize and therefore compact DNA. Furthermore, both
AzoGEM and AzoTAB contain a hydrophobic tail. It is thus en-
ergetically favorable to exchange the highly soluble DNA coun-
ter ions by AzoGEM or AzoTAB. The binding of surfactants to
DNA is thus accompanied by a hydrophobization of the chain
itself, which becomes less water soluble and more prone to
folding even at low neutralization. As the apolar part of
AzoGEM is much more hydrophobic than that of AzoTAB, for a
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Figure 2. Fraction of individual DNA molecules in the compact state in the presence of AzoGEM. A) Effect of
AzoGEM/DNA charge ratio Z* in the absence (0) and in the presence (o) of UV illumination. UV was applied for
50 min before DNA introduction. The dashed line indicates Z*= 3. B) Effect of UV illumination time t,, at Z*=3 for
UV applied before (o) or after (#) DNA introduction.

compaction activity of AzoGEM depending on light treatment.
More AzoGEM is needed to compact DNA if AzoGEM has been
exposed to UV prior to interaction with DNA. This can be inter-
preted as a consequence of the photoisomerization of
AzoGEM under UV. Molecular modeling of the trans and cis iso-
mers indicates that the relative area occupied by the polar
head groups with respect to the nonpolar alkyl chains is small-
er for the trans form.”’ This suggests that the trans isomer is
more hydrophobic than the cis isomer, which can result in a
stronger activity of the trans isomer to compact DNA. Fig-
ure 2A also shows that there is an AzoGEM concentration
range (Z*=2-7) for which the fraction of DNA molecules in
compact state is 100% for AzoGEM without UV exposure and
less than 2% when AzoGEM was exposed to UV for 50 min
prior to interaction with DNA. It is thus interesting to study the
possibility to go from one state to the other by varying the UV
exposure time at a fixed AzoGEM concentration. Figure 2B
shows the fraction of DNA molecules in the compact state as a
function of UV illumination time t,, for Z*=3 (dashed line in
Figure 2A). When AzoGEM was exposed to UV before DNA ad-
dition (¢), the fraction of DNA molecules in the compact state
decreased markedly with an increase in UV illumination time,
from 100% at ty,,=0 min to less than 3% at t,,=11 min, and
no compact DNA molecules were observed after t;,,=40 min.
It can be interpreted as the consequence of the progressive
decrease of the ratio between trans and cis isomers in the bulk
solution as shown by UV/Vis spectra (Figure 1B). In contrast, if
DNA was first compacted by AzoGEM and then exposed to UV,
it was impossible to unfold DNA, even after 50 min of illumina-
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tion time (black disks). This shows that DNA compaction might
affect the trans to cis isomerization of AzoGEM with UV, which
is the trigger of DNA unfolding.

Finally we studied the possibility of unfolding compact DNA
by UV light for AzoGEM and AzoTAB photosensitive surfac-
tants. Figure 3A shows typical FM images of individual DNA
molecules initially in the elongated coil state (Z*=0) and then
in the compact state after addition of AzoTAB (Z*=6000) or
AzoGEM (Z*=3). These charge ratios were chosen so that all
DNA molecules were in a compact state without UV but un-

cal diameter of 100-150 nm.?>*?! Therefore, we can hypothe-
size that AzoGEM bound into compact DNA cannot fully pho-
toisomerize into the cis form, which prevents from DNA un-
folding even with a long UV illumination time.

In this communication, we have demonstrated that a photo-
sensitive gemini surfactant can be used to control the confor-
mation of individual genomic DNA molecules at a surfactant-
to-DNA charge ratio of near unity, which is three orders of
magnitude smaller than that for the systems reported up to
now. We found that this very strong interaction with DNA hin-

dered DNA unfolding by light, whereas a weak

O +AzoTAB/+DNA/+UV

A) ; B) DNA-surfactant interaction allowed one to unfold
Z=0,, ~ = 6000 ) T 100m & s = o € = DNA with light. The compromise between sufficient-
|°<_: | o 80} o ly high binding activity and the possibility of unfold-
3 A - ?E 60 ing compact DNA by light will open a route to the
1 2 in vitro and in vivo photoswitching of DNA confor-
fyv:Omin ! Omin  20min 50min & 40 . . - . .
; = mation and gene activity by a minimally invasive
Z5=0 1 =3 20 1 = & chemical perturbation.
¢ 2 + 0 . ; ; .
ﬁ ; 0 10 20 30 50
f t,, ! mi — . .
8 : R Experimental Section
- ) , o +AZOGEM/+DNA+UV
fyy: Omin : Omin 20 min 50 min Materials: Bacteriophage T4 DNA (166 kb) was from

Wako Chemicals, YOYO-1 iodide was from Molecular
Probes. All other chemicals were purchased from Sigma.

Figure 3. Effect of UV illumination time t,, on DNA (0.1 um in 10 mm Tris-HCI) initially

compacted by AzoTAB (Z*=6000) or AzoGEM (Z*=3). UV was applied after DNA com-
paction. A) Typical fluorescence microscopy images of individual DNA molecules. Each
image has a size 5 um x 5 pm. B) Fraction of DNA molecules in the compact state for

Deionized water (Millipore, 18 MQcm™") was used for
all experiments.

AzoTAB synthesis: Azobenzene trimethylammonium

AzoTAB (0) and AzoGEM (e).

folded when the surfactant was exposed to UV for 50 min
before DNA introduction. Figure 3A shows that when UV was
applied to DNA in the compact state, DNA progressively un-
folds with AzoTAB whereas it stays in a compact state with
AzoGEM. Under the conditions shown in Figure 3 A, we system-
atically analyzed the effect of UV exposure time on the fraction
of DNA in a compact state for a large number of DNA mole-
cules. Figure 3B shows that DNA unfolds only in the case of
AzoTAB for which the fraction of DNA molecules in the com-
pact state decreases to approximately 20% for t;,, =50 min,
which is in agreement with previous studies.” It seems that
there is a direct correlation between the reversibility of the
DNA folding transition and strength of molecular interaction
between DNA and the photosensitive binding molecule.
AzoTAB is a weak binder; a very large concentration of AzoTAB
is necessary to compact DNA (Z*~5000-6000, Figure 1D),
which suggests that most AzoTAB molecules remain in the
bulk solution after DNA compaction. Under UV illumination,
bulk AzoTAB molecules isomerize into the cis form (Figure 1A)
and can dynamically exchange with AzoTAB bound to DNA
(trans or cis form). In contrast, AzoGEM interacts very strongly
with DNA even at a very low concentration (DNA compaction
at Z*~1-2, Figure 1D), which means that most of AzoGEM
molecules are probably bound to DNA during the compaction
process. The fraction of AzoGEM in bulk solution, which iso-
merizes into the cis form (Figure 1B) under UV, is probably too
low to enable DNA unfolding by ion exchange. Moreover, com-
pacted DNA molecules are very dense condensates with a typi-
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bromide (AzoTAB) synthesis was adapted from the
method described by Hayashita et al.”

AzoGEM synthesis: The photosensitive gemini surfactant
(AzoGEM) was synthesized according to a procedure described
elsewhere.”

Preparation of DNA samples: Water, Tris-HCl buffer, YOYO-1
iodide, and photosensitive surfactant were mixed in this order
prior to careful T4 DNA introduction (under low shear conditions
to avoid DNA breakage). For all experiments, we used T4 DNA at a
final concentration of 0.1 um (concentration in nucleotides) in Tris-
HCI buffer (10 mm, pH 7.4) with YOYO (0.01 um) as a DNA fluores-
cent dye. For all steps except UV illuminations, DNA samples were
kept under dark conditions. Samples were equilibrated for 15 min
prior to DNA characterization by fluorescence microscopy. All ex-
periments were performed at room temperature.

UV illumination: UV exposure was performed by placing the
sample at 6 cm distance from an 8W UVLMS-38 UV lamp (UVP,
Upland, CA) working at 365 nm. Immediately following UV illumi-
nation and before further characterization, the sample was cooled
to room temperature by using an ice bath.

Fluorescence microscopy (FM): Fluorescence microscopy was per-
formed on an Axiovert 200 inverted microscope (Carl Zeiss),
equipped with a 100x oil-immersed objective lens. Images were ac-
quired by using a highly sensitive EM-CCD camera (Photonmax
512B, Princeton Scientific) and Metavue image acquisition software
(Molecular Devices). DNA molecules were observed in 20 pL micro-
droplets deposited on a clean glass cover slide. For each condition,
a minimum of 200 individual DNA molecules were characterized to
determine the fraction of molecules in the compact state.

UV/Vis absorption: UV/Vis absorption spectra were acquired at
20°C in 2x10 mm quartz cells (Hellma) by using a double beam

ChemBioChem 2008, 9, 2382 - 2385
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UV/Vis spectrophotometer (Uvikon 941, Kontron instruments). Con-
centrations were 30 um and 10 um for AzoTAB and AzoGEM, re-
spectively. Water was used as a solvent for both molecules.
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Potentially Prebiotic Synthesis of Pyrimidine f3-p-Ribonucleotides by
Photoanomerization/Hydrolysis of a-p-Cytidine-2’-Phosphate

Matthew W. Powner and John D. Sutherland*?

Dedicated to the memory of Leslie Orgel.

The “RNA world” hypothesis is consistent with RNA's being a
prebiotic product, or the biotic invention of a precursor genet-
ic system. A prebiotically plausible synthesis of ribonucleotides
would help to differentiate between these two possibilities by
providing strong support for the first, and, as such, is a major
goal.”

The efficient conversion of p-ribose aminooxazoline 1 to a-
p-cytidine 2, by treatment with cyanoacetylene was demon-
strated over 30 years ago (Scheme 1),*® but has not gained

HO
. o)
D-ribose HO 3 OH
szNCN 1 o
HO HO
K@.‘..N HC=CCN KC?\\‘CW
PN —
S "«,O NH,
HO 1 HO 2 OH
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OH N o)
HOA + [ D—NH, KQ gi
o} $ 0
0] 4 HO 5

Scheme 1. Potentially prebiotic cytidine synthesis.

acceptance as part of a route to natural ribonucleotides for
two reasons. Firstly, an efficient prebiotic route to p-ribose—
from which 1 can be obtained by treatment with cyanamide—
has not been demonstrated.” Secondly, photoanomerization
of 2 to B-b-cytidine 3 was found to occur in only 4% yield.”

We recently showed that the first of these difficulties can be
overcome if ribose is bypassed, and 1 is made by the direct
reaction of 2-aminooxazole 4 and p-glyceraldehyde.” Further-
more, we recently determined that the photoanomerization of
2 to 3 is inefficient partly because of nucleobase loss, but
mainly due to the formation of oxazolidinone 5. In addition
to these processes, we found that inversion of stereochemistry
at the 2'-position of cytidine derivatives can occur during ir-
radiation,*® as can photohydrolysis to uridine derivatives.®”
Since nucleotides are the initial target of our prebiotic RNA as-
sembly chemistry, we are also investigating the effect of phos-
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phorylation of 2 on the photoanomerization. In principle, RNA
can derive from polymerization of activated 5’-nucleotides, or
nucleoside-2',3'-cyclic phosphates, and since the latter can
easily be produced by cyclization of 2'- or 3'-nucleotides,” we
initially considered the photoanomerization of all three regio-
isomeric mononucleotides. The 5-nucleotide®™ underwent
faster photochemistry, and the -5'-nucleotide was formed in
improved yield,*® but nucleobase loss and oxazolidinone for-
mation were again significant competing reactions.”’ Because
oxazolidinone formation is also potentially possible with the
3’-phosphate of 2, we next focused our attention on a-b-cyti-
dine-2'-phosphate 6. Whatever the mechanism for oxazolidi-
none formation from 2 or its 5'-phosphate, we reasoned that
the blockade of the 2'-hydroxyl group in 6 should prevent
such deleterious chemistry from taking place.

Conventional synthetic chemistry was used to prepare 6 and
standard samples of several potential irradiation products that
were not commercially available. We next irradiated 6 for 72 h
in aqueous solution at pH 6.5 with a UV lamp having principal
emission at 254 nm, then lyophilized the reaction mixture and
dissolved the residue in D,0 for analysis by 'H NMR spectros-
copy. By sequentially spiking with standards, we were able to
identify the products of the irradiation (Scheme 2).'”

As we had hoped, the blocking of oxazolidinone formation
by the 2-phosphate group of 6 resulted in an increase in
nucleotide products. The long irradiation time also resulted in
increased photoanomerization, and significant photohydrolysis

K\/i?,Ura %Cyt Ura-H 17%
\_/ + / Cyt-H 14%
HO /O ! HO /O ° D-rib;se-Z-
Ho_ﬁ\o— HO-ﬁ\O, phosphate
0 o} ~30%
22% 14%
X products of ~30%
= B-ribonucleotides = 36% nucleobase loss
HO HO HO
~ “, 9 + ~ “ 6 S 10
HO O HO O HO ©
HO-P< HO-P< HO-P<
n O n QO n Q"
o) o) o
7% 23%

X a-ribonucleotides = 30% X arabinonucleotides = tr.
Scheme 2. Products formed through the irradiation of 6. Some 30% of the
nucleotides underwent nucleobase loss, and the sum total of uracil and cy-
tosine was matched by the amount of p-ribose-2-phosphate suggesting a
single (hydrolytic) nucleobase loss reaction manifold.
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such that both -p-uridine-2"-phosphate 7 and [-p-cytidine-2'-
phosphate 8 were produced in roughly comparable quantity
along with residual starting material and o-p-uridine-2"-phos-
phate 9. Traces of both o- and [-p-arabinocytidine-2’-phos-
phate 10 could also be detected amongst the products of the
irradiation."” Partial nucleobase loss again took place as evi-
denced by the presence of uracil and cytosine in the sample.
In irradiations of cytidine nucleosides, we had previously been
unable to identify the sugar products of nucleobase loss, but
in the present case, ribose-2-phosphate was clearly evident ac-
cording to 'H NMR spectroscopic analysis, and was confirmed
by sample spiking with an authentic synthetic standard.”
Thus, in this case, nucleobase loss can be equated with hydrol-
ysis of an excited state or reaction intermediate. We have pre-
viously suggested that photoanomerization of pyrimidine nu-
cleosides involves nucleobase iminium ions, and it seems likely
that hydrolytic nucleobase loss also proceeds from such spe-
cies.” In the present case the corresponding iminium ions
would be the cytidine and uridine derivatives 11 and 12
(Scheme 3). Acid-catalyzed hydrolysis of -p-uridine in the ab-
sence of irradiation proceeds through the related iminium ion
13" by what is presumably a dissociative concerted pro-
cess.'? By analogy, we assume that the photochemically-gen-
erated species 11 and 12 also undergo hydrolysis by Sy2-type
reactions, but at pH values near to neutrality.

These results from the irradiation of a-b-cytidine-2"-phos-
phate 6 represent a significant improvement relative to those
previously reported for the free nucleoside 2. In the case of
the irradiation of 2, only one fB-ribonucleoside was detected in
4% vyield, and the B:a ratio was ~0.07. In the irradiation of 6,
two p-ribonucleotides are produced in 36% combined yield,
and the B:a ratio is 1.2. This approximately tenfold increase in
yield, and > 15-fold increase in stereoisomer ratio is still not
enough to constitute a plausible prebiotic synthesis of the f3-
ribonucleotides for RNA, however, and two major problems
remain: the issue of the (selective) 2'-phosphorylation of 2,
and the source of purine -p-ribonucleotides. The phosphory-
lation of 2 using cyclic trimetaphosphate and sodium hydrox-
ide has been described, and gives 6 and the corresponding 3'-
phosphate in high yield," but the alkaline conditions required
raise doubts about the prebiotic plausibility of this reaction.
We are currently investigating the phosphorylation of 2 under
more credible prebiotic conditions." The source of the purine

o
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+ +
HO  © HO ©
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Scheme 3. Putative iminium ion intermediates 11 and 12 in the photo-
anomerization/hydrolysis of 6, and a related iminium ion 13 formed in
the strong acid-catalyzed hydrolysis of (3-p-uridine.

ChemBioChem 2008, 9, 2386 - 2387

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[-p-ribonucleotides remains uncertain, but it might be possible
to adapt the reaction manifold of 6 that results in hydrolytic
pyrimidine nucleobase loss (Scheme 3) to introduce purine nu-
cleobases.™ This possibility is also being actively investigated.
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A Simple Cytosine to G-Clamp Nucleobase Substitution Enables Chiral
v-PNAs to Invade Mixed-Sequence Double-Helical B-form DNA

Venugopal Chenna,” ™ Srinivas Rapireddy, Bichismita Sahu, Cristina Ausin, Enrique Pedroso, and

Danith H. Ly*®

Nature uses Watson—-Crick base pairings as a means to store
and transmit genetic information because of their high fidelity.
These specific A-T (or A-U) and G-C nucleobase interactions,
in turn, provide chemists and biologists with a general para-
digm for designing molecules to bind to DNA and RNA. With
knowledge of the sequence information, one can design oligo-
nucleotides to bind to just about any part of these biopoly-
meric targets simply by choosing the corresponding nucleo-
base sequence according to these digital base-pairing rules. Al-
though conceptually simple, such principles in general can
only be applied to the recognition of single-stranded DNA or
RNA, but not the double-stranded form. The reason is that in
double-helical DNA (or RNA) not only are the Watson—Crick
faces of the nucleobases already occupied, they are buried
within the double helix.™ Such molecular encapsulation impos-
es a steep energetic barrier on the designer molecules. To es-
tablish binding, not only would they need to be able to gain
access to the designated nucleobase targets, which are
blocked by the existing base pairs, they would also need to be
able to compete with the complementary DNA strand to pre-
vent it from re-annealing with its partner—a task that has
rarely been accomplished by any class of molecules.

To circumvent this challenge, most of the research effort to
date has been focused on establishing principles for recogniz-
ing chemical groups in the minor and major groove instead
because they are more readily accessible and energetically less
demanding.” While impressive progress has been made on
this front, especially in the development of triplex-forming oli-
gonucleotides,*™ polyamides,*® and zinc-finger-binding pep-
tides,” " the issues of sequence selection, specificity and/or
target length still remain unresolved for many of these ap-
proaches.>® |n the last decade, however, several studies
have shown that peptide nucleic acid (PNA), a particular class
of nucleic acid mimics that are comprised of pseudopeptide
backbone (Scheme 1), could invade double-stranded DNA
(dsDNA)."”-2" This finding is significant because it demon-
strates that the same Watson-Crick base-pairing principles that
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Sequences of PNA (PNA1) and y-PNA (PNA2-4) oligomers
PNA1: H-Lys-GACCACAGAT-'Lys-NH,
PNA2: H-'Lys-GACCACAGAT-'Lys-NH,
PNA3: H-'Lys-GAXCACAGAT-‘Lys-NH,
PNA4: H-'Lys-GAXCAXAGAT-'Lys-NH,

Scheme 1. Chemical structures of PNA, y-PNA, C-G and X-G base pairs
along with the sequences of the oligomers used in this study. Bold letters
indicate y-backbone modifications.

guide the recognition of single-stranded DNA and RNA can
also be applied to dsDNA. Aside from the simplicity, this recog-
nition strategy is general and could potentially be applied to
any sequence or target length, just as in the recognition of
single-stranded DNA or RNA. The downside to this approach,
however, is that PNA can only recognize homopurine and ho-
mopyrimidine targets. Mixed-sequence PNAs do not have suffi-
cient binding free energy to invade double-helical B-DNA.
Though a double-duplex invasion strategy has been developed
to try to overcome this energetic barrier,”” the issue of se-
quence selection still remains due to the unresolved issue with
self-quenching.”? In this Communication, we show that a
simple nucleobase substitution, that is, replacing cytosine with
a G-clamp (Scheme 1) provides the necessary energetics for
chiral y-PNAs to invade mixed-sequence B-DNA. Unlike the
double-duplex invasion strategy, which requires two strands of
PNAs, only a single strand of y-PNA is required for binding to
B-DNA.

Recently, we showed that randomly folded, single-stranded
PNAs can be preorganized into a right-handed helix simply by
installing an L-alanine-derived, S chiral center at the y-position
of the N-(2-aminoethyl)glycine backbone unit.”® These helical
v-PNAs exhibit strong binding affinity and sequence selectivity
for DNA and RNA and are capable of invading mixed-sequence
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dsDNA as demonstrated by in situ footprinting (data not
shown), however, the invasion complex is not sufficiently
stable under prolonged electrophoresis, a necessary condition
to separate the bound from the unbound DNA target.?” This
result indicates that the binding free energies of these y-PNAs
are already within the invasion threshold of B-DNA. The addi-
tional binding free energies that are needed to stabilize the in-
vasion complex, therefore, might not be much more and as
such, could potentially be attained by replacing a cytosine nu-
cleobase with 9-(2-guanidinoethoxy) phenoxazine (G-clamp,
X)—a cytosine analogue that can form five H-bonds with gua-
nine in addition to providing extra base-stacking as a result of
the expanded phenoxazine ring system.”™ Prior studies
showed that a single C—X nucleobase substitution can en-
hance the melting transition of a PNA-DNA duplex by as
much as 23°C.%5?1 This level of stabilization might be suffi-
cient for y-PNAs to invade and stabilize the B-DNA invasion
complex. To test this hypothesis, we synthesized a series of do-
decameric y-PNA oligomers (PNA2 through 4) as shown in
Scheme 1, in which the cytosine nucleobase was systematically
replaced with G-clamp, and characterized their conformation,
thermal stability and DNA-strand-invasion capabilities by using
a combination of spectroscopic and biochemical techniques.
To confirm that these y-PNA oligomers adopted helical struc-
tures, we measured the CD spectra of PNA2 through 4 and
compared it to that of the unmodified PNA (PNAT). Consistent
with our earlier result,”” we did not observe noticeable CD sig-
nals for PNA1 in the 220-300 nm nucleobase absorption re-
gions (Figure 1); this indicates a lack of helical structure. We
ruled out the possibility of PNA existing with an equal propor-
tion of a left- and right-handed helix, as previously suggested
by MD simulations,”® on the basis of multidimensional NMR
spectroscopic analyses.”® In the case of PNA2 through 4, how-
ever, we observed pronounced CD signals, with biphasic exci-
ton coupling patterns that are characteristic of a right-handed
PNA-DNA double helix.”? Substituting C with X did not
appear to have a significant effect on the overall conformation
of the oligomers, as judged from the similarities in the CD pro-

s ——PNA1
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Figure 1. CD spectra of single-stranded PNA (PNA1) and y-PNA (PNA2
through 4) oligomers at 5 um strand concentration each in 10 mm NaPi
buffer (pH 7.4), recorded at room temperature.
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files of PNA3 and PNA4 to that of PNA2. A small difference in
the amplitudes in the 200-250 nm regions could be attributed
to the difference in the absorption strength of the cytosine
and G-clamp nucleobase, and/or variations in the backbone
conformation as the result of these oligomers trying to accom-
modate the more sterically hindered G-clamp nucleobase. In
addition to CD measurements, we have also attempted to
record the melting transitions (T, values) of the corresponding
PNA-DNA hybrid duplexes for this particular series of oligo-
mers, but to no avail because the T, values were too high to
be measured accurately by UV spectroscopy. The T,, of the un-
substituted PNA2 with its complementary (dodecameric) DNA
strand alone, at 5 pm strand concentration each in 10 mm NaPi
buffer, is already in excess of 90°C.** Because the binding af-
finities of these y-PNAs are already exceptionally high, replac-
ing C with X should enable them to bind to DNA with an even
greater affinity—perhaps sufficient to invade and form a stable
complex with double-helical B-DNA.

To determine whether these y-PNA oligomers can invade
dsDNA, we performed an electrophoretic mobility shift assay. A
171 bp PCR fragment that contained an internal binding site
(Scheme S1 in the Supporting Information) was incubated with
different concentrations of y-PNA oligomers in 10 mm sodium
phosphate buffer (pH 7.4) at 37°C for 2 h. The mixtures were
then separated on nondenaturing polyacrylamide gel (PAGE)
and stained with SYBR-Gold for visualization. Consistent with
the earlier finding,"*” our result showed no evidence of binding
for PNA2 (Figure 2, lanes 2 and 3). In the case of PNA3 and
PNA4, however, we noticed a distinct slow-moving band the
intensity of which gradually increased with increasing oligomer
concentrations (Figure 2, compare lanes 5 with 4, and lanes 7
with 6). Formation of this complex appeared to be complete
at a PNA/DNA ratio of 3:1 for PNA4, as judged from the nearly
complete disappearance of the unbound DNA target. Under
identical conditions, only ~20% binding was complete for
PNA3. In addition to the binding efficiency, the mobility of the
shifted complex also appeared to be different for the two olig-
omers; it was lower for PNA4 than for PNA3. The difference in
mobility could be attributed to the difference in the overall

PNA2 PNA3 PNA4
PNA/DNA 0 M 31 11 3111 L —
Lane 1 2 3 4 5 6 7 ladder
N 200 bp
@ 300
. ;
e - a 200
-—"e-e e ey B e
- 100

Figure 2. Gel-shift assay of a 171 bp DNA fragment that contained a perfect-
ly matched target with various concentrations of y-PNA oligomers. DNA

(0.4 um duplex concentration) was incubated with 0 (lane 1), 0.4 (lanes 2, 4
and 6) and 1.2 um (lanes 3, 5 and 7) of each respective y-PNA oligomer in
10 mm NaPi buffer (pH 7.4) at 37 °C for 2 h. The mixtures were separated on
10% nondenaturing PAGE for 3 h at 5Vcm™' and then stained with
SYBR-Gold.
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size and charge density of the complex, and reflects the differ-
ence in the number of the G-clamps that are present in the
oligomers (two for PNA4 and one for PNA3). Formation of the
shifted band was only observed in the presence of a perfectly-
matched target (Figure 3, lanes 1-3). Introduction of an invert-
ed, single-base mismatch (Scheme S1) completely abolished
the binding (Figure 3, lanes 4-6). This result shows that PNA4
binding occurred in a sequence-specific manner.

PM MM
PNA4/DNA 0 14 = 0 11 31
DNA
Lane 1 2 3 4 5 6 ladder
S 400 bp
: - 300

' . 7 .

- 200
R s - e -

Figure 3. Gel-shift assay of PNA4 with perfect-match (PM) and single-base-
mismatch (MM) DNA targets. Samples were prepared by incubating 0.4 um
of 171 bp DNA fragment that contained PM (lanes 1-3) and MM (lanes 4-6)
targets with 0 (lanes 1 and 4), 0.4 (lanes 2 and 5) and 1.2 pum (lanes 3 and 6)
of PNA4 in 10 mm NaPi buffer (pH 7.4) at 37°C for 2 h. The samples were
separated and stained under identical condition as before.

To further demonstrate that the observed binding occurred
through a strand invasion mechanism, we performed a diethyl
pyrocarbonate (DEPC) probing assay. DEPC is an acylating re-
agent that is known to react selectively with adenines, and to
a lesser extent with guanines within a single-stranded or a per-
turbed region of a DNA duplex, which can be revealed in the
form of strand cleavage following piperidine treatment.2%3"
Sequence-specific strand invasion of dsDNA by PNA4 is ex-
pected to result in a local displacement of the homologous
DNA strand, which can be readily detected by the DEPC assay.
Consistent with the strand invasion mechanism, DEPC treat-
ment of the bound DNA complex, in which the 3’-end of the
homologous DNA strand was labeled with P-32, revealed selec-
tive cleavage at the adenine residues on the homologous DNA
strand across from the binding site (Figure 4). Strand cleavage
was observed even at a PNA/DNA ratio of 0.5:1, but was less
intense than at a 1:1 ratio (Figure 4, lanes 2 and 3). Although
there are four adenines within the expected locally displaced
DNA strand, only the two middle adenine residues showed sig-
nificant cleavage pattern, but very little, if any, was observed
for the two residues localized near the termini. The difference
in the cleavage intensity could be attributed to the difference
in the degree of interaction between these adenine residues
and their neighboring nucleobases. Because they are located
within the melted junction of the DNA duplex, the two flank-
ing adenine residues could still be interacting with the adja-
cent nucleobases, or at least to a greater extent than those
that reside in the middle of the looped-out strand. This might
explain why only the middle adenines are more susceptible to
DEPC treatment than those near the termini. Similar to the
data obtained from the gel-shift assay, strand cleavage was
only observed in the presence of the perfect-match target
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TAGACACCAG
Binding site

3

Figure 4. DEPC treatment after incubation of PNA4 with PM (lanes 1-3) and
MM (lanes 4-6) DNA targets. The homologous DNA strand was 3'-labeled
with P-32. The samples were prepared by incubating 10000 cpm of the la-
beled, and 0.4 pum of the cold (unlabeled) DNA with 0, 0.2, and 0.4 um of
PNA4 in 10 mm NaPi buffer at 37 °C for 2 h, followed by DEPC treatment.
The samples were separated on 10% denaturing PAGE, and the cleavage
patterns were visualized by autoradiography.

(Figure 4, compare lanes 1-3 with lanes 4-6). These results,
taken together, show that PNA4 binding occurred in a se-
quence-specific manner through a strand-invasion mechanism.

Next, we investigated the effect of ionic strengths on PNA4
binding because salt has been shown to have a profound
effect on the efficiency of DNA strand invasion."?3?3¥ To assess
this effect, we incubated PNA4 with the perfect-match DNA
target at a 3:1 (PNA/DNA) ratio in buffers that contained
10 mm NaPi and various concentrations of MgCl,, including a
simulated physiological salt concentration (150 mm KCl and
2 mm MgCl,).2Y The mixtures were separated by non-denatur-
ing PAGE and stained with SYBR-Gold as before. Inspection of
Figure 5 reveals that whereas the binding efficiency of PNA4
with its target gradually decreased with increasing Mg** con-
centrations, a significant fraction (~60%) of the DNA target

150 mm
MgCl,/mm el

01 05 10 20 20 pya

Lane 1 2 3 4 5 6 7 ladder

T 00 b
- 300

. 200

-

- 100

Figure 5. Binding of PNA4 with PM DNA target at a 3:1 ratio in buffer that
contained 10 mm NaPi and various concentrations of MgCl, (lanes 3-6),
along with a simulated physiological salt concentration (lane 7). The samples
were incubated at 37°C for 2 h prior to separation and staining as before.
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was found in the bound state after 2 h of incubation at 37°C
in 10 mm NaPi and 2 mm MgCl,—this corresponds to less than
a twofold decrease in the binding efficiency as compared to
that in the original buffer with just 10 mm NaPi (Figure 5, com-
pare lanes 6 with 2). Although the amount of the complex that
was formed under physiological salt concentration was signifi-
cantly less (only ~10%) than that in the 10 mm NaPi baseline,
strand invasion still took place under this condition as evident
from the presence of the retarded band (Figure 5, compare
lanes 7 with 2). This result indicates that it is feasible to invade
double-helical B-DNA under physiological temperature and
ionic strength given that sufficient binding free energy is
provided.

In summary, we have shown that y-PNAs that contain G-
clamp in place of cytosine nucleobase can invade mixed-se-
quence B-DNA. In this case, only a single strand of y-PNA is re-
quired, and the invasion occurs through direct Watson—Crick
base pairings. In 10 mm NaPi buffer and at 37°C, the invasion
of PNA4 into DNA was complete within 2 h of incubation at a
PNA/DNA ratio of 3:1. We attributed these relatively fast inva-
sion kinetics to the preorganized structure of y-PNAs and the
stability of the invasion complex to the enhanced binding af-
finity of the X-G base pair. Although the efficiency was lower,
strand invasion still took place at elevated ionic strengths. This
study shows that it is feasible to target mixed-sequence B-DNA
with y-PNAs not only at relatively low ionic strengths, but also
at physiological salt concentration. Presently however, it is not
clear whether the reduction in the invasion efficiency is pre-
dominantly the result of a slower rate of base-pair “breathing”,
or an increase in the thermodynamic stability of the dsDNA be-
cause both are interrelated and significantly affected by ionic
strengths. A prior study with homopyrimidine PNA seems to
suggest that it is the former.®® Whereas the initial searching
steps for the two systems may be similar, the overall invasion
efficiency is likely to be different, that is, faster for the mixed-
sequence y-PNA because only a single strand is required for
binding and stabilization, as compared to two strands for ho-
mopyrimidine PNA. Additional studies will be required to tease
out these various contributions. Our ability to fine-tune the en-
ergetics of y-PNAs without the need to change the nucleobase
sequence or the oligomer size, by replacing C with X (or other
nucleobases with their more thermodynamically stable syn-
thetic analogues), should enable us to address this question in
the future, which is an important first step toward developing
a more effective oligonucleotide platform for targeting double-
stranded B-DNA on the basis of Watson-Crick pairing.
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Site-Selective and Nondestructive Protein Labeling through
Azaelectrocyclization-Induced Cascade Reactions

Katsunori Tanaka, Yohei Fuijii, and Koichi Fukase*™

Chemical methods for protein labeling have garnered signifi-
cant attention in the field of molecular imaging because of the
easy operation, general applicability, as well as the smaller size
of the chemical labels relative to genetically encoded protein-
based labels, such as green fluorescent protein (GFP)." For
chemistry-based labeling, it is essential to be able to label mi-
nuscule amounts of proteins at low concentrations under mild
conditions, and to preserve the function of the unmodified
protein. Therefore, the undesirable modification of key amino
acids should be avoided, and the number of the labels intro-
duced into proteins should also be limited to retain the native
conformation and the protein—-protein associations of the un-
modified, biologically active forms. Recently, a variety of new
chemical methods®” which can be combined with biological

WNHQ

techniques have been actively investigated, for example, the
Cu-mediated Meldal/Sharpless click reaction with azide geneti-
cally introduced at desired positions within proteins.”! Cell-
friendly versions of the Cu'-free click reaction using the strain-
ed acetylenes,” as well as the Staudinger reaction,” have also
been developed by Bertozzi and co-workers; these reactions
have been used successfully in applications of fluorescence
imaging on cell surfaces. Entirely chemical methods have been
thoroughly investigated by Hamachi and co-workers;® a single
molecule containing fluorescent labels, anchoring functional
groups and protein ligands was developed to selectively label
the nearby ligand-binding sites. After cleavage of the ligands
from the labeled proteins, those with the recovered activity
have been used as sensitive reporter molecules for fluorescent
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Scheme 1. Previously established method of labeling lysine by 6m-azaelectrocyclization.®
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imaging, for example, visualization of glycolysis rates inside
cells.*™¥ Many efficient variants of this strategy, which involves
so-called post-affinity labeling modification (P-ALM),’*® have
also been developed by the same group.*"9

We have recently developed new lysine-based labeling of
biomolecules (Scheme 1), which is based on rapid 6m-azaelec-
trocyclization.”® We have used this method to efficiently and
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selectively introduce both DOTA (1,4,7,10-tetraazacyclodecane-
1,4,7,10-tetraacetic acid) as a metal chelating agent (either for
MRI, PET, or other radiopharmaceutical purposes) and fluores-
cent groups to lysine residues by reaction with unsaturated al-
dehyde probes 1a-c at very low concentrations (~1078m)
within a short time (10-30 min) at room temperature.® Further-
more, the DOTA-labeled somatostatin and glycoproteins were
subsequently radiometallated with %Ga and their receptor-
mediated accumulation was successfully visualized by PET.

The method precisely controls introduction of DOTA or fluo-
rescence labels onto lysines of target proteins. Labels can be
introduced at a level of one or two molecules per protein, and
this level can be controlled by adjusting the reaction concen-
trations so that the activity of the biomolecules can be re-
tained. The efficiency of our rapid azaelectrocyclization proto-
col depends on the steric accessibility of the primary amino
groups. Whereas the reactions with the internal lysines of the
protein tertiary structure and the N-terminal amine (secondary
amine) are very slow (>5 h at 24°C)," the lysines at the pro-
tein surfaces react rapidly (10-30 min at 24 °C); therefore, label-
ing occurs preferentially at these positions.”® For example, the
antigen recognition activity of the anti-GFP antibody retains
90% of that of the intact mAb because of the preferential la-
beling of the sterically accessible lysines of the Fc moiety.®
However, when lysines that are critical for receptor binding are
situated at a target protein’s most accessible site a significant
decrease in activity might result. In this paper, we report site-
selective and nondestructive protein labeling by azaelectrocy-

» 0.0 NEt,
Condt|on/‘;of:j{¢of\,ﬂm

clization. Site-selective modification of the target protein was
achieved by directing reactive groups to a specific site using a
small-molecule ligand of the protein. Labeling then took place
via Schiff base formation and subsequent electrocyclization.
The ligand was then cleaved from the conjugated protein by
auto-oxidation of the 1,2-dihydropyridine and hydrolysis of the
ester linkage connecting the ligand.

We chose human serum albumin (HSA, Mw =66 000)* as a
target protein; not only is HSA readily available but it contains
as many as 59 lysines, making it a very challenging target for
testing selective labeling by the azaelectrocyclization protocol.
The labeling mechanism using probe 2a is outlined in
Scheme 2. The fluorescent reporter group NBD (7-nitrobenz-2-
oxa-1,3-diazole) was introduced at position C9 of the probe,
whereas the HSA ligand, 7-diethylaminocoumarin, was at-
tached at the C3 position via an ester linkage. 7-diethylamino-
coumarin is known to strongly bind to HSA through either the
subdomain II-A drug binding site 1 (amino acid residues 197-
297) or subdomain IB (amino acid residues 107-196)."" Of the
many other coumarin candidates, the diethylamino derivative
was selected because of its favorable fluorescence properties,
and the excellent overlap of the emission spectrum of the di-
ethylaminocoumarin (ex: 438 nm, em: 479 nm) with the excita-
tion spectrum of the NBD fluorophore (A.: 485nm, A.,:
549 nm) might enable the analysis of the whole labeling pro-
cess in Scheme 2 by FRET.

The incubation of HSA with probe 2a might lead to the se-
lective labeling of lysine(s) situated close to the ligand-binding
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Scheme 2. Site-selective and nondestructive labeling of HSA by 6m-azaelectrocyclization.
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site through Schiff base formation followed by rapid azaelec-
trocyclization (Scheme 2). Furthermore, we envisioned that the
electrocyclization product, 1,2-dihydropyridine derivative (con-
dition C), could be readily aromatized to the pyridinium ion by
auto-oxidation, which could in turn accelerate the hydrolysis of
the ester linkage at the C3 position to produce the zwitterion
(condition D). This cascade process of oxidation-hydrolysis
would, at the same time, recover the ligand-binding site in the
NBD-labeled protein.

The synthesis of 2a was carried out according to the previ-
ously established route for 1a-c (Scheme 3).%% The TBDPS-pro-
tected (2)-vinyl bromide 4 and (£)-stannane 3a were heated to

3a: R = NHBoc 4 OTBDPS
3b:R=H
(0] O\/\O/\/ NHBoc
3
—_—
R OTBDPS
5a: R = NHBoc
5b:R=H
OO NEt,
H
6} O\/\O/\/Nm
3
QAJE ¥
6a: R = NH,
R OTBDPS b R=H

040 NEt,
_— o O\/\O/\/Hm
@Nyﬁ ’
R OTBDPS

NON o
H
7a:R = OZNON\/\/\AN}Z{
H

04O NEt;
o). f) H
(0} O\/\O/\/ N X
/QAJ\;I ’
R H "0
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. o
2aR=  O,N N~ K
2b:R=H H

Scheme 3. Synthesis of fluorescent labeling probes: a) Pd,(dba);, P(2-furyl)s,
LiCl, DMF, 115°C, 42% for 5a and 72% for 5b; b) 20% TFA, CH,Cl,, 0°C;

) 7-diethylamino-3-carboxylic acid-OSu, CH,Cl,, room temperature, 64 % for
6a and 77 % for 6 b (two steps); d) NBD-X, HBTU, Et;N, DMF, room tempera-
ture, 39%; e) TBAF, AcOH, THF, 0°C, quant. from 7a and 42% from 6b;

f) PDC, CH,Cl,, room temperature, 70% for 2a and 70% for 2b.
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115°C in the presence of Pd,(dba);, P(2-furyl);, and LiCl in DMF
to provide the Stille coupling product 5a at 42% yield. Two
Boc-protecting groups in 5a were removed by treatment with
20% TFA in CH,Cl, to give the unstable diamine, which was
immediately reacted with the succinimidyl ester of 7-diethyl-
aminocoumarin-3-carboxylic acid to selectively introduce the
ligand at the C3 position of 6a at 64% vyield over two steps.
The remaining anilino nitrogen of 6a was treated with NBD-X
in the presence of HBTU and triethylamine in DMF to provide
7a at 39% yield. Removal of the TBDPS group in 7a and the
subsequent oxidation were performed very rapidly because of
the instability of these compounds,®™ and the success of these
transformations as well as the efficiency with which the final
product 2a labeled HSA (vide infra) was evaluated by MS anal-
ysis. Thus, TBDPS-deprotection was achieved in quantitative
yield by the reaction with TBAF buffered with acetic acid in
THF. Finally, the allylic alcohol was oxidized by PDC in CH,Cl,
for 30 min to afford the desired aldehyde probe 2a, which was
immediately used for protein labeling after rapid chromatogra-
phy on silica gel. By applying the same route to 2a, the ana-
logue 2b which lacks the NBD reporter group, was also syn-
thesized as shown in Scheme 3. The analogue 2b was used to
facilitate the identification of the selectively labeled lysines by
MALDI-TOF-MS analyses (vide infra).

To identify the lysine(s) selectively labeled by probes 2a and
2b, the probes were incubated with HSA in 0.1 M phosphate
buffer at 40°C for 30 min (final concentrations; HSA: 4.2x
107°Mm, probes: 4.2x107° m). After the reaction was quenched
by the addition of 1% AcOH, the excess probes were removed
by quick size-partitioning gel-filtration. Based on the fluores-
cent spectra of the labeled HSAs, approximately 0.7-1 mole-
cule of the probe was conjugated to each molecule of HSA
(Supporting Information and Figure 2). The labeled HSAs were
then subjected to lysyl endopeptidase (Lys-C) digestion after
the cleavage of S—S bonds followed by the protection of the
resulting -SH groups by 4-vinylpyridine treatment.”™ The mix-
ture of the Lys-C digests was directly analyzed by MALDI-TOF-
MS™ without further purification of each peptide. As the HSA
labeled by the NBD analogue 2a seemed unstable and decom-
posed during the S—S bond cleavage or Lys-C digestion, MS
analysis focused on the digests of 2b-labeled HSA. The pep-
tide maps of labeled HSA and intact HSA, as well as the amino
acid sequence of HSA (focused on T133-T162) are shown in
Figure 1.

Digestions of intact HSA by Lys-C, which cleaves the C-termi-
nal bond of lysine residues, detected 80% of the peptides”
(from the total list of theoretical digestion products). We could
observe a molecular ion (a) at [M+H]" =3115.5 in the labeled
digests, as the only peak that was not observed in the intact
HSA digests."? This molecular ion is derived when Lys137 is la-
beled by 2b (K137-K158 plus probe, Figure 1). Consistent with
our earlier observations,” the molecular weight of the probe
adduct on Lys137 is well-matched to that of the zwitterion
structure as shown in Figure 1, which justifies applying the cas-
cade-type labeling chemistry envisioned in Scheme 2. Namely,
the  azaelectrocyclization product  (1,2-dihydropyridine,
Scheme 2) might be readily transformed into the correspond-

ChemBioChem 2008, 9, 2392 - 2397



www.chembiochem.org



ing zwitterion by oxidation and hydrolysis of the ester during
the enzyme digestion and/or MS analysis.”

Labeled HSA

peak a
[M+H]* = 3115.5

peak b
[M+H]* = 2807.5
Intact HSA
) ! el e i T P A Abwsia. ‘er'l‘.
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[M+H] cal = 3116
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133 138 168 162

Figure 1. Amino acid sequence of HSA (T133-T162) and MALDI-TOF-MS
digest maps of intact and labeled HSA by 2b.

ey

o
0
HQNW)kN/\n,N H o
H o

S

somatostatin

. NH, HN
HO
Oyz oy o HNM
N N H o] NH,
Ho N N NT(\F
o © o

On the other hand, the intensity of the molecular ion at
2807.5 (peak b) is significantly reduced in the labeled HSA. This
ion peak corresponds to amino acid residues Y138-K158. Thus,
the results also support labeling at Lys137, that is, the enzy-
matic digestion was not possible because of the modification
at Lys137. Based on these MALDI-TOF-MS analyses, we con-
cluded that Lys137, which is in subdomain IB (amino acid se-
quences of 107-196), was preferentially labeled by the probe.
The control labeling experiment using 8 (compound structure
is shown in Scheme 4, vide infra), which did not contain the
HSA ligand, did not show any selectivity for Lys-labeling as an-
alyzed by MALDI-TOF-MS (Supporting Information). Thus, we
conclude that the ligand-directed labeling of the target lysine
was achieved.

As noted previously, we have designed probe 2a to effect
FRET between NBD and coumarin fluorophores. We then ana-
lyzed the whole labeling process in Scheme 2 (that is, the
binding of 2a to HSA™ as well as the release of the coumarin
ligand from the labeled protein) by fluorescence spectra. For
all the fluorescence spectra in Figure 2, the absorbance maxi-
mum of the 7-diethylaminocoumarin fluorophore (donor) at
420 nm was excited to effect efficient FRET to NBD (acceptor).

Whereas the fluorescence spectrum of 2a in the buffer solu-
tion (4.2x107°m) demonstrated efficient FRET between the
two fluorophores (Figure 2A, spectrum a and condition A in
Scheme 2), the fluorescence of coumarin significantly increased
when the probe™ was treated with an equimolar amount of

ngwoww

RT, 30 min
Br-azaelectrocyclization

o (0]
=
RT, 60 min l
X +
autooxidation-hydrolysis N
k)

Scheme 4. Azaelectrocyclization with lysine of somatostatin. Reaction conditions: 2.9x 107*m for somatostatin, 100 mm for 8 in H,0.
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Figure 2. Fluorescence analysis of the labeling process in Scheme 2 (excita-
tion at 420 nm). A) Labeling of HSA by 2a through conditions A to C (conc:
4.2x107°M); a) Probe 2a (condition A). b) Binding of 2a"*! to HAS (condition
B). ¢) 1,2-Dihydropyridine formation with Lys137 (condition C). B) d)-f) Time-
course fluorescence analysis during conversion from dihydropyridine (condi-
tion C) to pyridinium zwitterion (condition D; conc: 4.2x 107°m). g) Addition
of 7-diethylaminocoumarin-3-carboxylic acid to labeled HSA by 2a (after
cleavage of coumarin ligand, conc: 1.0x 107¢m).

HSA (spectrum b and condition B in Scheme 2). The result is in
good agreement with previous reports that the intensity of 7-
alkylaminocoumarin fluorescence increases when bound to
subdomains II-A or IB of HSA."® After 30 min, the spectrum
gave another, different FRET (spectrum c) which corresponds
to the formation of the electrocyclization product on Lys137
(condition C in Scheme 2). When the solution was kept at
room temperature, the coumarin fluorescence gradually in-
creased and it reached a maximum 50 min after dihydropyri-
dine formation, as shown in Figure 2B, spectra d-f.

When the resulting solution was subjected to size-partition-
ing gelfiltration, the coumarin fluorescence disappeared from
the NBD-labeled HAS. We reasoned that the ester linkage at
C3, which connects the ligand to the probe, could be cleaved
(even when the solution is kept under the neutral conditions
in Figure 2) through an auto-oxidation-hydrolysis cascade (see
mechanism in Scheme 2). No fluorescent signals, even of NBD,
were observed as coumarin absorbance at 420 nm was excited
for this experiment. Although many protocols for ligand-direct-
ed labeling of biomolecules have been reported, the removal
of the ligands from the labeled samples is always a prob-
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lem."? Even if the labeling could be performed under mild
conditions, the conditions for the removal of the ligands (such
as the hydrolytic cleavage of the ester linkages by increasing
the solution pH) significantly limit the applicability of these
methods. If the present labeling protocol using azaelectrocycli-
zation proceeds to zwitterion formation in a cascade fashion,
the labeled proteins may be used directly for molecular imag-
ing immediately following incubation with the probes.

Unfortunately, we could not obtain a clear conclusion from
the MALDI-TOF-MS of the labeled HSA; therefore, the critical
process of zwitterion formation was examined by using a
model peptide with a lower molecular weight. Thus, we la-
beled somatostatin (Mw =1639)® with a simpler analogue of
2a (8) under identical labeling conditions to those used for
HSA (Scheme 4). After the electrocyclization product 9 (ESI-MS:
caled for [M+H+NH,** 1013.4, found 1013.2) was kept at
24°C for 1 h under neutral conditions, a single molecular ion
of the zwitterion 10 could be detected (ESI-MS: calcd
[M42H]** for 910.4, found 910.2). Thus, we have demonstrated
cascade-type labeling of lysine under neutral conditions, as in
Scheme 2.

Finally, 7-diethylaminocoumarin-3-carboxylic acid was added
to the NBD-labeled HSA obtained above. The resulting labeled
HSA-coumarin complex showed a fluorescence spectrum simi-
lar to that observed for (d) in Figure 2B (spectrum g, conc:
1.0x 10®m, fluorescence intensity magnified twice for clarity);
thus, we conclude that nondestructive labeling was achieved.

In summary, we have developed a selective and nondestruc-
tive method for protein labeling using an azaelectrocyclization-
induced cascade reaction. HSA was used as a model protein
target, and one of 59 lysines in subdomain IB was selectively
labeled by designing probe 2a that was loaded with the high
affinity ligand of HSA. Furthermore, because of the auto-oxida-
tion susceptibility of the electrocyclization products, the ligand
on the labeled protein could automatically be released under
both neutral and physiological conditions. The results de-
scribed herein may be applicable for the selective labeling of
target proteins in cell lysates, as well as at specific positions on
cell surfaces. These studies are now in progress in our
laboratory.

Experimental Section

Labeling of HSA by the probe 2a: A solution of 2a in 1,4-dioxane
(53 ug, 5.0x107>m, 20 pb) was added to a solution of HSA in 0.1 m
phosphate buffer (680 pug, 5.1x107°m, 200 uL, pH7.4), and the
mixture was incubated for 30 min at 40 °C. The final concentrations
of HSA and 2a were 4.2x10 ®m and 4.2x 107> m, respectively. The
reaction was quenched with 1% acetic acid (300 pL) and the result-
ing mixture was immediately passed through a NAP-5 column
(Pharmacia LKB Biotechnology) equilibrated with 1% acetic acid
(total elution volume of 1.0 mL). After the eluted protein was
lyophilized, the amount of the label introduced to the protein was
calculated based on the fluorescence spectra, as previously descri-
bed® (excitation of 7-diethylaminocoumarin excitation at 420 nm).

ChemBioChem 2008, 9, 2392 -2397
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Stable f Turns of Tripeptides in Water through Cation-m Interactions

Damien Barbaras® and Karl Gademann*®

The protein-folding problem remains one of the significant
challenges of the proteomics age.""® Among the many factors
that contribute to protein folding, the influence of charges re-
mains unclear.”” While their presence on the surface as well as
close to the active site in proteins can be rationalized, the
functional role of many charged groups in the interior of pro-
teins remains unexplained.” Over the last years, several ap-
proaches have investigated the role of charged groups and
their relationship with neighboring amino acid functionalities.
In particular, cation-m interactions®® play an important role in
protein structure. For peptides, the stabilization of folded
structures is achieved through cation—m interactions of, for ex-
ample, Lys—Trp side chains.”” While large peptides or even pro-
teins have been examined, we asked whether the stabilization
of a single structural unit (i.e., a f turn) would be possible.”!
The structural lead for our studies was the natural product ana-
chelin (1). This cationic peptide alkaloid was shown to have a
folded structure by NMR spectroscopy,”” and a cation-m inter-
action could be postulated to be the driving force. Based on
this experimental evidence, it can be hypothesized that an aro-
matic substituent at the N terminus together with a cationic
group at the Cterminus leads to folded tripeptide structures
(Scheme 1). In this communication, we validate this hypothesis
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Scheme 1. The natural product anachelin (1) and derived tripeptides 2-5.
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by demonstrating that tripeptides such as 2-5 can be folded
into stable B-turn structures in water based on terminal
cation—g interactions.

The first tripeptide 2—(L-Ala); terminated by N-benzoyl and
trimethylammonium (TMA) groups—displayed an interesting
CD pattern in water (0.4 mm, 20°C, Figure 1, dark blue). The
spectrum is characterized by a maximum at 234 nm and two
minima at 215 and 200 nm. Balaram and co-workers assigned
these minima to a P-hairpin structure,"" and Jung and co-
workers postulated {3 turns for such signals based on X-ray
data.®'?

30000 -

20000 4

g s N

10000 -

[6] / deg cm? mol-

-10000 -

—20000 -

-30000 T T T T ; T T T T 1
200 220 240 260 280 300

Alnm

Figure 1. CD spectra of tripeptides 2-5 in H,O (0.4 mm, 20°C); [0]: molar el-
lipticity.

We prepared a series of different peptides 2-5 (Scheme 1) in
order to probe the influence of sequence modifications on
structure."” Replacement of Ala at position i by a branched Val
residue gave peptide 3, the CD spectrum of which was very
similar to peptide 2; this suggests a very similar 3-turn confor-
mation in water (Figure 1). The configuration at position (i+1)
was investigated next, and p-Ala was introduced (peptides 4
and 5). As expected, the Cotton effects at around 240 and
220 nm increased significantly, which implies more stable
B turns.'

We assigned a type | B-turn conformation to this pattern in
peptides 2-5 based on the available NMR spectroscopy data
and correlations to CD spectra of larger peptides.®™ 2
ROESY experiments for peptides 4 and 5 revealed strong inter-
strand NOE correlations between the methyl groups of the
quaternary ammonium and the aromatic protons (Scheme 2).
In addition, NOEs between the NCH, and NH of residue i sup-
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in the chemical shifts observed and ruled out poten-

TMA L-Ala (I +3) L-Ala . ) 13
(i +3) . o (+2) CH3 o (+2 tial aggregation."® The observed NOEs thus most
NOEs HaCo., 8/ NOEs J\\‘CH3 likely arise from intramolecular interactions. In addi-

tion, the chemical shifts of the protons of the N—CH,
as well as of the Ca—H of residue i were also shifted
when compared to random-coil values; this suggests

> CH; . CH,
- : a folded, compact p-turn structure. These comple-
CH3 D-Ala e} /\CH3 D-Ala
i +1) HsC (i +1) mentary NMR spectroscopy parameters (NOEs and
L-Ala L-Val chemical shifts) strongly support the presence of a
4 @) 5 @ type | B-turn structure of 2-5 in water.

Scheme 2. Selected NOE correlations in tripeptides 4 and 5.

port a f-turn structure in solution (Scheme 2). Dilution NMR
spectroscopy experiments established that there is no change

We then investigated the role of the cation-m in-
teraction in folding. Replacement of the terminal aro-
matic benzoyl (Bz) group in 4 by a cyclohexanecar-
boxylic acid (—6), butyloxycarbonyl (Boc; —7), or

acetate (—8; Figure 2A) led to disappearance of the typical
CD pattern, consistent with a loss of turn structure (Figure 2B).
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Figure 2. A) Control peptides 6-8 without a terminal aromatic group. B) CD spectra of folded peptide 4 versus control peptides 6-8 (H,0, 0.4 mm, 20°C).
C) Chemical denaturation of 5 (0.4 mm, 20°C) by addition of Gdn-HCl. D) Thermal denaturation of 5 upon heating (H,0, 0.4 mwm); [6]: molar ellipticity; [6],:
molar ellipticity at the wavelength of 218 nm; [Gdn-HCl]: molar concentration of guanidinium hydrochloride.
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In particular, the characteristic minimum at around 220 nm dis-
appeared and the minimum at around 200 nm flattened out.
Substitution of the trimethylammonium group with control
groups, such as N,N-dimethylamine or a methyl ester, signifi-
cantly reduced the characteristic 3 turn CD signal of the pep-
tides.'™ All these control peptides underline the importance of
the cation-m interaction as driving force for peptide folding of
tripeptides 2-5 in water.

The stability of the folded B-turn structure to chemical and
thermal denaturation was addressed next. Chemical denatura-
tion through the addition of hydrogen bond donors/acceptors,
such as guanidinium hydrochloride (Gdn-HCl), is frequently em-
ployed to assess the stability of peptides and proteins. All four
peptides 2-5 were examined for chemical denaturation,™™ and
it was generally found that the addition of over 0.5m of the
strong H-bond breaker, Gdn-HCl, starts to disrupt the central
H-bond; this was evident from the disappearance of the CD
signal at 218 nm (Figure 2C). From these results, one can con-
clude that the addition of a roughly 2000-fold molar excess of
Gdn-HCl to a 0.4 mm aqueous solution initiates disruption of
the P turn. With regard to thermal denaturation, the folded f3-
turn structure proved to be rather stable upon heating; in-
creasing the temperature of an aqueous solution of 2 from
0°C to 50°C led to a signal decrease of about 25%.""* The cor-
responding values of 3 (50%), 4 (40%), and 5 (30%; Figure 2D)
are the direct consequence of the configuration and sequence
on folding. Interestingly, the L-Val-L-Ala-L-Ala peptide (3),
which has the least propensity for turn formation, was most
sensitive to thermal denaturation. In support of this notion,
the (L-Ala); peptide (2) showed the best resistance to thermal
denaturation and greatest stability. From these CD experi-
ments, it can be concluded that B-turn structures in water are
rather stable towards both chemical and thermal denaturation;
this can be rationalized to be a consequence of the strength
of the terminal cation-m interaction.

In conclusion, we have shown that tripeptides such as 2-5
adopt a stable conformation in water, which was assigned as a
type | B-turn conformation by using CD and NMR spectrosco-
py. This communication thus describes a method for the fold-
ing of very small peptides, which is difficult with other ap-
proaches. In addition, this study established the CD spectrum
of a single B turn, without the interference of strand amino
acids of a hairpin. The dominant driving force for this remark-
able peptide folding resides in the terminal cation-rmt interac-
tion, and its absence leads to loss of the typical CD pattern.
Moreover, terminal cation-r interactions stabilize type | 5 turns
that are formed independently of the primary sequence. The
P turns are rather stable in water, as judged by chemical and
thermal denaturation experiments. The strong propensity of
trimethylammonium groups to enforce cation—m interactions
has implications on biological processes, as histones carrying
such modifications are involved in controlling gene expres-
sion.'¥ In addition, these ultrashort 3 turns thus have applica-
tions in spectroscopy and biophysics or as peptidomimetics for
pharmaceutical uses.
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Experimental Section

All experimental details as well as additional spectra and full char-
acterization data are given in the Supporting Information.
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Replication of Genetic Information with Self-Encoded

Replicase in Liposomes

Hiroshi Kita,”™ Tomoaki Matsuura,® Takeshi Sunami,® Kazufumi Hosoda,™

Norikazu Ichihashi,” Koji Tsukada, Itaru Urabe, and Tetsuya Yomo *!

In all living systems, the genome is replicated by proteins that
are encoded within the genome itself. This universal reaction is
essential to allow the system to evolve. Here, we have construct-
ed a simplified system involving encapsulated macromolecules
termed a “self-encoding system”, in which the genetic informa-
tion is replicated by self-encoded replicase in liposomes. That is,
the universal reaction was reconstituted within a microcompart-
ment bound by a lipid bilayer. The system was assembled by
using one template RNA sequence as the information molecule
and an in vitro translation system reconstituted from purified

Introduction

Even the simplest living cells display enormous complexity,
and exhibit three basic properties making life different from
other types of networks: self-maintenance (metabolism), self-
reproduction, and evolvability. This raises the question of
whether such complexity is essential for a living system." To
address this question, researchers have been attempting to
synthesize artificial cells from simple known substances."
Once such artificial cells have been developed, it will be possi-
ble to identify the precise number (or minimum number) of
components that can constitute a living system. In addition, at-
tempts to synthesize artificial cells can contribute to a better
understanding of the origin of life because it will provide a
physically possible path that could have led to primitive living
cells. Furthermore, experimentally increasing the complexity of
the artificial cell by starting from the simplest one will provide
an opportunity to simulate evolutionary processes? to the
development of more complex organisms and eventually cur-
rent organisms.

Although the experimental construction of artificial cells has
been proposed many times over the last several years,!"? prog-
ress toward this goal has been proceeding in discrete steps
with researchers assembling elements that partially fulfill the
properties of a living system. For example, it was shown to be
possible to generate artificial lipid vesicles (liposomes) of the
same size as small bacteria from amphiphilic molecules.” Artifi-
cial vesicles were also shown to be capable of autocatalytic
growth, and even to be able to undergo repeated cycles of
growth and division.” Various types of biological reaction (nu-
cleic acid and protein synthesis,” integration of pore pro-
teins,® two-stage genetic cascade reaction,”’ and production
of enzymes involved in the synthesis of membrane lipids)®
have been performed successfully within the environment pro-
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translation factors as the machinery for decoding the informa-
tion. In this system, the catalytic subunit of Qf replicase is syn-
thesized from the template RNA that encodes the protein. The
replicase then replicates the template RNA that was used for its
production. This in-liposome self-encoding system is one of the
simplest such systems available; it consists of only 144 gene
products, while the information and the function for its replica-
tion are encoded on different molecules and are compartmental-
ized into the microenvironment for evolvability.

vided by liposomes. These studies represent significant steps
toward assembly of an artificial cell. The next crucial step is to
embed a universal property that is possessed by all living sys-
tems, that is, a genetic information replication system that is
capable of conducting the replication reaction based on infor-
mation encoded on its own genome. If such a multicompo-
nent gene replication system in which the information unit
(genotype) and the functional unit that replicates the informa-
tion (phenotype) are encoded on different molecules can be
compartmentalized, for example, by cell membranes, the
system will fulfill the genotype-phenotype linkage and thus
have the potential to evolve. Conversely, evolvability of the
multicomponent gene replication system is maintained as long
as the genetic information is replicated with the self-encoded
enzyme, and such a system does not necessarily have to
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encode other types of machinery, such as protein and lipid
synthesis systems.

We assembled a simplified genetic replication reaction by
self-encoded replicase in liposomes by using only defined
components: one template RNA sequence as an information
molecule and an in vitro translation system that was recon-
structed from purified translation factors® as the machinery for
decoding the information that was encoded on the RNA. While
the compartmentalization of an in vitro translation system by
using water-in-oil emulsions has been reported previously,"®
we used liposomes, which provide a biologically relevant envi-
ronment. In the in vitro translation system, the f-subunit of Qf
replicase!"" is synthesized from the template RNA that encodes
the protein. The replicase then replicates the template RNA
used for its production. Thus, in this reaction, replicase is gen-
erated through translation of the self-encoded gene; this
mimics current living systems. We designated this as self-en-
coding system. First, we report the kinetic behavior of the self-
encoding system in vitro. Then, we describe expandability, in
which a new functional gene is incorporated into the RNA se-
quence to allow the self-encoding system to exhibit additional
phenotypes (functions). Finally, we report that the self-encod-
ing system can be encapsulated and performed in liposomes.
From the results of detailed statistical and kinetic analyses of
the in-liposome reaction, we concluded that the system was
functioning as designed. This system is one of the simplest
artificial multicomponent self-encoding system composed of
only 144 gene products in which the information unit (geno-
type) and the functional unit that replicates the information
(phenotype) are encoded on different molecules, and impor-
tantly has the potential to evolve by being compartmentalized
in liposomes.

Results

Replication of genetic information with self-encoded
replicase in vitro

A self-encoding system was assembled by using one RNA as
an information molecule and an in vitro translation system
reconstructed from purified translation factors® as the machi-
nery for decoding the genetic information encoded on the
RNA (Figure 1A). In the in vitro translation system, all the com-
ponents that were necessary for translation reactions were
supplied individually in a highly purified form.”» The RNA
(Rep(+) RNA, Figure 1A) was designed such that the replica-
tion reaction could be catalyzed by the protein that was trans-
lated from its own RNA sequence. For this purpose, the RNA
was designed to fulfill two requirements. First, the RNA was
designed to encode the [-subunit of Qf replicase, an RNA-de-
pendent RNA polymerase responsible for replicating the RNA
genome of coliphage QB,"" which can be decoded by the
translational machinery. QP replicase is a heterotetramer com-
posed of a -subunit that is encoded on the phage genome
and three host proteins of Escherichia coli: ribosomal pro-
tein S1, elongation factor Tu (EF-Tu), and Ts (EF-Ts). Because all
three host proteins were originally included in the in vitro
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Figure 1. Replication of genetic information with self-encoded replicase.

A) Scheme of the replication reaction with self-encoded protein. The tem-
plate RNA (Rep(+) RNA) encoded the $-subunit of Qf replicase within the
sequence of a highly structured RNA (midivariant-RNA (MDV-RNA)"?), which
is a naturally occurring template for Qf replicase. MDV-RNA provides loop
structures at both ends of the RNA that are required for replication by Qf
replicase. rbs: ribosome binding site; B-sub. gene: B-subunit of the QB
replicase gene. B) Time course of the replication reaction with self-encoded
replicase in vitro at 37 °C. The concentrations of synthesized 3-subunit (e),
minus-strand RNA (A), and plus-strand RNA (m) as a function of incubation
time. Values represent mean + s.d. from two independent experiments.

translation system as necessary factors for the translation reac-
tion, it is sufficient to provide only the B-subunit to obtain the
production of mature Qf replicase (Figure 1 A).'? Second, the
RNA was designed to serve as a template for the replication
reaction by QP replicase. For this requirement, midivariant-RNA
(MDV-RNA),"™® which is known to act as a template for QP
replicase, was used as a replication scaffold for the [B-subunit
sequence (Figure 1A).

The time courses after the addition of Rep(+) RNA to the in
vitro translation system is shown in Figure 1B. Increases in the
concentrations of B-subunit (circles) and the minus-strand of
the template RNA (triangles) were observed. Furthermore, the
plus-strand RNA concentration (squares) increased up to 1.5-
fold after 120 min; this was attributed to the replication re-
action of the minus-strand RNA with the translated replicase.
When the same reaction was carried out in the absence of
amino acids (Cys and Thr), neither production of 3-subunit and
minus-strand RNA, nor increases in plus-strand concentration
were observed; this indicates the necessity of translation of
the replicase for replication of its own RNA. From these results,
we concluded that the RNA template was able to produce
functional replicase that then effectively replicated itself.

Integration of an additional phenotype into the self-
encoding system

We examined whether the self-encoding system could be ex-
panded to express an additional phenotype. The antisense
sequence of the f-galactosidase gene (lacZ) was inserted into
the template RNA to construct Rep(+)Gal(—) RNA (Figure 2 A).
This modified RNA was added to the in vitro translation
system in the presence of fluorogenic substrate 5-chlorome-
thylfluorescein di-f-p-galactopyranoside (CMFDG), and [-galac-

ChemBioChem 2008, 9, 2403 -2410
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Figure 2. Integration of an additional phenotype into the self-encoding
system. A) Schematic representation of the reaction with an additional phe-
notype that was generated by insertion of the lacZ gene. The Qp replicase
B-subunit was encoded on the plus-strand RNA, and [3-galactosidase was en-
coded on the minus-strand RNA (complement of the plus-strand RNA). Non-
fluorescent CMFDG was hydrolyzed by $-galactosidase to yield green fluo-
rescent CM-fluorescein. B) Real-time detection of the increase in green fluo-
rescence intensity. The reactions were carried out at 37 °C by using 70 nm
(¢) or 30 nm (0) Rep(+)Gal(—) RNA, ARep(+)Gal(—) RNA (), or ARep(+)-
Gal(—) RNA supplemented with purified QP replicase () as template RNA
or without template RNA (o).

tosidase activity (increase in green fluorescence intensity) was
detected as an additional functionality of the self-encoding
system (Figure 2B). Furthermore, by comparing the results
with 30 nm or 70 nm Rep(+)Gal(—) RNA (blue circles and blue
diamonds, respectively), the yield of 5-chloromethylfluorescein
(CM-fluorescein) was found to be dependant on the RNA con-
centration, that is, 0.144+0.01 um CM-fluorescein per nm RNA
at 400 min. Experiments performed in the absence of template
RNA under the same reaction conditions showed only a slight
increase in fluorescence (black squares), this is presumably due
to a minute level of CMFDG hydrolysis activity of some compo-
nent(s) in the translation system. A template RNA that lacks
part of the B-subunit gene (ARep(+)Gal(—) RNA, black trian-
gles) showed a slight fluorescence increase that was similar to
that in the absence of template RNA, but with the assistance
by externally added Qf replicase, it gave rise to a detectable
signal increase (green triangles). These results indicate that
translation of functional replicase was necessary for the addi-
tional functionality. The fluorescence signal with Rep(+)Gal(—)
RNA is produced through a reaction cascade (Figure 2A):
1) Rep(+)Gal(—) RNA produces the replicase; 2) the replicase
generates the minus-strand from the plus-strand; 3) the minus-
strand is translated into -galactosidase; 4) 3-galactosidase hy-
drolyzes CMFDG. Whereas synthesis of the replicase proceeded
linearly over time (Figure S1 in the Supporting Information),
the fluorescence increased initially in a higher-order reaction
(Figure 2B, blue circles and blue diamonds). This is the conse-
quence of the reaction cascade in which the rate of fluorescent
molecule production is correlated with the [-galactosidase
concentration, which increases over time. After 350 min, the
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reaction velocity became nearly constant, that is, the -galac-
tosidase concentration became constant, presumably due to
inactivation of the translation machinery.”

Replication of genetic information with self-encoded
replicase in liposomes

We investigated whether the self-encoding system carrying f3-
galactosidase activity as a phenotype can be embedded in
cell-sized liposomes. Rep(+)Gal(—) RNA and the in vitro trans-
lation system were encapsulated into liposomes along with
CMFDG. Subsequently, liposomes were diluted with the in
vitro translation system that lacked EF-G, EF-Tu, and EF-Ts to
prevent protein synthesis from occurring outside the lipo-
somes. In this way, osmotic pressure differences that might
cause leakage of the internal components were reduced, and
the biochemical reaction could continue for up to 275 min as
described below. Fluorescence microscopy was used for direct
visualization of the performance of the reaction inside the lipo-
somes (Figure 3 A). The liposomes were clearly outlined by red
fluorescence (Figure 3 A, left), which was derived from the red
fluorescent lipid used as the membrane marker,"* while green
fluorescence was observed inside the liposomes (Figure 3A,
middle). Overlaying the images clearly indicated that the re-
action occurred inside the liposomes (Figure 3 A, right). Hence,
we have successfully established an in-liposome self-encoding
system in which the information of the replicase is decoded to
replicate itself in cell-size lipid compartments.

Quantitative analysis of the in-liposome self-encoding
system was carried out by using a fluorescence-activated cell
sorter (FACS). Rep(+)Gal(—) RNA and the in vitro translation
system were encapsulated into liposomes along with CMFDG
and R-phycoerythrin (PE)."™ The replication reaction was car-
ried out in liposomes, and the time course was analyzed by
FACS (Figure 3B), which provided quantitative data for individ-
ual liposomes in the internal aqueous volume (vertical axes)
from the PE red fluorescence!™ and hydrolysis of CMFDG from
green fluorescence intensity (horizontal axes). From the vertical
axis of Figure 3B, estimated internal volume was found to
range from 1 to 100 fL, which is typical for multilamellar lipo-
somes prepared by the freeze-dry method as described previ-
ously.™ Furthermore, as shown in Figure 3B, the distribution
of liposomes moved toward the right over time; this indicates
an increase in the number of fluorescent products that are
encapsulated inside the liposomes. This further evidenced the
synthesis of functional (-galactosidase through the reaction
cascade. The time course data could be used to conduct a
kinetic analysis of the reaction in liposomes (Figure 4B).

To verify the occurrence of the in-liposome self-encoding re-
action, the histograms (frequency distribution) of product con-
centration in each liposome after 420 min are shown in Fig-
ure 3C. When Rep(+)Gal(—) RNA was used as a template, two
distinct populations were observed with peaks at 1 and 20 um,
respectively. On the other hand, a single peak with a value of
0.6 um was observed in the absence of the RNA or in the pres-
ence of RNA that encodes a defective B-subunit gene,
ARep(+)Gal(—) RNA. Note that because these liposomes

2405

www.chembiochem.org



www.chembiochem.org



T. Yomo et al.

A) B)
T 3 3
¢ Omin 10°¢ 420 min 19" € 200 min
= 102k 102} 102
Q
e it
=2
o
= 10! / 10" [F5 54
1 S |
10° 104 10° 10° 107 10* 10 10° 10° 107 10° 10 10° 10 107
160
C) 102 F140
#4120
0.06 [
r 100
5 80
> 004 = 2 Mso
S s Hao
5 :
g 2 f 20
= 002 i s ¢ it it 1 M e i
10° 104 10° 10 107 10° 10 10° 10° 107 10° 10 10° 10 107
Products /molecules Products / molecules Products /molecules
0

10

100

o
2
-

CM-fluorescein/m

Figure 3. Replication of genetic information with self-encoded replicase in liposomes. A) The reaction within the liposomes by using Rep(+)Gal(—) RNA as a
template observed under fluorescence microscopy. Left, red image (membranes); middle, green image (hydrolyzed CMFDG); right, overlay of left and middle
images. Scale bar indicates 1 um. B) Time course of the reaction analyzed by FACS. The results of 15000 liposomes by using Rep(+)Gal(—) RNA. The results of
FACS analysis of product (horizontal) and internal aqueous volume (vertical) of each liposome are shown. Dots represent the data of individual liposomes.
Contour maps are overlaid. The frequency is depicted in color code. At 350 and 420 min, the number of reacted liposomes defined as those with the CM-fluo-
rescein molecule (Mcyg) was Mgy > 6036 V042 (right of the dashed lines), where V is the liposome internal volume (fL). The results with ARep(+)Gal(—) RNA
supplemented with purified Qf replicase and without template RNA are shown in Figure S2. C) Histogram (frequency distribution) of the CM-fluorescein con-
centration in liposomes after reaction at 37 °C for 420 min with Rep(+)Gal(—) RNA (0), ARep(+)Gal(—) RNA (2), ARep(+)Gal(—) RNA supplemented with puri-
fied QP replicase (~), or without template RNA (o). Distribution of concentration of CM-fluorescein in individual liposomes was estimated by using Equations

thus an increase in fluorescence was observed (Fig-
ure 2B, green triangles). Therefore, the population
with a peak at 20 um was Qf replicase dependent.
These results suggested that the population with a
peak at 20 um, which was obtained with Rep(+)-
Gal(—) RNA was likely to be those that had succeed-
ed in carrying out the gene replication reaction,
whereas the other at around 0.6 to 1 um was those
that had not. Whereas there were differences in the
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background signal (peaks at 0.6 and 1 um) among
the samples, these differences were very small com-

Figure 4. Statistical and kinetic analyses of the reaction in liposomes. A) The fractions of
liposomes below the background (i.e., unreacted) at each liposome internal volume, by
using Rep(+)Gal(—) RNA (blue) or ARep(+)Gal(—)RNA supplemented with purified Qf
replicase (green) at 350 (circles) and 420 min (squares) are shown. The solid line shows
the results of curve fitting with Equation (1) when P(A)=1 (Supporting Information).
Note that the curve did not differ when P(A) < 1. B) Time courses of the reaction in lipo-
somes with different internal volumes and in vitro. Concentration of the product (vertical
axis) in liposomes was calculated as described in the Experimental Section.

cannot produce [(-galactosidase, these peaks can be consid-

pared to the populations that contained synthesized
[p-galactosidase, and are thus negligible. These re-
sults indicated that within liposomes that exhibit [3-
galactosidase activity, the RNA was replicated by the
replicase that was translated from it.

Reaction efficiency of the self-encoding system in
liposomes

ered to be background signals. Nevertheless, when Qf repli-
case was encapsulated together with ARep(+)Gal(—) RNA, two
distinct populations appeared as with Rep(+)Gal(—) RNA. As
shown in Figure 2B, when ARep(+)Gal(—) RNA was supple-
mented with QP replicase, B-galactosidase was produced, and
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In this section, we describe the estimation of the reaction effi-
ciency in liposomes. The reacted liposomes are defined as
those on the right of the dashed lines of Figure 3B and Fig-
ure S2, reactions with Rep(4+)Gal(—) RNA and ARep(+)Gal(—)
RNA that was supplemented with Qf replicase occurred in
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only 13% and 22% of liposomes, respectively. Furthermore,
the fractions of unreacted liposomes (P, ..) at 350 and
420 min were dependent on the liposome internal volume
(Figure 4A). We also found that P, did not differ between
350 and 420 min (Figure 4A). This was attributed to inactiva-
tion of the translation machinery, which has been reported
previously for the in vitro translation system® that was used in
this study and also observed in Figure 2B. Note that this does
not indicate inactivation of 3-galactosidase—in fact, f-galacto-
sidase was still functional up to 420 min (Figure 4B)—but this
means that there is no newly synthesized (3-galactosidase after
350 min. It is also important to note that P, of ARep(+)-
Gal(—) RNA supplemented with Qf replicase (green) was small-
er than that of Rep(+)Gal(—) RNA (blue) in all liposome internal
volumes (Figure 4 A).

For the gene replication reaction in liposomes to be detect-
ed as [-galactosidase activity, the liposomes should contain
more than one molecule of each of the components necessary
for the cascade reaction. Under such conditions, these compo-
nents should then produce more than one molecule of B-gal-
actosidase from the template RNA. Note that FACS analysis
allows us to detect the presence of a single molecule of (3-gal-
actosidase (T. Sunami, K. Hosoda, H. Suzuki, T. Matsuura, T.
Yomo, unpublished results). By assuming that all stochastic
processes are Poisson processes,"® P, ... can be written as in
Equation 1 (for details see the Supporting Information):

P =1-P

nonreact

where n is the number of components necessary to be en-
capsulated in liposomes for the reaction, C; (molecules/fL) is
the average concentration of the i-th component (i=1, 2,...,
n), V (fL) is the liposome internal volume, P(A) is the probability
of all the components that are necessary for the translation
and the replication reaction being encapsulated in liposomes
with an internal volume V (Supporting Information), and vy
(events/fL) is the average frequency of successful replication
reaction per fL. A successful replication reaction is equivalent
to the production of [-galactosidase. Equation (1) suggests
that P eact is likely to exhibit dependence on the liposome in-
ternal volume, which was in fact the case (Figure 4A).

We then fit the data (Figure 4 A) with Equation (1) to obtain
the value v. For the fit with Equation (1), we considered C; to
be a common parameter between the two sets of data (reac-
tion with Rep(+)Gal(—) RNA and ARep(+)Gal(—) RNA supple-
mented with QP replicase) and y to be a parameter that was
different between the two sets. This was because the reaction
does not require Qf} replicase to be encapsulated in the lipo-
somes at the initial stage; instead it is synthesized during the
reaction. Therefore, addition of Qf replicase is unrelated to the
G value, but rather can affect the reaction efficiency y by in-
creasing the concentration of the intermediate of the reaction.
By fitting the experimental results by using Equation (1), we
obtained y=0.014 (events per fL) for the reaction with
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Rep(+)Gal(—) RNA, regardless of the value of P(A), and this low
reaction efficiency is the predominant determinant of the sto-
chastic observation found in Figure 4A (see Supporting Infor-
mation for details). Note that we obtained values of C; that
were always significantly larger than vy (for example, C,=191
when n=1). This observation was consistent with the fact that
sufficiently high concentrations of all components that are re-
quired for the in-liposome self-replication reaction were used
for encapsulation (see Experimental Section).

The value vy is equivalent to the number of template RNA
molecules that produced the 3-galactosidase because template
RNA is the rate-limiting parameter in this reaction (Figure 2B).
That is, y represents the number of RNA molecules among the
initially encapsulated RNA per femtoliter that gave rise to the
production of [-galactosidase. Because we used 30 nm (ap-
proximately 20 molecules/fL) RNA as a template for the in-lipo-
some reaction, the y value indicates that only one in 1400 RNA
molecules (0.014/20=1/1400) could produce functional -gal-
actosidase in the liposomes.

Kinetic analysis of in-liposome replication reaction of
genetic information with self-encoded replicase

Liposomes provide a reaction environment that is very differ-
ent from that in the test tube because the volume is typically
of the femtoliter order, and the molecules that are encapsulat-
ed in liposomes are in the presence of
millimolar concentrations of lipids.
(1) Therefore, we compared the perfor-
mance of the replication reaction of the
genetic information with self-encoded
replicase between in liposome and in
vitro (that is, in the test tube) systems (Figure 4B). The reaction
was conducted in liposomes with a wide range of internal vol-
umes (Figure 3B). To investigate the effects of the volume on
the internal reactions, the time courses of the reaction in lipo-
somes with different volumes were plotted (Figure 4B). The
time course was obtained by using the median values of the
CM-fluorescein concentration that was obtained for each lipo-
some internal volume (1.2-4.0, 4.0-13, 13-40, 40-130 fL) at dif-
ferent reaction times.

We first found that the reaction proceeds faster in smaller
liposomes (Figure 4B). By using y=0.014 (events/fL), the aver-
age number of reactions that occurred in reacted liposomes
(N,) can be written as in Equation 2:

yv

Vo A—e v

()

From Equation (2), the number of reactions that occurred in
liposomes that were smaller than 13 fL was almost 1. There-
fore, the number of (-galactosidase molecules that was pro-
duced should be the same in these liposomes. As a conse-
quence, the same number of CM-fluorescein molecules was
produced, smaller liposomes will give higher concentrations of
CM-fluorescein, and thus faster production of fluorescence was
observed, whereas the reaction kinetics in larger liposomes
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became increasingly similar to those in vitro. These observa-
tions indicated that the in liposome self-encoding system was
functioning as designed.

Thus, the statistical and kinetic properties of the self-encod-
ing system were elucidated based on the fluorescent signal in
liposomes that was measured by FACS. From the results of
statistical analysis, we were able to estimate the reaction effi-
ciency in liposomes. The results of the kinetic analysis indicat-
ed that the reaction proceeded faster in smaller liposomes,
and the reaction kinetics in larger liposomes became increas-
ingly similar to those in vitro; this indicates that our system
was functioning as designed.

Discussion

Since the pioneering work of Spiegelman'**'”! and Biebricher

and Eigen" that showed the emergence of evolved RNA se-
quences through the RNA replication reaction with Qf repli-
case, externally added purified Qf replicase and its specific
template RNA have been used for in vitro replication as a mini-
mal model of life.**"3*'71 As opposed to using externally added
replicase for the RNA replication reaction, in the present study
the RNA was replicated by the Qf replicase encoded on the
RNA molecule itself, and can therefore be designated as a self-
encoding system. In this regard, our system is distinct from the
replicating systems that were reported previously.>'3*'7 En-
capsulation of our self-encoding system in liposomes is essen-
tial for its evolvability, which is one of the basic properties of
living systems.™ Evolvability requires two processes: genetic
diversification and selection based on phenotype. The Qp repli-
case used here has a high error rate" and thus the self-
encoding system can produce genetic diversity directly. More-
over, compartmentalization by liposomes fulfills the linkage
between the genotype and phenotype for selectability. Hence,
this is the first report of an artificial multicomponent gene rep-
lication system with a self-encoded replicase in which the
information unit (genotype) and the functional unit that repli-
cates the information (phenotype) are encoded on different
molecules, and importantly has the potential to evolve by
being compartmentalized in liposomes, a biologically relevant
environment. In this regard, our system is distinct from single-
component replication systems that have been reported previ-
ously"”? in which both the genotype and phenotype are en-
coded on the same molecule, which requires the assistance of
an exogenous mutator to produce genetic diversity, but does
not require compartmentalization for genotype-phenotype
linkage.

How many components and how much complexity were re-
quired for the in-liposome self-encoding system? We can pro-
vide the precise number of components in this system: one
RNA sequence, 36 proteins, the ribosome, tRNAs, small chemi-
cal compounds (e.g., NTPs, amino acids), and three lipids. The
schematic of the system is shown in Figure S3. The total
number of 144 gene products (3 rRNAs,?" 46 tRNAs,” 55 ribo-
somal proteins,?Y 38 proteins for protein synthesis (counting
heterodimers as two™), one reporter protein, and one RNA
replicase) is comparable with that of the proposed minimal cel-
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lular life (approximately 150), which can grow with only small-
molecule nutrients."*? Qur system is composed of only the
defined components, which provides the possibility of modu-
lating the system as desired, and is thus distinct from the self-
encoding system by using bacterial cells.”?

Therefore, our simplified system might be developed further
by merging with self-replicating liposome technology™ to add
the basic characteristics of life to our system —- self-mainte-
nance and self-reproduction, that is, duplication of the whole
system? — and simultaneously overcome the limit of our
system that is caused by substrate depletion or system inacti-
vation. These can be achieved by first sorting the liposomes
with a higher reaction efficiency by FACS, and then fusing
these with liposomes that carry components that are necessary
for the reaction (for example, amino acids and proteins), there-
by providing resources, then duplicating the system by divi-
sion. Note that the liposomes that were used in this study
were prepared by the freeze-dry method, which generates
multilamellar vesicles,*® and further modification of liposome
preparation might be required to merge our system with the
self-replicating liposome technology. In this way, our system
can be evolved and sustained continuously.

Experimental Section

Chemicals, biological materials, and plasmids: The plasmid pUC-
MDV-LR™ was kindly provided by Dr. Y. Inokuchi (Teikyo Universi-
ty). The purified Qp replicase was prepared as described previous-
ly.'? 1-Palmitoyl-2-oleoyl-sn-phosphatidylcholine (POPC) was pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol
was purchased from Nacalai Tesque(Kyoto, Japan), and distearoyl
phosphatidylethanolamine-polyethylene glycol 5000 (DSPE-
PEG5000) was kindly provided by the NOF Corporation (Tokyo,
Japan). BODIPY-labeled PC (2a in ref. [14]) was a kind gift from Dr.
Sugawara (University of Tokyo). R-Phycoerythrin (PE) and CMFDG
were purchased from Molecular Probes (Invitrogen). With the ex-
ception of the ribosomal protein S1, the proteins that were used
for the in vitro translation system were purchased from Post
Genome Institute Co., Ltd (Tokyo, Japan). S1 protein was overex-
pressed and purified from E. coli cells as described previously.”*!

Construction of plasmids and preparation of template RNAs:
The plasmid pUC-MDV-LR™“ contained the sequence of MDV-poly
RNA downstream of the T7 promoter sequence, a Smal restriction
site at the 3’-end of the MDV-poly sequence, and a Bglll site within
the MDV-poly RNA sequence for cloning."* The plasmid pUC-
MDVminus, which contained the complementary MDV-poly se-
quence downstream of the T7 promoter, was constructed by PCR
amplification of the MDV-poly sequence from the plasmid pUC-
MDV-LR, and then ligated between the BamHI and EcoRl restriction
sites of the plasmid pUC-MDV-LR. Plasmids encoding Rep(+) RNA
and its complementary strand were constructed by inserting the
fragment that contained the QP replicase B-subunit sequence into
the Bglll sites of pUC-MDVminus and pUC-MDV-LR, respectively.
These plasmids were then used to generate the standards for
quantitative real-time PCR (RT-QPCR) by in vitro transcription as
described previously.™® A plasmid encoding Rep(+)Gal(—) RNA
was constructed as follows. The sequence of lacZ was amplified by
PCR from the plasmid pSV-B-Galactosidase Vector (Promega), and
the amplified product and the Qf replicase (-subunit gene were
inserted into the Bglll restrictions site of pUC-MDV-LR. A plasmid
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encoding ARep(+)Gal(—) RNA was constructed by deleting the
126-nt segment between the two Sacl sites of the -subunit gene
of the plasmid that encoded Rep(+)Gal(—) RNA. DNA sequences of
all plasmids were confirmed by DNA sequencing. Template RNAs
were prepared by in vitro transcription as described previously.*"
All template RNA sequences are given in Supporting Information.

Preparation of liposomes: Liposomes were prepared by the
freeze-dried empty liposome (FDEL) method as described previous-
ly."*! Briefly, the lipid mixture (1.2 umol, mixed with a molar ratio of
POPC/cholesterol/ DSPE-PEG5000=58:39:3) was dissolved in
CH,CI,/Et,0 (1:1, v/v) and subjected to rotary evaporation in a
pear-shaped flask under vacuum to yield a thin lipid film. Then de-
ionized H,0 (100 pL) was added to the film under argon gas. After
15 min, the lipid film was vortexed to disperse the liposomes. The
liposome dispersion was homogenized on ice by sonication with
an ultrasonic disrupter (Tomy Seiko, Tokyo, Japan) and was extrud-
ed through a polycarbonate filter with a pore size of 0.4 um (What-
man). The solution was then transferred to a tube and lyophilized
in a freeze dryer (Labconco, Kansas City, MO, USA). The freeze-
dried empty liposomes were stored at 20°C under argon gas. Lipo-
somes that were prepared by this method had the multilamellar
membrane structures and complex structures as reported previous-
ly."* Liposomes that were observed under fluorescence microsco-
py were prepared with a lipid mixture that contained BODIPY-la-
beled PC (about 1 mol%, compound 2a in ref. [14]) to visualize the
membrane. Note that liposomes that were used for FACS analysis
did not contain BODIPY-labeled PC, but instead encapsulated R-
phycoerythrin (PE), which was used to estimate the internal
volume of individual liposomes.

Replication of genetic information with the self-encoded repli-
case: The gene replication reaction with self-encoded replicase
was carried out by using template RNA (55 nm) and an in vitro
translation system that had been reconstituted, with incubation at
37°C. Unless otherwise specified, the standard in vitro translation
systems contained Mg(OAc), (13 mm), potassium glutamate
(100 mm), spermidine (2 mm), dithiothreitol (1 mm), ATP (2 mwm),
GTP (2 mm), CTP (1 mm), UTP (1 mm), creatine phosphate (20 mm),
48 A260 units of tRNA mix, 10-formyl-5,6,7,8-tetrahydrofolic acid
(10 ngmL™"), each amino acid at 0.3 mm, 2-[4-(2-hydroxyethyl)-1-pi-
perazinyllethanesulfonic acid (HEPES) (50 mm, pH 7.6), and enzyme
mix. The enzyme mix contained ribosomes (1.2 um), IF1 (2.5 um),
IF2 (0.21 pm), IF3 (0.95 pm), EF-G (3.2 um), EF-Tu (12 pm), EF-Ts
(8.2 um), RF1 (0.25 pm), RF2 (0.24 pm), RF3 (0.17 pum), RRF (0.48 um),
AlaRS (725 nm), ArgRS (31 nm), AsnRS (380 nm), AspRS (127 nm),
CysRS (24 nm), GInRS (60 nm), GIURS (233 nm), GIyRS (87 nm), HisRS
(8nm), lleRS (396 nm), LeuRS (42 nm), LysRS (113 nm), MetRS
(27 nm), PheRS (676 nm), ProRS (165 nm), SerRS (39 nm), ThrRS
(85 nm), TrpRS (28 nm), TyrRS (7 nm), ValRS (17 nm), MTF (588 nm),
creatine kinase (0.47 pm), myokinase (0.93 um), nucleoside-diphos-
phate kinase (1.3 pm), pyrophosphatase (0.62 um), ribosomal pro-
tein S1 (4.6 um), and RNasin Plus RNase Inhibitor (1 U},LL_1; Prome-
ga). A liposome of a typical size (4 fL) is expected to carry 17 TyrSR
molecules (the minimum among protein components), 28800 EF-
Tu molecules (the maximum among protein components), 72 RNA
templates, 2880 ribosomes, etc. It is worth noting that all compo-
nents that were required for the reactions were likely to be encap-
sulated into liposomes (>1 fL) as described in the Results section.

For the reaction with additional phenotype that was generated by
insertion of the lacZ gene, the in vitro translation system that is
described above was supplemented with template RNA (30 nm),
CMFDG (100 um), Alexa Fluor 647 (50 nm; Invitrogen), and Mg-
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(OAC), (11 mm). When the in vitro translation system was supple-
mented with purified QP replicase, 25 nm was used.

Reactions in liposomes were carried out as described previously."!

Briefly, aliquots (25 plL) of the reaction mixture, which consisted of
the in vitro translation system, CMFDG (100 pm), PE (400 nm), and
template RNA (30 nm), were added to the lyophilized lipids at 4°C.
Subsequently, the liposomes were diluted with the in vitro transla-
tion system that lacked EF-G, EF-Tu, and EF-Ts to prevent protein
synthesis from occurring outside the liposomes. To initiate the
translation reaction, liposomes were incubated at 37°C.

Characterization of RNA replication and protein synthesis reac-
tion during the gene replication reaction with self-encoded rep-
licase: Plus and minus-strand RNAs were measured by quantitative
real-time PCR (RT-QPCR). Reverse transcription was performed as
described below. The samples were diluted 10000-fold with H,0,
heated at 95 °C for 5 min to denature the double-stranded regions,
and mixed with reverse transcriptase (PrimeScript RTase; Takara)
and the primer, 5-TAA GCG AAT GTT GCG AGC ACC TTG TAT GGT
CCG TAA TCA C or 5-TAA GCG AAT GTT GCG AGC ACG CTG CAA
CGT AAT ACT ATA C for plus or minus-strand synthesis, respectively.
Reactions were carried out in accordance with the manufacturer’s
instructions. cDNA samples were then diluted 100-fold with H,O
and mixed with qPCR MasterMix (Eurogentec, Seraing, Belgium), a
dual-labeled probe, 5-FAM-TGC CCT CGT CGG ATC GGT CCT AAT-
BHQ-1 (Sigma), and primers 5-TAA GCG AAT GTT GCG AGC AC and
5-TGC CTA AAC AGC TGC AAC GT or 5-CGC TCT CGG TCC CTT
GTA TG for sense and antisense strand quantification, respectively.
Reactions were carried out in accordance with the manufacturer’s
instructions by using a real-time PCR system (Mx3005P; Strata-
gene). The amount of RNA was measured by using the in-vitro-
transcribed complementary strand as a standard.

The amounts of synthesized proteins were measured by incorpora-
tion of [**S]-methionine during synthesis and measurement of the
band intensity on SDS-PAGE. The band intensity that corresponded
to the replicase B-subunit was quantified from the results of auto-
radiography. The amount of methionine that was incorporated into
the B-subunit was calculated by comparing the band intensity to
those of known concentrations of methionine, and the amount of
synthesized (3-subunit could then be calculated.

Reactions in liposomes were analyzed by using a FACSAria cyto-
fluorometer (BD Biosciences, San Jose, CA, USA). The reaction
inside the liposomes was observed by using a Nikon TE2000-PFS
microscope that was equipped with an oil-immersion objective
(Plan Apo 100x, NA 1.4). Fluorescence images were collected by
using an Andor iXon DV887 EMCCD camera.

Quantitative analysis of the reaction in liposomes: The quantita-
tive data for individual liposomes in the internal aqueous volume
and the hydrolysis of CMFDG were estimated essentially as de-
scribed previously."™ Briefly, red (Flz.o) and green (Flgp,) fluores-
cence, which were derived from PE and CM-fluorescein, respective-
ly, were obtained for individual liposomes by FACS. Flg_,s and Flg.qps
were converted to Fl and Flg by using Equations (3) and (4), where
Fly and Flg are the fluorescence intensities after correcting for the
fluorescence spectra overlap. Fl; and Fl; were then converted to
liposome internal volume (V (fL)) and amount of CM-fluorescein
(Mcwe (molecules)) by using Equations (5) and (6), respectively,
where Gy is the concentration of PE (M).

" Flyeops—0.25 Flg-gps

— [ Robs™— 29 T 'Gobs 3
Fly 1-0.25 x 0.005 (3)
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_ FIG'obsfo-OO5 FIR-obs

=% T 7 TTobs 4

Fls 1—0.25 x 0.005 *)
Flg

V‘7x1oscPE (5)

Mcwe = 35.01 Flg (6)

Time course of the reaction in liposomes: Median values of the
CM-fluorescein concentration were first obtained for each liposome
internal volume (1.2-4.0, 4.0-13, 13-40, 40-130 fL) from the data
that is shown in Figure 3B, that is, the data after 420 min in which
the translation reaction had stopped primarily due to inactivation
of the translation system (Figure 2B). The rank in CM-fluorescein
concentration (rank 1=highest CM-fluorescein concentration) of
the liposomes exhibiting the median value was then obtained.
Then, the CM-fluorescein concentrations of the liposomes of identi-
cal rank to those above were obtained for each liposome internal
volume at different reaction times.
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Spin-Label EPR on a-Synuclein Reveals Differences in the
Membrane Binding Affinity of the Two Antiparallel Helices

Malte Drescher,”™® Frans Godschalk,” Gertjan Veldhuis,” Bart D. van Rooijen,"

Vinod Subramaniam,*'¥ and Martina Huber*®

The putative function of the Parkinson’s disease-related protein
a-Synuclein (aS) is thought to involve membrane binding. There-
fore, the interaction of aS with membranes composed of zwitter-
ionic (POPC) and anionic (POPG) lipids was investigated through
the mobility of spin labels attached to the protein. Differently la-
belled variants of aS were produced, containing a spin label at
positions 9, 18 (both helix 1), 69, 90 (both helix 2), and 140 (C ter-
minus). Protein binding to POPC/POPG vesicles for all but aS140
resulted in two mobility components with correlation times of 0.5
and 3 ns, for POPG mole fractions > 0.4. Monitoring these com-

Introduction
The major component of Lewy bodies—a key feature of Par-

kinson’s disease—is a-synuclein (aS), a small soluble protein of
140 amino acids (Figure 1).'"¥ Its central role in the disease

A) 140

helix 2

helix 1

B)

MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTK
EGVWHGVATVAEKTKEQVTNVGGAVWTGVTAVAQKTVEGAGSIAAATGFVKKDQLG
KNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA

Figure 1. A) Schematic representation of the two helices of a-synuclein (aS)
and the position of residues mutated. Structural model from micelle-bound
aS.%! B) Amino acid sequence of wild-type aS. Putative helical segments 1
and 2 are marked in grey.

brought aS into the focus of scientific research several years
ago, but many aspects, including its physiological function, are
not yet understood. Monomeric aS in solution is largely un-
folded, with a slight tendency to form secondary structure.”™”
The biological functions of aS are hypothesised to be closely
related to membrane binding."®® Thus, information on details
of the membrane association of aS, including the structure of
the membrane-bound protein is the subject of intense
research.
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ponents as a function of the POPG mole fraction revealed that at
low negative-charge densities helix 1 is more tightly bound than
helix 2; this indicates a partially bound form of aS. Thus, the in-
teraction of aS with membranes of low charge densities might
be initiated at helix 1. The local binding information thus ob-
tained gives a more differentiated picture of the affinity of aS to

membranes. These findings contribute to our understanding of
the details and structural consequences of aS-membrane
interactions.

Different techniques have been employed to elucidate the
binding of aS to lipids. Binding of aS to anionic vesicles was
detected by gel filtration chromatography."® Preferential bind-
ing of aS to anionic vesicles and a-helical structure of the
bound aS was detected by CD spectroscopy.""'? Fluorescence
correlation spectroscopy (FCS) was used to measure real-time
binding of aS to large unilamellar vesicles (LUVs), again reveal-
ing preferential binding to negatively charged lipids."® Also,
the effect of different lipids and of the protein/lipid ratio was
investigated. The binding was found to be cooperative, to
have an electrostatic component, and a model was proposed
to explain the effect of the protein/lipid ratio."

Whereas binding to LUVs and even multilamellar vesicles
(MLVs) was reported, higher binding affinities to small unila-
mellar vesicles (SUVs) suggested a preference for membranes
with a smaller radius of curvature.'®*¥ The interaction of aS
with spin-labelled lipids revealed different membrane affinities
of aS mutants linked to early onset familial Parkinson’s
disease.'®"
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Structural information on vesicle-bound aS derived from so-
lution NMR experiments revealed that the N-terminal part of
aS (approximately residues 1-100) is able to associate with the
lipid—water interface and to adopt an a-helical structure, while
the C terminus remains unstructured and unbound.”'® Quali-
tatively, the conformation of the N-terminal part of the mole-
cule bound to micelles has been characterised as two distinct,
antiparallel amphipathic a-helices connected by a short linker
region consisting of residues 42-44. The helices exhibit an un-
usual 11/3 periodicity and are denoted as helices 1 and 2.['®%?
The large size and associated slow tumbling rates of the com-
plex of aS bound to even small lipid vesicles make a direct
NMR structure determination difficult, limiting the amount of
structural information on vesicle-bound aS. Several approaches
employing spin-label EPR have been published.”>* In one
case spin-labelled aS was investigated in the presence of SUVs.
Line broadening was observed and attributed to immobilisa-
tion of the spin label by membrane interaction.”” The broad
part of the spectrum was investigated, revealing that the spin-
label properties agree with the 11/3 a-helix model.

In this work we have used the site-specific mutagenesis
spin-labelling approach pioneered by Hubbell etal?” and
9 GHz, continuous wave (cw) EPR to determine the mobility of
the spin labels at different positions of aS within helices 1 and
2 as a function of membrane composition. By using single-cys-
teine mutants, spin labels have been introduced at positions 9,
18, 69, 90 and 140, and their interactions with SUVs composed
of different ratios of zwitterionic (POPC) and negatively
charged (POPQG) lipids have been studied.

We find that the membrane affinities of the two helices of
aS differ. In particular, at low charge densities, binding occurs
preferentially around helix 1, that is, the helix closer to the N-
terminal part of aS.

Results

Spin-labelled aS in solution gives rise to EPR spectra with
narrow lines, thus indicating a high mobility (rotation correla-
tion time 7,< 1 ns) of the spin label (Figure 2A and B; all spec-
tra are shown as first derivative). In the presence of negatively
charged SUVs, the spectra of almost all mutants show drastic
changes (Figure 2C). The spectra consist of more than one
component, one of which is clearly broadened relative to the
main component in spectra of aS in solution (see features at
334.5 and 335.3 mT, Figure 2C). Broadening is indicative of a
lower mobility of the spin label. Only the spectra of a.S140 re-
mained unchanged upon addition of SUVs (Figure 2A). This is
expected as residue 140 is the final residue of aS, located at
the C terminus of aS, a region that was shown not to interact
with the lipid membrane.>2®

All spectra were analysed quantitatively by spectral-line-
shape simulations. The spectra of aS in the absence of lipo-
somes are well described by a superposition of two compo-
nents S; and S,, where S, corresponds to the spectrum of the
free spin label ([(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-
methanethiosulfonate] —MTSL) measured independently. In
the presence of SUVs, an additional component S, is needed,
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Figure 2. A) EPR spectra of aS140 in the absence or presence of negatively
charged SUVs. EPR spectra of aS90 and simulations in the B) absence and
C) presence of negatively charged SUVs. The simulations (—) are com-
posed of the components S, and S, (B) and additionally S, (C); see text for
details.

corresponding to the broadened part of the spectra. The
shape of component S; and the prefactors a, b, and ¢ are de-
termined by least square fits to the data according to Sg,=
as, +bS,+cS;.

This approach is visualised in Figure 3. Owing to normalisa-
tion of S, the values of a, b, ¢ (where a+b+c=1) express di-
rectly the fractions of spins contributing in each case. The
width of the spectra can also be expressed as the second
moment (AB%). For S,, a value of (AB*)~2mT? was found,
whereas for S; (AB?)~3mT? (for an interpretation, see the
Discussion).

The spectral parameters of the components S; and S, are
listed in Table 1. The parameters of the slow motion contribu-
tion S; and the parameters a-c can be found in Table 2. Note

as,
—bS,
—— S,
—— 8, =aS +bS,+cS,

333 336 339 342
magnetic field / mT

Figure 3. Composition of EPR spectra of aS90 in the presence of SUVs. The
weighted sum S, =asS,; + bS,+ ¢S; of all three contributions shown corre-
sponds to the simulated spectrum of Figure 2C.
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Table 1. Simulation parameters of spectral contribution S, and S,: hyper-
fine interaction, A,,, and rotational correlation time, 7.

A,, [MHz] 7, [ns]
unbound MTSL (S;) 111405 0.1340.01
aS9 (S,) 109.8+0.2 0.59+0.02
aS18 (S,) 109.6+0.5 0.55+0.02
aS69 (S,) 109.74+0.2 0.3940.02
aS90 (S,) 110.6 +£0.5 0.4140.01
aS140 (S,) 110.44+0.2 0.154+0.01

Table 2. Relevant parameters of spectral contribution S;. The fractions a,
b, and ¢ are given for SUVs containing 100% negatively charged lipids

(p=1).

A,, [MHz] 7, [ns] a b c
aS9 (S;) 97+2 3.2+0.2 0.05 0.12 0.831+0.02
aS18 (S;) 99+2 3.2+03 0.03 0.01 0.96 +0.01
aS69 (S;) 106+2 29+03 0.00 0.01 0.99+0.005
aS90 (S;) 105+2 23+0.2 0.04 0.01 0.95+0.01

that the parameters of the spectra of aS140 are not given in
Table 2 as it does not contain component S;, that is, c=0.

The prefactors a, b, and ¢ of aS in the presence of POPG
SUVs (Table 2) show a variation in ¢ dependent on the mutant
and a small contribution of b. The value of a is small in all
cases (<5%), indicating that there is only a small amount of
free MTSL. Nevertheless, this fraction has narrow lines with
large amplitudes and therefore has to be taken into account in
the simulation. To study the influence of the charge density of
the liposome surface (o), the (molar) fraction:

[POPG]
= [Por + [PopC] "

of anionic POPG lipids added to zwitterionic POPC was varied.
For each mutant, the spectra in the range of 0<p <1 were
measured and simulated by using the unchanged spectral con-
tributions, S; (Tables 1 and 2) varying only a, b, and c. Figure 4
shows the dependence of fraction ¢ on the charge density p.
Errors were determined as described in the Experimental Sec-
tion. Repeated measurements of individually prepared samples
did not lead to deviations exceeding the displayed error bars.

For p <0.4, no slow motion contribution was detected, cor-
responding to ¢=0. Simulations showed that fractions of ¢
below 30% cannot be detected given the signal-to-noise ratio
of the experimental spectra. The relatively low sensitivity of
the method to small fractions of ¢ comes from the large line-
width of that component. For higher p values, the fraction ¢
depends on the position of the MTSL label (Table 2) and on
the value of p. For p>0.4 for two of the mutants (aS9 and
aS18) the ¢ values do not depend on p within experimental
errors, whereas aS69 and aS90 show a decrease in ¢ by up to
15% for decreasing p.

In order to obtain further evidence on the interpretation of
the spectral components, two experiments were performed.

ChemBioChem 2008, 9, 2411 -2416
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Figure 4. The surface charge density (o) of the SUVs can be controlled by
varying the content of negatively charged lipids. Fraction c of the spectral
contribution S, is shown for different mutants of aS. Fractions ¢ smaller than
0.3 cannot be detected (see text). Fraction c reflects directly the local bind-
ing degree (see Discussion). For clarity the data points were connected
using sigmoid-like curves.

First we tested whether the spectrum of doubly labelled aS
was similar to the superposition of the spectra of the respec-
tive singly labelled aS. Figure 5A, open circles, shows the ex-
perimental spectrum at p=0.5 of the double mutant, where
both residue 18 and residue 90 (aS18/90) are spin labelled.

o— 8

exp,18/90

A)

Ss‘lm‘ 18/90

333 336 339

magnetic field / mT

Figure 5. A) The experimental spectrum of the doubly labelled mutant
aS18/90 (0) can be described by simulations (—) generated by the sum of
the simulations of the corresponding singly labelled mutants aS18 and 0590
including a small adjustment for fraction a. B) Spectra of the singly labelled
mutants aS18 (——) and aS90 ().

Adding the spectra of the single mutants aS18 and aS90 (Fig-
ure 5B) results in the spectrum shown as a solid line in Fig-
ure 5A. It is almost identical to the spectrum of the double
mutant. The similarity of the two spectra shows that the values
of the prefactors b and c are an intrinsic property of the spin
label at the respective position and not a result of different
membrane binding affinities of the mutants.

In the second experiment, a solution of aS90 with POPG/
POPC SUVs (p=0.67) was subjected to a filtering procedure
(Experimental Section) to separate vesicle-bound from un-
bound aS. The EPR-spectrum of the retentate of the filtration
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was identical to that before filtration, and the concentrated fil-
trate did not reveal any EPR signal. That the mobile fraction b
in the retentate did not decrease shows that b does not stem
from aS that is free in solution, but rather that under the spe-
cific conditions of the filtration experiment (0590, p=0.67) all
of the b fraction is due to aS that is bound to the SUVs. At
lower p values, presumably, S, contains contributions from
both bound and dissociated aS, a point that is discussed in
detail below.

Both experiments show that the fractions b and ¢ cannot be
interpreted as originating from purely free aS in solution and
completely membrane bound aS, respectively, and that the
membrane affinity of aS is not altered by the spin labelling
(see Discussion).

Discussion

The EPR spectra of all mutants of aS are distinct and, with the
exception of 05140, reveal clear changes upon interaction with
the membrane.

In order to interpret the spectra, line shape simulations
using multiple components were performed (see Results). The
strategy of simulation for the three components of the spectra
of aS with SUVs was as follows. Spectra of aS in the presence
of SUVs are composed of the spectra §,, S,, and S; where S, is
due to free MTSL and S, is the spectrum of the aS mutant in
the absence of SUVs (see Results). Fitting the shape of the
component S; and the ratios a, b, and ¢, resulted in good
agreement with the experimental spectra (see Figure 2). Thus,
the fractions a, b, and ¢ and the correlation time 7, of the slow
motion component S; can be determined with sufficient accu-
racy, although subtle differences in hyperfine splitting or corre-
lation time of S, in these three-component spectra cannot be
detected.

Spin-labelled aS in the absence of vesicles and the compo-
nent S, (fraction b) in the presence thereof are characterised
by 7, values (Table 1) close to those of the spin label in unfold-
ed proteins.®>" The spectra are similar to those observed ear-
lier and interpreted as monomeric, largely unfolded aS.*¥ In
the presence of negatively charged SUVs, the spectra of all
mutants except a5140 revealed a considerable fraction c.

The rotation-correlation time of the component S, (fraction
¢) is 7,~2-3 ns, which is similar to the parameters of spin

A)

helix | [}
4 N EEEN N

V. Subramaniam, M. Huber et al.

labels at exposed sites in folded proteins.”>*" The mobility de-
rived from the second moment < AB”>> is close to that of ter-
tiary interaction sites and helix surface sites.*? The measured
magnitude of t, for fraction ¢ is much smaller than the 7, of a
lipid vesicle (z,>0.5 ps, calculated from Stokes-Einstein equa-
tion) showing that the rotation of the vesicle is much too slow
to account for the t, observed. Therefore, 7, reflects residual
mobility of the spin label. As fraction ¢ is composed of spin
labels with reduced mobility, and as that fraction is only ob-
served when SUVs are present, the restricted mobility of the
spin labels must stem from the interaction of aS with the SUV,
as demonstrated earlier in a study where the broadened com-
ponent itself was analysed to determine the helix periodicity
of the membrane-bound fraction in SUVs containing 30% neg-
atively charged (POPS) and 70 % zwitterionic (POPC) lipids.*

Before we can interpret the results of aS in the presence of
SUVs with spin labels at different amino acid positions, we will
take a closer look at the origin of fraction b in these experi-
ments. Either, the entire fraction b comes from aS that is free
in solution, or—as we show is the case—it also contains a con-
tribution of aS that is physically bound to the membrane, but
dissociated in the region where the mobility is monitored (Fig-
ure 6B and C). Such a fraction can have a mobile spectrum, if
the region of aS close to and including the position of the
spin label is sufficiently loosened to allow the spin label to
rotate so fast that its spectrum cannot be distinguished from
that of the spin label of the free aS in solution. The filtration
experiment shows that this must be the case for the entire
fraction b at p=0.67 (that is, under the conditions of the filtra-
tion experiment), as that fraction does not contain any un-
bound oS (see Results). Also, the aS140 spectra do not
change, independent of whether oS is in contact with a mem-
brane or not, revealing that the mobility at the end of the
C terminus of aS is sufficient to give rise to mobile EPR spectra
that are indistinguishable from those of aS140 in solution.

In summary, fraction c¢ is composed of aS bound to the
membrane in such a way that the spin label becomes immobi-
lised. Fraction b contains a contribution of aS bound to the
membrane such that the spin label is conformationally mobile
and (possibly) a contribution of free aS in solution. Different
values of ¢ observed for the different mutants could, in princi-
ple, be an indication that the mutants have different mem-
brane affinities. However, the experiment on the doubly la-

Figure 6. Schematic representation of S at the membrane-water interface. Positions of spin labels used in this study are depicted as red circles. The follow-
ing situations can be distinguished: A) Both helices of aS are completely bound to the vesicle. B) Detaching of helix 2 starts from the acidic tail. The cationic
residue K80 still bound to the negatively charged membrane is also shown. C) Helix 2 is completely dissociated whereas aS remains bound via helix 1.
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belled mutant aS18/90 show that this is not the case (see
Results).

Classical binding studies in the literature determine the
amount of aS that is completely bound versus the amount
that is fully dissociated from the membrane."” Fraction c, as
determined by EPR, is constituted exclusively of membrane-
bound aS but fraction b also contains bound aS, the amount
of which depends on p. Therefore, our fraction ¢ represents
the lower limit for membrane-bound aS. In apparent contrast
to that, in binding studies of aS with POPS/POPC lipid mix-
tures the amount of bound aS is smaller than fraction ¢ under
similar conditions, but there is good agreement with aS bind-
ing to POPA/POPC membranes."” Presumably, this is due to
the fact that the headgroup of POPG is chemically closer to
POPA than to POPS and therefore has a similar affinity for aS
than POPG. Below p=0.26, in the present study no immobi-
lised fraction is observed, that is, ¢ is 0.3 or less (see results).
Binding of aS to neutral vesicles was observed," but the
amount of aS bound to such vesicles is below the detection
limit of our method. In summary, the data presented herein
are in good agreement with those obtained from binding
studies reported in the literature.

Whereas the interpretation of the fraction ¢ discussed in the
preceding paragraph enables us to compare the results with
traditional binding studies, the true merit of the present
method is that b and ¢ give local information about the bind-
ing of the individual sections of aS, that is, binding of the spe-
cific region of aS that is close to the spin-labelled residue.

In Figure 4, the variation of the immobilised fraction ¢ for
four of the mutants is shown as a function of the liposome
charge density p. Starting at high charge densities, for all posi-
tions, the amount of fraction ¢ decreases with decreasing
values of p.

From p=1.0 to p=0.4, the behaviour is strongly dependent
on the position of the spin label; this indicates that certain re-
gions of aS dissociate from the membrane more readily than
others. Thus, regions around residues 9 and 18 remain bound
at lower membrane charge density than the regions around
residues 69 and 90. In that range of p, positions 69 and 90
show a clear dependence on p, whereas ¢ for positions 9 and
18 remain almost the same. We attribute differences in the de-
pendence of ¢ on p as an effect of nonuniform binding of aS
to the membrane surface. Specifically, we suggest that, as the
negative charge density decreases, helix 2 dissociates whereas
helix 1 remains bound (Figure 6 C).

An explanation for the apparent difference in binding of
helix 1 and helix 2 could be the distribution of cationic resi-
dues (such as lysines) in the sequence of aS. Helix 2 contains
fewer cationic residues than helix 1 (Figure 1B) and therefore
will have weaker electrostatic interactions with the negatively
charged membrane. Therefore, at a lower negative charge den-
sity the interaction may be too weak for binding. Even the fact
that residue 90 detaches before residue 69 could thus be ex-
plained as K80 is a cationic residue right between residues 69
and 90 (Figure 6B). Additionally, the negatively charged tail
containing anionic residues is expected to affect the binding
of helix 2 nearby.
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Conclusions

The EPR approach presented here gives a more differentiated
view of the interaction of aS with the membrane than the
overall binding constants determined previously by other
methods."%"*3*34 |t suggests that, at lower charge density, the
binding affinity of helix 1 is stronger than that of helix 2. This
implies that the binding of aS to membranes could be initiat-
ed in the N-terminal part of aS and that subtle alterations in
the membrane composition could provide a means to manipu-
late further binding events along the polypeptide.

Experimental Section

Protein expression and labelling: Wild-type aS does not contain
any cysteine residues. aS cysteine-mutations at position 9, 18, 69,
90, or 140 as well as a double mutation (18/90) have been intro-
duced using standard biochemical methods. To perform site-direct-
ed spin labelling, aS mutants were expressed in Escherichia coli
strain BL21(DE3) using the pT7-7 expression plasmid (courtesy of
the Lansbury Laboratory, Harvard Medical School, Cambridge, MA).
Purification procedure of the aS mutants was performed as will be
described elsewhere. Prior to labelling, aS mutant proteins were
reduced with a 6x molar excess of —SH groups (with DTT) for
30 min at room temperature. Subsequently, samples were desalted
with Pierce Zeba 5 mL desalting columns. Immediately, a 6 x molar
excess of MTSL spin label [(1-oxyl-2,2,5,5-tetramethylpyrroline-3-
methyl))-methanethiosulfonate] was added (from a 100 mm stock
in MeOH) and incubated for 1 h in the dark at room temperature.
After this, free label was removed by using two additional desalt-
ing steps. Protein samples were applied onto Microcon YM-100
spin columns to remove any precipitated and/or oligomerised pro-
teins and diluted in buffer (10 mm Tris-HCl, pH 7.4). Spin label con-
centrations for single-cysteine mutants were 100 um and for
double-cysteine mutants 200 um. Owing to the high reactivity of
the label and the fact that the cysteine residues are freely accessi-
ble in the poorly folded structure, near quantitative labelling can
be achieved under these conditions.””) Samples were stored at
—80°C.

Preparation of vesicles: Anionic POPG [1-palmitoyl-2-oleoyl-sn-
glycero-3-(phosphor-rac-(1-glycerol))] and zwitterionic POPC [1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine] lipids were pur-
chased dissolved in chloroform (Avanti Polar Lipids) and were used
without further purification. After mixing chloroform solutions to
obtain the desired lipid ratio, the solvent was evaporated by using
a gentle stream of dry nitrogen gas. The resulting lipid film was
dried under vacuum overnight. After adding Tris-HCl (10 mm),
pH 7.4, and incubation of 15 min at room temperature, SUVs (di-
ameter ca. 25 nm) were generated by a minimum of 30 min sonica-
tion of larger vesicles."

Preparation of samples: The aS solution was added to the SUV
solution; this resulted in a protein/lipid ratio of 1:250 and a final
concentration of 100 um (200 pm) for singly (doubly) labelled mu-
tants, and incubated for at least 0.5 h before being measured. To
separate unbound oS from aS bound to SUV, one sample has
been filtered using a YM-100.000 membrane (Millipore) in a fixed
angle (35°) rotor at 5000g for 60 min. Whereas the concentrate
(60 L) is expected to contain the SUVs and aS that is bound to
the SUVs, unbound aS should be found in the filtrate. To check for
unbound aS in the filtrate, the filtrate was first concentrated using
a 5kDa filter (Millipore) at 7000g for 60 min and subsequently
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measured for EPR signals. EPR spectra of unbound MTSL as well as
those of labelled protein in buffer solution not containing lipo-
somes were measured independently.

EPR measurements and analysis: All experiments were performed
at room temperature. A Bruker Elexsys E680 X-band spectrometer
equipped with a standard rectangular microwave-cavity ER 4102
ST operating in TE,o-mode was used.®’” Performing modulated
field sweeps containing 1024 data points (sweep time 42 s) a mod-
ulation frequency of 100 kHz was used. Modulation amplitude as
well as time constant (low pass filter) have been chosen such that
the signal was not distorted. Typical values are 0.27 G and 40 ms,
respectively. Spectrometer control and data post-processing were
performed by the Bruker Xepr software. To simulate the spectra,
we used Matlab R2007b (The MathWorks Inc., Natick, MA, USA)
and the toolbox EasySpin 2.6.°* Varying simulation parameters,
least-square-fits to experimental data have been performed. For all
simulations described in this work A,=A,,=13 MHz and g=Ig, g,
g,1=1[2.00906 2.00687 2.003] were chosen.*® Error margins were
determined by manually changing the parameters and to test in
which range acceptable simulations of the data were obtained. In
order to exclude any saturation effect™ the protein/lipid ratio was
chosen as 1:250 after verifying that changing the ratio of proteins
to lipids in the range from 1:250 to 1:100 did not result in any
spectral change.
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Early Structural Evolution of Native Cytochrome c after

Solvent Removal

Michal Z. Steinberg, Ron Elber,” Fred W. McLafferty,” R. Benny Gerber,” and

Kathrin Breuker*®?

Electrospray ionization transfers thermally labile biomolecules,
such as proteins, from solution into the gas phase, where they
can be studied by mass spectrometry. Covalent bonds are gener-
ally preserved during and after the phase transition, but it is less
clear to what extent noncovalent interactions are affected by the
new gaseous environment. Here, we present atomic-level compu-
tational data on the structural rearrangement of native cyto-
chrome c immediately after solvent removal. The first structural
changes dfter desolvation occur surprisingly early, on a timescale
of picoseconds. For the time segment of up to 4.2 ns investigated

Introduction

The structural study of biomolecules by mass spectrometry
(MS) has recently emerged as a promising alternative to con-
ventional condensed-phase methods, such as nuclear magnetic
resonance (NMR) spectroscopy and X-ray crystallography.
There is evidence that aspects of native protein” and nucleic
acid? structure can be retained after solvent removal in elec-
trospray ionization (ES))® MS experiments. However, atomic-
level detail for biomolecular structures in the gas phase is not
yet available. Here, we report computational data on the struc-
tural changes of native protein structure immediately after de-
solvation. As a model system we chose equine (Fe")-cytochro-
me ¢, because it is well characterized in solution and has also
been studied in gas-phase experiments.””) Equine cytochrome c
is a 104 residue electron-transfer protein with a covalently
bound heme group; in solution, all charged residues are sur-
face exposed, with the charges pointing away from the protein
surface for efficient solvation in water (Figure 1).”

Figure 1. NMR structure (PDB ID: 1AKK)"™ of native equine (Fe")-cyto-
chrome c. A) N-terminal helix (residues 1-13), C-terminal helix (89-104), and
Q loop (18-34) are shown in dark gray; B) charged residues are shown in
dark gray.
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here, we observed no significant breaking of native noncovalent
bonds; instead, we found formation of new noncovalent bonds.
This generally involves charged residues on the protein surface,
resulting in transiently stabilized intermediate structures with a
global fold that is essentially the same as that in solution. Com-
parison with data from native electron capture dissociation ex-
periments corroborates both its mechanistic postulations and our
computational predictions, and suggests that global structural
changes take place on a millisecond timescale not covered by
our simulations.

ESI produces gas phase ions directly from solution, and ac-
cumulating evidence suggests that the charge residue model
(CRM)® is the dominating process during ESI of native pro-
teins.l”? It is assumed that solvent evaporation from nanome-
ter-sized droplets that contain only one protein ion each re-
sults in the formation of gaseous ions. We have recently stud-
ied this desolvation process by molecular dynamics (MD) simu-
lations, and observed no appreciable changes in the native
(Fe")-cytochrome ¢ structure during water evaporation.”
Moreover, we found that the last water molecules to evaporate
aggregate around charged sites, and thereby shield any intra-
molecular charge-charge and charge-dipole interactions in
the largely desolvated structure. Here, we report MD simula-
tions of equine (Fe")-cytochrome c in the complete absence of
solvent, with focus on the very first structural changes caused
by dehydration. For evaluation of computational results, we
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compare the MD data with experimental data from native elec-
tron capture dissociation (NECD)® experiments.

Results and Discussion
Reorientation of charged side chains

Visual inspection of the protein structures from relatively short
(0-20 ps) and highly resolved MD simulations showed that the
first structural rearrangements after desolvation generally in-
volve charged side chains. Most of these were found to rapidly
collapse onto the protein surface, as illustrated for protonated
K79 forming an ionic hydrogen bond (iHB) with the amide
oxygen of Y48 (Figure 2).

A)

Yl g

Figure 2. Rapid formation of an ionic hydrogen bond, shown here for pro-
tonated K79 and amide oxygen of Y48. A) NMR structure 1AKK. B) Molecular
Dynamics snapshot after 15 ps simulation time.

Attractive interactions of charged residues in proteins in-
clude charge-charge (salt bridge, SB) and charge—dipole (iHB)
interactions. We therefore analyzed our MD data for the
number of salt bridges and ionic hydrogen bonds that in-
volved positively ((4)iHB) as well as negatively ((—)iHB)
charged side chains. Figure 3 shows that the number of SBs in-
creased from six in the solution structure to an average value
of 17.3 within the first 10 ps. Within the same time span, the
number of (+)- and (—)iHBs increased from zero to 11.6 on
average, and from five to 6.3, respectively. The number of posi-
tively and negatively charged side chains in native cyto-
chrome c at pH 5 is 21 and 12, respectively;"” this means that
some of the charged side chains participate in more than one
electrostatic interaction.

The average number of electrostatic interactions increased
exponentially with simulation time, with rate constants of
(1.497 £0.020) x 10", (0.533£0.004)x 10'%, and (0.523 +£0.012) x
10" 57" for SB, (+)-, and (—)iHB formation, respectively. Plateau
values from the exponential fits were 17.2, 11.7, and 6.1 for SB,
(+)- and (—)iHB formation, respectively, which is very close to
the above average values for 10 ps simulation time. Consider-
ing the error limits, the rate constants for (+)- and (—)iHB for-
mation were the same, whereas SB formation proceeded
about 2.8-times faster. This finding is consistent with the long-
range potential of charge-charge interactions (1/r distance de-
pendence), and the shorter-range potential of charge-dipole
interactions (1/r* or 1/r* distance dependence, depending on
whether the dipole is fixed or freely rotating)."
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Figure 3. Number of: A) salt bridges (SB), B) ionic hydrogen bonds involving
protonated side chains ((++)iHB), and C) ionic hydrogen bonds involving de-
protonated side chains ((—)iHB) for ten trajectories (black lines) versus simu-
lation time; average values shown as thick gray lines.

Effect of initial charge distribution

Next we asked whether the new side-chain interactions
formed randomly, or if side-chain reorientation was affected by
the overall distribution of charges. Native equine (Fe")-cyto-
chrome ¢ has a relatively large electric dipole moment of
1.08x 107 Cm, mainly as a result of the inhomogeneous dis-
tribution of negatively charged residues on the protein sur-
face.'"? However, calculation of electric dipole moments is
rather complex for proteins,"® and our primary interest was in
the distribution of charges. We therefore introduced a Z vector
that originates from the geometrical center of all negative
charges, and points to the center of all positive charges. Its
length is a direct measure of the protein’s charge asymmetry
(Figures 4A, B). The Z-vector orientation was calculated with
respect to a plane spanned by three of the heme’s nitrogen
atoms, and described by two angles, @ and ¥ (see Computa-
tional Methods for details).

The Z-vector length decreased exponentially with simulation
time from 4.61 A for the native structure to an average value
of 3.07 A after 10 ps, whereas its orientation did not change
significantly (Figures 4 C-E). The rate constant for the decrease
in vector length was (1.027 £0.008)x 10 s™', which is about
halfway between those for SB and iHB formation. This indicates
that all newly formed electrostatic interactions contribute to
the rapid decrease of Z-vector length. Apparently, reorientation
of all charged side chains is governed by the initial charge
distribution and proceeds in such a way as to minimize the
protein’s charge asymmetry and therefore its dipole moment
in the gas phase.

Changes in RMSD

In addition to the ten short (0-20 ps) and highly-resolved tra-
jectories discussed above, we also performed MD simulations

ChemBioChem 2008, 9, 2417 - 2423
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Figure 4. Distance between positive and negative charge centers for:

A) NMR structure 1AKK, and B) representative MD structure after 2.716 ps
simulation time; charged residues are shown as balls and sticks. C) Length
of Z vector, and angles D) @ and E) ¥ of Z-vector orientation for ten trajecto-
ries (black lines) versus simulation time; average values are shown as thick
gray lines.

with moderate time resolution and simulation times of up to
4.2 ns. Visual inspection of MD structures from these simula-
tions showed no new structural features other than those al-
ready found in the short simulations. Figure 5 shows root
mean square deviations (RMSD) from the starting PDB struc-

A) Y sl Nty P 7 T P
T 3-
3 2-
RMSD (+) /A
B) 4
T 3‘
2 e Nt
RMSD Cg /A
b ' .
012345678% 100 1000

t/ps —»

Figure 5. Root mean square deviation (RMSD) from NMR structure 1AKK for
all trajectories (black solid lines) of: A) positively charged residues, and B) Ca
atoms for simulation times of up to 4.7 ns. Thick gray lines are average
values for the short (0-20 ps) MD simulations.
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ture 1AKK for positively charged basic residues and C, atoms
for all trajectories. The average RMSD of positively charged res-
idues for the short trajectories increases exponentially with a
rate constant of (0.860+0.003)x10'? s, which is between the
rate constants for SB and (+)iHB formation. After about 10 ps,
the RMDS reached a plateau at 3.4 A. Data from the longer tra-
jectories all lie in the range (3.44:0.9) A for simulation times
> 10 ps (dashed lines in Figure 5A).

Similar results were found for the C, atoms, for which the
average RMSD increased with a slightly smaller rate constant
of (0.826+0.002)x10"s™". The plateau value for simulation
times > 10 ps was also smaller (2.8 A); this is consistent with
substantial reorientation of the charged residues while largely
preserving the native backbone fold. The C, RMSD values from
the longer trajectories all lie in the range (2.840.9) A for simu-
lation times > 10 ps (dashed lines in Figure 5B). The plateaus
found for both side-chain and C, RMSD values from all simula-
tions suggest that after a short phase (~10 ps) of side-chain
reorientation, intermediate gas phase structures stabilized by
new electrostatic interactions are formed in ESI.

Comparison with NECD data

NECD has recently provided residue-specific information on
the structural changes of native equine cytochrome c following
transfer into the gas phase.”™ The NECD data revealed a se-
quential unfolding mechanism, with the terminal helices and
the Q loop unfolding first (Figure 1A); in solution, the terminal
helices are the last to unfold."™ In the proposed NECD mecha-
nism,”? backbone cleavage of gaseous cytochrome c ions
occurs when: 1) a proton is in close proximity to the cleavage
site and 2) residues next to the cleavage site are in contact
with the protein’s heme group, which is thought to transfer an
electron. In native equine (Fe")-cytochrome ¢, 26 out of 104
residues are in noncovalent contact with the heme. These non-
covalent contacts include hydrophobic interactions of 17 resi-
dues, hydrogen bonding with the heme propionates of four
residues, coordinative bonding with the heme iron of H18 and
M80, and unspecific interactions with the heme of T40, A43,
and Y48. According to the proposed mechanism,*@ NECD
cleavage can occur next to any of these residues, provided
that contact with the heme is retained on transfer into the gas
phase and a nearby positive charge is available. Whereas in
the native structure all positively charged residues point away
from the protein surface and potential cleavage sites, positive
charge can become available for NECD through the formation
of iHBs involving positively charged side chains and amide
oxygens (Figure 2B) or nitrogens.

However, the electron-transfer step proposed for covalent
bond dissociation in NECD cannot be reproduced by standard
MD simulations. Nevertheless, we can connect experimental
NECD data with our MD results by analyzing the latter for the
proposed requirements for backbone cleavage (see points (1)
and (2) above). For this purpose, we introduced two parame-
ters, the “proton score” (P) and the “heme score” (H). For calcu-
lation of P as a measure of how frequently a proton is in
proximity to a given cleavage site, the distances between all
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charge-carrying nitrogen atoms of lysine or arginine residues
and the backbone amide oxygen or nitrogen were measured.
The fraction of cases for which any of these distances was less
than 3 A gave the site-specific proton score.

The H value is a measure of how frequently the residues
that frame a given cleavage site are in close proximity to the
heme. As each backbone cleavage site is framed by two amino
acids, distances between each atom of these two amino acids
and each atom in the heme group were calculated. The frac-
tion of cases for which any of these distances was less than
5 R gave the site-specific heme score. Score analysis was per-
formed separately for all backbone sites in the protein.

Figure 6 shows site-specific proton scores for simulation
times 0-20 ps. The P value for the native structure (0 ps) was
zero for all sites, as all charged residues are exposed to solvent
and point away from the protein surface (Figures 1B and 4A).

1004 0ps
1004 0.5 ps
03 trrrrer el L , . " I . : . I L [ ]

T 1004 I I 2 ps
PI% 1004 5 ps

1001 20 ps
0

cleavage site —»

Figure 6. Site-specific proton score (P) versus cleavage site for simulation
times 0, 0.5, 1, 2, 5, 10, and 20 ps.

The proton score increased rapidly with increasing simulation
times as a consequence of (+)iHB formation. Consistent with
the plateau in the number of (+)iHBs for simulation times of
> 10 ps (Figure 3B), the proton scores at 10 and 20 ps were
very similar. The site-specific heme score, on the other hand,
did not change significantly for simulation times of up to 20 ps
(Figure 7); this is consistent with preservation of the backbone
fold throughout the simulations.

To include both hypotheses 1) and 2) from the proposed
mechanism in our model for prediction of NECD cleavages, we
multiplied the proton and heme scores to obtain predicted
site-specific NECD vyields. Multiplication of the scores tests if
both must be high for efficient cleavage under the assumption
that both are independent. For increased accuracy in our com-
putational prediction, we combined data for which C, RMSD
values were in the range (2.8+£0.9) A; that is, all frames from
the short trajectories for simulation times >10 ps and data
from the long trajectories of up to 4.2 ns were combined.
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cleavage site —»

Figure 7. Site-specific heme score (H) versus cleavage site for simulation
times 0, 0.5, 1, 2, 5, 10, and 20 ps.

The calculated site-specific P, H, and NECD scores from this
analysis are shown in Figures 8 A-C. Linear least square fitting
of calculated versus experimental (Figure 8 D) data gave residu-
als with standard deviations of 36, 24, and 13 for the heme,
proton, and NECD scores, respectively. Neither the heme nor
the proton score alone showed particularly good agreement
with experimental data, whereas a much better correlation (im-
proved by factors of 2.8 and 1.9) is found for the NECD score.
This includes cleavage after residue 12 (cleavage site 12), six

10 20 30 4 S50 60 70 80 90 100
cleavage site —»

Figure 8. Site-specific A) heme score (H), B) proton score (P), and C) NECD
score (N) predicted from MD data, and D) experimental NECD yield (Y, in %
of all ions detected) from ref. [9b].
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adjacent cleavages at sites 35-40, five cleavages at sites 45-49,
two cleavages at sites 51 and 52, cleavage at sites 59, 68, 79,
and three cleavages at sites 82-84. However, computation also
predicts NECD products from cleavage of the N-terminal helix,
the Q loop, and the C-terminal helix regions (Figure 8C) that
were not observed experimentally (Figure 8D).

The absence of these products and the disappearance of ad-
ditional predicted products at higher inlet capillary tempera-
tures in the NECD experiment is consistent with partial unfold-
ing of native cytochrome c in our 0.5 mm id. inlet capillary™
such that the corresponding residues no longer have contact
with the heme when NECD occurs (zero heme score). A 0.6 ms
residence time has been estimated for a 0.4 mm inlet capilla-
ry."™ From our earlier calculations,® evaporation of the final
hydration shell results in a significant decrease in protein ion
temperature, and ion heating (e.g., in the heated capillary) is
necessary for full desolvation. This suggests that the unfolding
leading to NECD has a temperature-dependent timescale in
the low millisecond range, and shows that the native structure
has been little modified by reorientation of the charged side
chains on a low picosecond timescale.

Conclusions

The MD simulations reported here reveal that the very first
structural changes after desolvation of native cytochrome c
generally involve charged side chains. Rather than the break-
age of noncovalent bonds, we analyzed the rapid formation of
SBs and iHBs on the protein surface. These new interactions
did not form randomly, but occurred in a way that significantly
reduced the protein’s dipole moment. In this transient MD
structure, the sites of closest approach between side-chain N*
—H and backbone heteroatoms, and the intramolecular con-
tacts with the heme, agree well with the cleavage sites of the
NECD spectrum. This confirms the postulated NECD mecha-
nism and indicates that the backbone fold remains essentially
the same as that in solution, until heating beyond the energy
required for complete desolvation induces unfolding on a milli-
seconds timescale. Apparently, any global structural changes
caused by desolvation are preceded by rearrangements of
charged side chains, and result in transiently stabilized struc-
tures with a backbone fold that is essentially the same as that
in solution. Because exposed charged side chains are a
common feature of globular proteins, and the rapid formation
of SBs and iHBs on the protein surface observed here has no
specific structural requirements, we anticipate similar behavior
after desolvation for all other globular proteins. These newly
formed electrostatic interactions could be responsible for tran-
sient stabilization of native folds after removal of bulk water,
and make it possible to detect increasingly large and complex
biomolecular architectures by mass spectroscopy.? On the
other hand, arresting the formation of electrostatic interactions
after desolvation by heating and/or solution additives allows
for “top-down” characterization of proteins as large as
200 kDa.l"®

ChemBioChem 2008, 9, 2417 — 2423
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Computational Methods

Atomistic detail Molecular Dynamics"” simulations were performed
with MOIL"® a modeling package for simulations of biological
molecules. The MOIL force field is based on AMBER"® and OPLS™
force fields. The potential used in this work was tuned to polar
condensed phase simulations. However, since proteins are large
molecules, we expect them to act as their own heat baths and re-
cover some condensed phase properties. Successful simulations of
proteins in nonpolar environments (such as membranes) further
support the application of this type of force field for the problem
at hand. No cut-off distance for nonbonded interactions was used
in any of the simulations. Also, no SHAKE algorithm was used to
ensure that all degrees of freedom were included in the calcula-
tions.

All simulations were carried out under constant energy conditions
in vacuo (no solvent water), with the NMR structure of native
equine (Fe")-cytochrome c (PDB ID: 1AKK)® as starting structure.
To match conditions in NECD experiments (pH 5 of ESI solution),
charge sites were assigned according to calculated pK, values of
ionizable residues in native equine (Fe")-cytochrome c (for details
see ref. [10]). Briefly, all aspartic and glutamic acid residues, both
heme propionates, and the C terminus are deprotonated, all lysine
and arginine residues were protonated, and histidine residues
were uncharged; this resulted in a net charge of +7 for (Fe")-cyto-
chrome c. This value corresponds closely with reported average
net charge values (~+8) for ESI of aqueous (Fe")-cytochrome c
solutions at pH 5.2 Because the location of charges after ESI is not
known, we used the solution charge distribution for the MD calcu-
lations.

Two sets of MD simulations were carried out. For the first set, the
starting structure 1AKK was assigned ten different initial atom ve-
locity distributions, each of which represents a Boltzmann distribu-
tion at 300 K. The ten resulting trajectories had time-steps of 0.2 fs
and a total length of 20 ps. Frames were saved every 20 steps; this
resulted in a frame every 4 fs. We refer to this first set of simula-
tions as the short and highly resolved simulations. For the second
set of simulations, a short (0.5 ps) MD simulation of the starting
structure TAKK was performed at 30 K to sample slightly different
initial structures (all-atom RMSD < 0.9 A compared to 1AKK) for the
dynamics. Structures extracted from this trajectory were used as in-
itial structures to generate ten trajectories with a starting tempera-
ture of 300 K; the simulations were run with time-steps of 0.25 or
0.5 fs. Frames were saved every 10000 steps; this resulted in
frames every 2.5 or 5 ps. The total lengths of the simulations in the
second set varied between 350 ps and 4.2 ns. We refer to this
second set of simulations as the longer simulations with moderate
time resolution. The time-steps used in all our MD simulations are
smaller than the 1 fs step typically used for proteins, but were nec-
essary to maintain a high level of energy conservation.

For the identification of SBs, we measured the distances between
all nitrogens of lysine and arginine side chains that carried a posi-
tive charge, and all oxygens of glutamic and aspartic acid that car-
ried a negative charge. A SB®? between two residues of opposite
charge was defined when the distance between positive and nega-
tive charges was smaller than 3 A. For identification of (+)iHBs, we
measured the distances between all nitrogens of lysine and argi-
nine side chains that carried a positive charge and all backbone
amide oxygen or nitrogen atoms. A (+)iHB was defined between a
positively charged side chain and the backbone when the distance
between charged nitrogen and backbone heteroatom was smaller
than 3 A; this value was chosen based on typical heteroatom dis-
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tances for (4)iHBs in smaller systems.”” For identification of
(—)iHBs, we measured the distances between all oxygens of gluta-
mic and aspartic acid side chains that carried a negative charge
and all backbone amide oxygen or nitrogen atoms. A (—)iHB was
defined between a negatively charged side chain and the back-
bone when the distance between charged oxygen and backbone
heteroatom was smaller than 3 A; O--N and O--O distances for
(—)iHBs that involved the heme propionates in native (Fe")-cyto-
chrome c were between 2.65 and 2.80 A.

[23]

The geometrical centers of positive and negative charges were cal-
culated as follows. For the positive charge center, individual charge
vectors, ?p, that originated from an arbitrary reference point and
pointed to the positive charges, were multiplied by the corre-
sponding charge values g,. The vectorial sum of the resulting vec-
tors was divided by the total number of positive charges to give a
vector that pointed to the center of positive charges. The vector
that pointed to the center of negative charges was calculated in
the same manner. Subtraction of the vector that pointed to the
center of negative charges from the vector pointing to the center
of positive charges gave the vector Z [Eq. (1)], the length (in A)
and orientation of which is independent of the reference point
chosen.

Z?p'qp Z?n'qn
Z=2 - 1
29 > 0n M
p n

For specification of Z-vector orientation, two angles, @ and ¥,
were defined with respect to the plane spanned by three out of
the four heme nitrogen atoms (the distance between the fourth
nitrogen atom and this plane was very small throughout all simula-
tion, about 0.1 A on average, so that our reference plane was es-
sentially the heme plane). Here @ is the angle between Z and its
orthogonal projection onto the plane, and ¥ is the rotation angle
of Z around a vector perpendicular to the plane.

For calculation of site-specific proton scores, distances between all
charge-carrying nitrogen atoms of lysine or arginine residues and
the backbone amide oxygen or nitrogen associated with a given
cleavage site were measured for each frame. When any of these
distances was less than 3 A (i.e., when an (4)iHB was found), a
score of one was assigned to the cleavage site. Otherwise a score
of zero was assigned. Proton scores of all frames considered were
added, divided by the number of frames, and multiplied by 100 to
give percent values. Site-specific heme scores were calculated in a
similar way, except that the cut-off distance for protein—-heme con-
tacts was 5 A (this was necessary because MOIL treats CH, groups
as single atoms) and that individual score values were 0.5 and 0 in-
stead of 1 and 0 (this accounts for the fact that each cleavage site
is framed by two amino acids, each of which can be in contact
with the heme). For evaluation of the 5 A cut-off distance, we com-
pared the 26 noncovalent protein/heme contacts (<3 A) found by
manual examination of the 1AKK structure (using the molecular
visualization program RasMac_PPC) with the noncovalent protein—
heme contacts of the same structure found with MOIL for different
cut-off values. A cut-off value of 4 A was insufficient and repro-
duced only 22 out of the 26 protein-heme contacts, whereas a
cut-off value of 5A reproduced all manual assignments. For in-
creased statistical accuracy in Figures 6 and 7, scores were calculat-
ed from eleven frames from each trajectory and the time indicated
(frame at the time indicated, plus the five preceding and five sub-
sequent frames, covering time intervals of 40 fs; the 0 ps calcula-
tion used the 1AKK structure and ten subsequent frames); this re-
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sulted in 110 frames for each time indicated. For calculation of
score values in Figure 8, 25010 frames from the short simulations
(time-range 10-20 ps) and 8308 frames from the longer simula-
tions were used.
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An ACP Structural Switch: Conformational Differences
between the Apo and Holo Forms of the Actinorhodin
Polyketide Synthase Acyl Carrier Protein

Simon E. Evans,”” Christopher Williams,® Christopher J. Arthur,”” Steven G. Burston,”
Thomas J. Simpson,® John Crosby,” and Matthew P. Crump*®

The actinorhodin (act) synthase acyl carrier protein (ACP) from
Streptomyces coelicolor plays a central role in polyketide bio-
synthesis. Polyketide intermediates are bound to the free sulfhy-
dryl group of a phosphopantetheine arm that is covalently linked
to a conserved serine residue in the holo form of the ACP. The so-
lution NMR structures of both the apo and holo forms of the ACP
are reported, which represents the first high resolution compari-
son of these two forms of an ACP. Ensembles of twenty apo and
holo structures were calculated and yielded atomic root mean
square deviations of well-ordered backbone atoms to the average
coordinates of 0.37 and 0.42 A, respectively. Three restraints de-
fining the protein to the phosphopantetheine interface were iden-
tified. Comparison of the apo and holo forms revealed previously
undetected conformational changes. Helix lll moved towards
helix Il (contraction of the ACP), and Leu43 on helix Il subtly

Introduction

Common to all fatty acid (FAS), polyketide (PKS) and nonribo-
somal peptide (NRPS) synthases is a remarkable component,
the acyl or peptidyl carrier protein (A/PCP)." ACP takes the
form of a small individual protein in the noncovalently associ-
ated type Il synthases or a discrete folded domain when part
of a multidomain type | system. It is central to all of these
unique biosynthetic systems and must effectively control sub-
strate specificity as well as mediate numerous protein-protein
interactions. These include interactions with holo-acyl carrier
protein synthase (ACPS), ketosynthase (KS), chain length factor
(CLF) and other downstream enzymes, such as the ketoreduc-
tase (KR), aromatase (ARO) and cyclase (CYC).

The ACP family (60-100 amino acids) is characterized by a
fold that consists of four a-helices (I-IV). Each carrier protein
has a conserved serine residue at the N terminus of helix Il
This residue is subject to post-translational modification by
ACPS,” which transfers a 4-phosphopantetheine (4'-PP)
moiety from coenzyme A (CoA) to the serine. The activity of
ACP is dependent on this conversion from the inactive apo to
the active holo form. Cocrystal structures along with mutation-
al studies have provided an excellent basis for the structural
understanding of the ACP-ACPS interactions.®* A comparison
of the free and bound holo-ACP structures revealed a confor-
mational change in helix Il that could be important for transfer
of the 4-PP from CoA." Dissociation of the complex might be
assisted by relaxation of the bound (holo) form to the free
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switched from being solvent exposed to forming intramolecular
interactions with the newly added phosphopantetheine side
chain. Tryptophan fluorescence and S. coelicolor fatty acid syn-
thase (FAS) holo-synthase (ACPS) assays indicated that apo-ACP
has a twofold higher dffinity (K; of 1.1 um) than holo-ACP (K, of
2.1 um) for ACPS. Site-directed mutagenesis of Leu43 and Asp62
revealed that both mutations affect binding, but have differential
affects on modification by ACPS. Leu43 mutations in particular
strongly modulate binding affinity for ACPS. Comparison of apo-
and holo-ACP structures with known models of the Bacillus sub-
tilis FAS ACP-holo-acyl carrier protein synthase (ACPS) complex
suggests that conformational modulation of helix Il and Il be-
tween apo- and holo-ACP could play a role in dissociation of the
ACP-ACPS complex.

holo form. The apo and holo forms of ACP were reported to
be almost identical, and this similarity is supported by evi-
dence from several structural studies. NMR spectroscopy stud-
ies on the solution structures of a number of ACPs showed no
significant differences in chemical shift between apo and holo
forms, and no NOEs were detected between the 4-PP side
chain and the protein. Transient interactions with the protein
have been reported, though these have been assumed not to
significantly alter its structure.” In the case of malarial para-
site Plasmodium falciparum holo-ACP (PfACP), however, NOEs
were observed between the protein (residues Ser37, Leu38
and Asp39) and the 4-PP side chain. No comparison was
made, however, with the apo form.""”

Despite attracting much attention, there are no directly
comparable high quality apo and holo structures for the same
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fatty acid or polyketide ACP. In this work we report the high
resolution NMR structures of Streptomyces coelicolor actinorho-
din (act) apo- and holo-ACP. Both models are of high quality
and reveal a subtle but distinctive conformational change be-
tween the two forms. Conversion to the holo form creates
new intramolecular interactions between the protein and the
4'-PP side chain that could partially drive this rearrangement.
We show that the act apo-ACP has higher affinity for ACPS
than the holo-form and suggest an alternative mechanism for
dissociation of the ACPS-holo-ACP complex.

Results and Discussion
Apo-ACP data and structural quality

With the benefit of three-dimensional NMR spectroscopy data
and more up-to-date structural calculation methods, it was
possible to determine a greatly improved structure for act
apo-ACP. Our previous work used 699 NOE distance restraints
and 94 angle restraints to calculate an ensemble of 24 struc-
tures (PDB ID: 1af8) and an average, refined structure (PDB ID:
2af8; Figure 1A)."" The updated structure used 2826 NOE dis-
tance restraints, 64 ¢/y restraints from TALOS"? and 50 ¢ re-
straints from 2J measurements. The NOE distance restraints
were the result of 3566 NOE peaks automatically assigned by
the ARIA algorithm,""®! and yielded 1984 unambiguous and 842
ambiguous restraints (Table 1). Of these, 945 were intraresidue,
656 were sequential, 435 were short-range, 816 were long-
range, and several ambiguous restraints were classed as both
sequential and long-range. A total of 100 structures were cal-
culated, and the best 20 were selected according to total
energy. These were then subjected to a short (9.4 ps) refine-
ment in water to yield the final bundle of structures (Fig-
ure 1B). There were no NOE restraint violations greater than
0.3 A, a total of one TALOS violation greater than 5° and an

FULL PAPERS

Figure 1. A) Original ensemble of 24 apo-ACP structures (PDB ID: 1af8).
B) Updated ensemble of 20 apo-ACP structures. C) Cartoon view of the
closest-to-average structure from the new ensemble. N and C termini

and helices are labelled.

average of two >J, restraint violations greater than 1 Hz per
structure.™ The single TALOS restraint violation is for the
angle of Thr3 in the flexible N-terminal part of the protein. The
ensemble is well defined, with a root mean square deviation
(RMSD) to average coordinates for well-ordered backbone
atoms of 0.37 A" and 0.79 A over all backbone atoms. This
compares favourably to 1.01 A and 1.47 A, respectively, which

Table 1. Summary of restraint data and structural quality of NMR models for 1af8 and the new apo- and holo-ACP structures.

1af8 apo holo 1af8 apo holo
Number of peaks RMSD to restraints
3C NOESY - 2627 2277 bonds [A] 0.010 0.014 0.013
5N NOESY - 939 896 angles [°] 14 12 12
F1,F2 filtered NOESY - - 20 NOE [A] 0.018 0.009 0.006
% not used - 21 24 TALOS [] - 0.16 0.17
Number of restraints Precision (RMSD to mean, A)
total 793 2940 2496 all residues (BB atoms) 1.47 0.79 0.81
unambiguous - 1984 1722 well-ordered residues (BB) - 0.37 0.42
ambiguous - 842 715 Ramachandran plot regions [%]
intraresidue 240 945 946 most favoured 70.6 91.1 88.8
sequential 235 656 531 additionally allowed 254 7.8 10.1
short-range 131 439 325 generously allowed 29 0.5 0.8
long-range 93 816 635 disallowed 1.1 0.7 0.3
TALOS ¢/yp - 64 59 WHATCHECK Z scores
3¢ 94* 50 - 2nd generation packing quality -29 —0.6 —-1.2
Violations per structure Ramachandran plot appearance —6.0 -1.6 —-2.5
NOE>03 A 0 0 0 %:/%, rotamer normality —6.5 -1.8 —14
NOE>0.1 A - 6.2 2.0 backbone conformation -9.2 —4.6 —4.9
TALOS > 5° - 0.05 0 WHATCHECK bumps
3J>1Hz - 23 - per 100 residues 25.8 2.6 25
* 1af8 used 63 ¢, 29y, and 2y, angle restraints.
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were obtained for ACP structure 2af8."" The ACP forms a
bundle of four a-helices comprised of residues 7-18 (helix ),
42-56 (helixIl), 62-65 (helixIll) and 71-83 (helix IV; Fig-
ure 1C)." Loops 1 and 2 connect helices | to Il and Il to ll, re-
spectively. Overall, the updated structure for apo-ACP is 51%
helical compared to 49% in 2af8. Helices Il and Ill, which are
less well defined in 2af8, have RMSDs of only 0.39 and 0.52 A
in the new bundle. The N and Ctermini have high RMSDs
(>1.8 A), which reflects their flexibility and low NOE content,
as does the unstructured part of the loop region (loop 1, resi-
dues 19-29) between helix | and II.

Although qualitatively similar, the new ensemble is of higher
quality, both in terms of agreement with experimental re-
straints and in terms of standard structure quality indicators.
The updated ensemble has nearly 99% of residues within the

M. Crump et al.

spectra; this indicates qualitatively that, as seen in previous
studies, the overall structure of the protein appears to be the
same following addition of the 4'-PP side chain.

This result is in agreement with the finding that 89% of Es-
cherichia coli FAS ACP weighted average shifts ("H and "N)
agreed within 0.1 ppm.?" Many of the remaining 10%, howev-
er, differ quite substantially between the two forms with an
average difference of 0.21 ppm and a maximum of 0.5 ppm.
These residues are concentrated on helix Il (Asp62, Val64 and
Gly66) and the first half of helix Il near the phosphopante-
theine attachment site (Asp41, Ser42, Leu43, Leu45, Met46 and
Glu47). These match reasonably closely with the most per-
turbed residues reported on phosphopantetheinylation of Ba-
cillus subtilis FAS,® E. coli FAS” and Mycobacterium tuberculosis
AcpM® ACPs. The presence of a single set of '"H-">N correlation

most favoured and additionally
allowed regions of the Rama-
chandran plot (Table 1). The few
that fall in the generously al-
lowed or disallowed regions are
mainly part of loop 1 between
residues 19-29. These residues
were only loosely restrained be-
cause they showed few NOEs,
did not yield good TALOS dihe-
dral angle predictions and had
averaged 3J,,, coupling con-
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Figure 2. 'H,""N HSQC spectra of apo- (A) and holo-ACP (B), contoured just above the level of noise. C) Superim-
posed "H," N HSQC spectra of apo- (black) and holo-ACP (red). Each peak shows the chemical shift of the nitrogen
and proton that make up each amide or amino group. The peaks for all side-chain amides, plus those for Ala86
and Gly66 appear at aliased chemical shifts in the °N dimension. D) Chemical-shift perturbations (Ad,,) are plot-
ted against residue number below the main spectrum. Residues with Ad,, >0.04, 0.08 and 0.16 ppm are coloured
yellow, orange and red, respectively.
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peaks suggests the presence of a single conformer for both
the apo and holo forms of act apo-ACP. In contrast, the holo
form of frenolicin (fren) ACP from Streptomyces roseofulvus
shows slow exchange on a NMR timescale (k.,< 1000 s™") for a
number of residues in the loop-helix Ill region.”? Similarly,
slow exchange has been observed in spinach ACP and PfACP.
This led to twice as many peaks as expected in the 'H,°N
HSQC spectra of spinach ACP and duplication of Val41, Ala60
and Leu61 peaks in PfACPI"®?! Lastly, self consistency of
NOESY datasets demonstrates that intermediate to fast ex-
change is not present in either forms. Fast conformational rear-
rangements have been observed in the E. coli holo-ACP, requir-
ing several models for correct fitting of the NOE data.**

Holo-ACP data and structural quality

The structure of holo-ACP was calculated on the basis of 2437
NOE distances and 59 TALOS ¢/ restraints. Of the NOE dis-
tance restraints, 946 were intraresidue, 531 were sequential,
325 were short-range and 635 were long-range. In addition to
standard *C- and '"N-edited NOESY spectra, an F1,F2-filtered
NOE spectrum was recorded for holo-ACP. This, in combination
with the standard data, allowed the definition of 22 intraphos-
phopantetheine and three protein-to-phosphopantetheine re-
straints. A total of 100 models were calculated and the 20 with
the lowest energy were selected and water refined.

The final ensemble is shown in Figure 3A. There were no
NOE violations greater than 0.3 A, only two NOE violations per
structure greater than 0.1 A and no TALOS violations greater
than 5°. The structures were of high quality. Over 98 % of resi-
dues fell within the most favoured and additionally allowed re-
gions of the Ramachandran plot, and WHATCHECK Z scores
were favourable (Table 1). The secondary structure of holo-ACP
was assigned with DSSP"® which shows that it adopts an iden-
tical four-helical bundle to that seen for the apo form. The
closest to average structure is shown in Figure 3B. Overall,
holo-ACP is well defined, with RMSDs to the mean coordinates
of 0.42 and 0.81 A over well-ordered residues and all residues,
respectively. In comparison to the apo structure reported here,
the first half of the loop that connects helices | and Il (residues

Figure 3. A) Final ensemble of 20 holo-ACP structures. B) Closest-to-average
model.

ChemBioChem 2008, 9, 2424 — 2432
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Gly19-Ser29) is less structured with an RMSD of 2.22 A. Three
restraints from the protein to 4'-PP side chain were identified.
These all originated from the methyls of Leu43 and the pan-
tothenate methyls of the cofactor. The remainder of the phos-
phopantetheine arm adopted an essentially random conforma-
tion with an RMSD to mean coordinates of 4.25 A.

Comparison of apo and holo forms

Both the apo and holo structures are of high quality. The
number of restraints used exceeds the number used in other
recent ACP solution structures,®'%?%2627) and the structures
show better Ramachandran plot profiles (88.8-91.1% in most
favoured regions vs. typically 68-83%). A common thread in
numerous studies of apo- and holo-ACP is that they are essen-
tially the same, as visual comparison of NOE strips for the two
are almost indistinguishable.”"?"! During peak picking in the
run up to the full structure calculations, it was indeed the case
that NOE data for the apo and holo forms were notable mainly
for their similarities rather than their differences. Apart from
small changes adjacent to the site of prosthetic group attach-
ment (Ser42 Oy), the NOE strips of residues Ser42, Leu43,
Ala44 and Leu45 were virtually identical with the exception of
the new NOEs identified for the 4’-PP side chain. Superposition
of the closest to average holo-ACP model was compared to
the equivalent apo-ACP model. Alignment over helices |, Il and
IV yielded a backbone RMSD of 0.80 A (Figure 4A) and 0.79,
0.71, 1.42 and 0.98 A over backbone atoms in helix |, Il, lll and
IV, respectively. The conformation of helix I, the ordered part of
loop 1 from residue 30-42 and helix Il were very similar, de-
spite the attachment of the phosphopantetheine arm at Ser42.
However, a phosphopantetheinylation-induced closure of the
helix lI-11I cleft was visible, with helix lll moving towards helix Il
in holo-ACP. This movement is especially pronounced at the
N terminus of helix lll. The somewhat raised RMSD for helix IV
results from a slight rotation in its orientation relative to the
apo form, with the N terminus moving towards helix |, and the
C terminus moving away from helix II.

Changes in helix Il have been previously ascribed to a com-
bination of the presence of the 4'-PP side chain attached to
the conserved serine as well as transient interactions with the
4'-PP cofactor.*® However, the assumption that the apo and
holo structures were the same means that contributions from
conformational change would not have been taken into ac-
count. Our observations clearly confirm that Asp41 and Ser42
do not show a quantifiable structural change, and that any
chemical-shift perturbations observed are due to the presence
of the 4'-PP cofactor.

Leu43 shows the largest chemical-shift change (Figure 2D), a
proportion of which is due to the presence of the 4-PP chain.
In addition, Leu43 shows a direct observable interaction
through rotation of the hydrophobic side chain and packing
against the hydrophobic portion of the cofactor (Figure 4B
and C). This conformational change must also contribute to
the observed chemical-shift perturbations. The average y,
angles for Leu43 were —173+6° in apo-, and —72+23° in
holo-ACP. The high standard deviation for the holo-ACP angle
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Pantothenate
methyls

Figure 4. A) Ribbon view from two angles showing the superimposed aver-

age structures for the apo- (black) and holo-ACP (red), aligned over helices |,
Il 'and 1V; B) and C) detailed view showing the relative orientations of Asp41,
Leu43, Glu47, Glu53 and Asp62 in the two structures.

was due to a single structure, measured at —165°. Without this
outlier, the holo-ACP average becomes —67 +-8°. As this is the
only directly observable interaction with the 4'-PP side chain, it
might contribute in part to the changes in loop 2 and helix Ill.
An interaction between the leucine equivalent in PfACP and
the cofactor has previously been observed, but its significance
to the holo form was lost because no comparison with the
apo form was made."” However, in the latter case the pres-
ence of a minor form with an additional interaction with the
equivalent to Met46 (Val41) appears to cause a similar structur-
al change in the helix ll-loop-helix Il region.

The remaining act helix Il residues Leu45, Met46, Glu47 and
Glu53 showed small chemical shifts (Figures 2D and 4B).
Leu4s5 is largely buried (relative accessible surface area (ASA) of
5.4) and it is unlikely that contact with the mobile, solvent ex-
posed prosthetic group is responsible for its chemical-shift dif-
ference. The observed movement of the loop that connects
helix Il and Il and the movement of helix Ill towards helix Il is a
more likely source of perturbation. The rearrangement of helix
Il is responsible for the observed apo-to-holo chemical shift
differences for Asp62, Val64, Gly66. As shown in Figure 4B and
C, the whole of Asp62 swings towards helix Il and folds across
the cleft. Val64 shows a small rearrangement but is partially
buried at the interface between helix Il and Ill, whilst Gly66 has
only a 16.9% ASA.

Historically apo- and holo-ACPs have been assumed to be
almost identical, which may not be expected given that one
form must be recognised and one form released by the ACPS.
One other NMR spectroscopy investigation has compared the
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apo and holo forms of the peptidyl carrier protein (PCP) from
the nonribosomal peptide synthetase (NRPS) for tyrocidine A
(tyc). This showed three distinct conformers with apparently
different functions. The apo form (A) was specifically recog-
nised by the phosphopantetheinyl transferase, Sfp, whereas
the holo form (H) was specifically recognised by the thioester-
ase, SrfTEIl. Finally, the most structured intermediate A/H state
was common to both apo- and holo-PCP?® However, compari-
son with PKS ACP is difficult as the PCP structures are extreme-
ly unusual. Analysis by using the RECOORD database reveals,
for example, that the tyc-PCP A state has y,/y, rotamer normal-
ity and backbone conformation parameters more than five
standard deviations outside the average for 500+ RECOORD
entries. The quality of our models has allowed us to confident-
ly assign gross and residue-specific conformational changes
between apo- and holo-ACP. The helix Il loop and helix llI
move towards helix II; this constricts any hydrophobic cleft be-
tween these helices. Although we do not observe slow ex-
change in the present study, the location of structural changes
between act apo- and holo-ACP clearly coincides with mobile
regions observed in fren holo-ACP. Mobility in this region is
also required to open the fatty acid binding cavity observed in
crystal and NMR structures of acyl-bound ACPs, although, in-
terestingly, this involves a movement of helix Il in the opposite
direction, away from helix 11.2°3

Affinity of act apo- and holo-ACP for S. coelicolor FAS ACPS

Given that structural changes were induced upon conversion
from inactive to active forms of the carrier protein, we looked
for changes in biochemical properties. Thus, we assayed the
binding affinity of act apo- and holo-ACP to S. coelicolor FAS
ACPS using tryptophan fluorescence to assess the binding af-
finity to S. coelicolor ACPS and electrospray mass spectrometry
(ESMS) to analyse the percentage conversion of apo to holo.
As expected, fluorescence quenching showed that apo-ACP
had a higher affinity for ACPS. Conversion to the holo form,
which was complete in two hours, led to a twofold drop in
binding affinity (Figure 5A, Table 2). The K, of apo-ACP agrees
well with the upper limit of 1 um determined for the K, of the
E. coli ACPS.B"

Comparison with holo-ACP in the B. subtilis crystal structure

To understand the difference in the ACPS binding affinities of
act apo- and holo-ACP, we compared our results to the B. sub-
tilis ACP and ACPS NMR and crystal structures.®>® NMR spec-
troscopy data of the uncomplexed apo- and holo-protein were
described as “essentially the same”, based on a visual interpre-
tation of NOEs, but a full apo structure was not reported. Inter-
estingly, Leu37 and Asp56 in B.subtilis ACP (equivalent to
Leu43 and Asp62 in act ACP) also showed large chemical-shift
differences between free apo and holo forms, and were noted
in the crystal structure for their importance at the binding in-
terface. The chemical-shift differences appeared to translate to
structural differences between ACP’s bound and free holo
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Figure 5. Fluorescence quenching of apo-, holo-, L43A, L43R, D62A and
D62N ACPs upon binding of S. coelicolor ACPS. B) Percentage conversion to
the holo form over a 4 h time-course; conversion was assayed by using
ESMS.

Table 2. Derived K, values for the interaction of act ACP with ACPS and
efficiency of phosphopantetheine transfer.

ACPE Ky [um] Activity [%]"
apo 1.140.1 100
holo 2.1+£0.1 -
L43A 2.740.1 15
L43R 10.240.2 0
D62A 1.640.1 86
D62N 1.340.1 20

[a] ACP mutant used in the assay; [b] % conversion to holo after 30 min.

forms. Comparison of the two gave a RMSD of 1.57 A for back-
bone atoms in regions of defined secondary structure.

Figure 6 A shows the complex of B. subtilis ACP with ACPS.
Leu37 is clearly sequestered in a hydrophobic pocket formed
by residues lle15, Met18, Phe25 and Phe54. Sequence align-
ment of FAS ACPS from S. coelicolor and B. subtilis shows the
presence of equivalent hydrophobic residues Phel16 (lle15),
Ala19 (Met18), Leu26 (Phe25), Phe53 (Phe54). Superposition of
act apo-ACP residues 7-18 and 35-75 with bound and free
B. subtilis holo-ACP (residues 4-15 and 29-69) yields an RMSD
of 1.70 A and 2.2 A, respectively. The act apo-ACP structure is
therefore more similar to the ACPS bound form of B. subtilis
ACP. When this alignment was used to superimpose the act
apo-ACP Co atoms onto B. subtilis ACP in the ACP-ACPS com-
plex, the Leu37 homologue, Leu43, is positioned ideally for

ChemBioChem 2008, 9, 2424 — 2432
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Figure 6. A) B. subtilis holo-ACP-ACPS cocrystal structure, with ACP (orange)
and ACPS (yellow). The hydrogen bonding partner of ACP residue Asp56 is
shown, as is the hydrophobic pocket that binds Leu37. B) Superimposed
structures of actinorhodin apo- (black) and holo-ACP (red) aligned to the

B. subtilis ACP over Ca atoms. The homologous residues Leu43 and Asp62 in
apo-ACP are well-placed to enter productive bonding with ACPS, whereas
those in holo-ACP are not.

binding in the hydrophobic pocket. In contrast, Leu43 on act
holo-ACP is held away from the binding pocket, and instead
forms interactions with the methyl groups of the phosphopan-
tetheine side chain. This could suggest that once modified to
the holo form, the potential for a new intramolecular interac-
tion with the 4-PP chain might compete with the interaction
of this residue with the hydrophobic pocket and provide ener-
getic compensation for dissociation of the complex.

Although often not highlighted, the hydrogen bonding in-
teraction of the equivalents to act ACP Asp62 are clearly im-
portant for efficient ACPS function in several systems.”>3? |n
the B. subtilis ACPS-ACP complex, Asp56 forms a hydrogen
bond to the side chain OH of ACPS Ser73. Asp62 in act apo-
ACP is within hydrogen bonding distance of Ser73 when mod-
elled onto the B. subtilis complex (2.96 A from Asp62 081 to
Ser73 Oy). Rotation of helix Ill in holo-ACP would result in
Asp62 to shift away from this interaction and give a final
Asp62 081 to Ser73 Oy distance of 5.92 A, which is clearly
beyond hydrogen bonding range. However, Ser73, which lies
in a loop that connects a-helix4 to B-strand 2, is not con-
served and is replaced by Leu70 in the S. coelicolor ACPS.
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Clearly no hydrogen bonding interaction is possible in this
case, although it is possible that Thr72 might act as a substi-
tute for Ser73.

Mutation of Leu43 and Asp62 and its effect on S. coelicolor
FAS ACPS binding and phosphopantetheine transfer

In order to assess the influence of Leu43 and Asp62 for bind-
ing and ACPS activity, site-directed mutagenesis was used to
generate four single-point mutations of act ACP: L43A, L43R,
D62A and D62N. The effects of each mutation were then com-
pared to the results previously obtained for the apo and holo
forms (Figure 5, Table 2). Replacement of hydrophobic Leu43
with alanine produced a binding profile very similar to that of
holo-ACP, with a twofold reduction in binding. Modification of
this mutant to the holo form correlated well with the fall in
affinity, with only 15% conversion compared to the wild type.
The most significant effect was observed with L43R, which had
tenfold weaker binding and was completely inactive in the
phosphopantetheine transfer assay. Finally, the mutations
D62A and D62N had less influence, but nonetheless both ex-
hibited a ~40 and 20% drop in binding affinity, respectively.
Over a 4h incubation time-course both D62A and D62N
mutant carrier proteins achieved 100% conversion to the holo
form (Figure 5B), though the rates of phosphopantetheinyla-
tion reflected their differential binding to ACPS. The D62N
mutant, which exhibited only a 20% reduction in binding affin-
ity, was completely activated within 60 min (compared to
15 min for the wild-type apo-protein), while the D62A mutant
achieved the same levels of holo modification only after 2 h of
incubation with the S. coelicolor ACPS. Finally, to check for pos-
sible gross structural perturbations of the act ACP tertiary
structure, a "N labelled sample of each mutant ACP was pre-
pared. A 'H,”°N HSQC spectrum was recorded for each protein
and compared with the apo form (Figure S1 in the Supporting
Information). The spectra all superimpose well. For L43A and
L43R the major chemical-shift perturbations are for residues in
helix Il. L43R shows fewer overall changes than L43A but
shows the largest reduction in ACPS binding and activity. For
D62A and D62N the perturbations lie in helix Ill and loop 2.
There is no evidence for a major change in tertiary fold, but
minor changes around the site of point mutations cannot be
ruled out.

The role of the hydrophobe in the DSL motif

Both Leu43 and Asp62 clearly modulate binding of apo- and
holo-ACP to the S. coelicolor group | ACPS, and mutation of
Leu43 arguably has the strongest effect. Leu43 forms part of
the D/E/H-S-L/I/V/M motif that is highly conserved in FAS,
type Il PKS ACPs and NRPS PCPs.""?” Several structural studies
have highlighted its importance in protein recognition.®” The
B. subtilis ACPS used in the cocrystallisation studies is a
member of the group | trimeric phosphopantetheine transfer-
ases (PPT), which possess an ACP binding interface between
each domain. The ACP contributes predominantly specific elec-
trostatic interactions from the negatively charged residues on
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the recognition helix Il and the aspartate of the DSL motif of
the ACP353% Conservation of these charged residues in type |l
bacterial and polyketide ACPs allows ACPS to modify both
forms, with an efficiency that broadly correlates to overall neg-
ative charge. The hydrophobic interaction highlighted between
Leu43 and the ACPS pocket is one of only two hydrophobic
contacts identified in the complex. However, the hydrophobic
pocket into which Leu43 (or equivalents) would bind is highly
conserved. Sequence alignments of 185 ACPS sequences re-
vealed almost complete conservation of hydrophobicity in this
pocket. (Three exceptions showed a single polar substitution
at only one of these positions).

Although the S. coelicolor type Il polyketide ACP can be
modified by the ACPS group | PPT, this class is thought to be
primarily utilised by type Il bacterial FASs. Typel FASs and
PKSs, NRPSs and the majority of type Il PKSs utilise more pro-
miscuous group Il PPTs.®’*% Three-dimensional structures of
uncomplexed B. subtilis nonribosomal peptide surfactin synthe-
tase (Sfp) PPT and the human type | PPT in complex with the
type | FAS ACP have been solved.?”*” These proteins show a
different fold to group | PPTs and comprise a covalently linked
didomain rather than a trimeric assembly. Nonetheless, the
ACP binding interface topology formed between the subunits
is similar. Mutational studies have shown that Sfp employs an
alternate electrostatic complementarity for recognition of pep-
tidyl carrier proteins, but still binds helix Il of the PCP or ACP.*"
However a structure of a Sfp—PCP complex has not been re-
ported. The human type Il PPT-type | FAS ACP complex shows
the interaction was derived mainly from hydrophobic contacts
rather than any specific electrostatic complementarity. The
Leu43 analogue, Leu2157, in the human type | FAS ACP, is con-
served in the mammalian type | FAS ACPs and alongside two
further hydrophobes, Met2158 and Val2160, it interacts with a
hydrophobic patch on PPT. Mutation of all three ACP hydro-
phobes reduces the K, for PPT by three orders of magnitude.

The importance of several polar and hydrophobic residues
has also been tested with the FAS ACP from E. coli (AcpP) by
using in vitro modification of the mutant AcpP with ACPS and
in vivo complementation of E. coli strains with fatal tempera-
ture sensitive mutations in the AcpP gene.” Both L37C and
D56C (Leu43 and Asp62 analogues) could be modified in vitro
by using ACPS but were unable to complement the null AcpP
mutant and restore growth. Therefore, although not critical for
ACPS binding, the lack of complementation could indicate that
these residues influence binding with other downstream pro-
teins of the fatty acid pathway.

Conclusions

We have generated two high quality structures of apo- and
holo-ACP from the same polyketide synthase and shown that
there are identifiable differences between them. The principle
differences comprise movement of helix lll towards helix Il and
conformational switch of a key residue, Leu43. Comparison
with a known ACP-ACPS crystal structure suggests that in the
apo form Leu43 is able to interact with a conserved hydropho-
bic patch on the surface of ACPS, whereas this interaction is
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compensated for internally in the holo form by taking advant-
age of new interactions made possible with the 4'-PP chain.
Accordingly mutation of this residue modulates binding to
ACPS. On the basis of these observations it is also possible to
extend the description of current the ACP-ACPS binding and
dissociation mechanism. We have shown that the conforma-
tion of apo-ACP might be similar to the reported ACPS bound
form and has a higher affinity for ACPS than the holo form.
This conformation is also optimised for transfer of the 4'-PP
side chain.”’ Once conversion has taken place, dissociation of
the ACP-ACPS complex would be initiated by the bound struc-
ture of holo-ACP, relaxing to its free conformation.”

Experimental Section

Protein preparation: The C17S mutant of act ACP was utilized in
all of the NMR studies and in vitro assays, as it has been shown
that WT act holo-ACP can form an intramolecular disulphide bridge
between the phosphopantetheine thiol and the thiol group of
C17.%2 Apo-acyl carrier protein was isotopically N, ">C labelled
and purified as previously described."*¥ The addition of the phos-
phopantetheine portion of the coenzyme A onto "N, "*C apo-ACP
was catalysed by S. coelicolor ACPS.>*** Reactions were repeated
on a 500 pL scale and monitored by ESMS. Briefly, ACPS (5 uL,
100 um solution in the same buffer) and coenzyme A (10 pL,
50 mm solution in D,0) were added to a solution of apo-ACP
(1 mg mL~") in Tris buffer (485 uL, 50 mm, pH 8.8) containing MgCl,
(10 mm). The reaction was incubated at 30°C for 1 h with shaking.
Twenty reactions were carried out simultaneously. The combined
reactions were then concentrated and buffer exchanged into po-
tassium phosphate buffer (20 mm, pH 5.5) by using two Centricon
YM-3 devices (2 mL, Millipore). At least three rounds of 5x dilution
were performed for the buffer exchange such that the original
buffer was diluted to <1% of its starting concentration. The final
protein concentration was ~1.7 mm. For holo-ACP, the potassium
phosphate buffer was supplemented with tris(2-carboxyethyl)phos-
phine hydrochloride (TCEPHCI, 5 mm), care was taken to readjust
the pH of the buffer after addition of the TCEP. Electrospray mass
spectrometry (ESMS) was performed by using a Fisons Instru-
ments VG Quattro triple quadrupole mass spectrometer as de-
scribed previously.#¢+

Protein NMR spectroscopy experiments: Samples consisted of
apo- or holo-ACP (2 mm), NaN; (1 mm), K,HPO, (20 mm) in D,0O/
H,O (5:95, 600 L, pH 5.5). All protein NMR spectroscopy experi-
ments were acquired at 25°C by using a Varian INOVA 600 spec-
trometer with the BioPack collection of pulse sequences. NMR
spectroscopy data were processed by using NMRPipe®® and ana-
lysed by using CCP NMR Analysis version 1.0. The holo PDB file
containing the serine modified with the 4'-PP group was created
by using the Dundee PRODRG server®” and imported into
CCP NMR Analysis by using CCP NMR Format Converter.®”

NMR data and analysis: Standard triple resonance experiments
were acquired for sequential and side-chain assignment. Structural
restraints were derived from a "*C/"*N NOESY-HSQC.®" HNHA spec-
tral data for the experimental calculation of 3J derived ¢ angle
restraints was also collected. The F1,F2-filtered TOCSY and NOESY
experiments were used to facilitate assignment of side-chain reso-
nances.® All structure calculations were carried out using the Am-
biguous Restraints for Iterative Assignment of NOEs (ARIA) protocol
Version 1.2, which includes an algorithm that attempts to correct
for the effects of spin diffusion.”® Torsion Angle Likelihood Ob-
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tained from Shift and sequence similarity (TALOS)"? was used to
predict ¢ and ¥ dihedral angle restraints.

Quantitative perturbations in 'H,"”"N HSQC spectra were calculated
as weighted average chemical-shift differences according to the
method of Pellecchia et al.* by using Equation (1):

Ad,, = {1/2[(AH)? + 0.2(AN)?]}"/? 0

where AH and AN are the differences in proton and nitrogen
chemical shift, respectively, between the species being compared.
The value of AH is more strongly weighted to reflect the smaller
range over which it varies.

Structure calculation protocol: For structure calculations involving
holo-ACP, topology files were created that contained a series of
modified amino acids based on serine. They were derived by anal-
ogy to existing homologous fragments in the CHARM22 all-atom
force field® or, where no appropriate surrogate was available, by
quantum mechanical calculations on model compounds at the
B3LYP/6-31+G(d) level. Initially, structure calculation runs con-
tained eight iterations of 20 structures each, and the best seven
structures in each iteration (sorted according to total energy) were
used for analysis and assignment. The number of dynamics steps
was increased over default values to 20000 and 16000 for the first
and second cooling stages, respectively.®™ After each run, violated
restraints were checked, and those that arose from noise peaks or
incorrect assignments were removed/reassigned. Final ensembles
of 100 structures were calculated from calibrated restraint tables.
The 20 best structures (sorted according to total energy) were
selected for water refinement. Water refined structures were calcu-
lated by using the slightly modified refinement script applied to
the RECOORD database."®'® PROCHECK®® and WHATCHECK,"” and
quality indicators were compared to the average values for the RE-
COORD database of protein NMR structures. The solvent accessible
surface areas (ASA) of residues in the actinorhodin apo-ACP were
compared to ‘random-coil’ values in a Gly-X-Gly peptide by using
the program Get Area 1.1.°7-° The ratio was expressed as a per-
centage; residues for which the relative ASA exceeded 50% were
considered solvent exposed, whilst those with relative ASA below
20% were considered buried.

The ensemble of 20 NMR structures of act apo-ACP has been de-
posited with the Brookhaven protein database (PDB ID: 2k0y) and
NMR chemical shifts have been deposited with BioMagResBank (ac-
cession code: 15659). The ensemble of 20 NMR structures of act
holo-ACP has been deposited with the Brookhaven protein data-
base (PDB ID: 2k0x) and NMR chemical shifts have been deposited
with BioMagResBank (accession code: 15658).

Analysis of AcpS—ACP interaction by site-directed mutagenesis:
S. coelicolor act PKS ACP mutants L43A, L43R, D62A and D62N
were generated by using the Stratagene QuikChange protocol. The
ability of the mutants to act as substrates for S. coelicolor holo-ACP
synthase in vitro was assayed by incubating apo-ACP (100 pum) and
S. coelicolor ACPS (2 um) with coenzyme A in Tris buffer (50 mm,
pH 8.8) containing DTT (5 mm) and MgCl, (10 mm). Assays were
quenched after 2 h, and the degree of phosphopantetheinylation
was determined by electrospray mass spectrometry.

The affinity of ACPS for apo-, holo- and mutant ACPs was deter-
mined by monitoring the change in ACPS intrinsic fluorescence
upon titration with ACP. Fluorescence emission was excited at
295 nm and recorded over 320-360 nm by using a slit width of
0.75 um, and integrated over one second. ACPS (1 um, 2 mL) was
titrated with holo-, apo- and each mutant ACP at 25°C in Tris
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buffer (50 mm, pH 8.8) containing DTT (5 mm) and MgCl, (10 mwm).
Plotting the change in fluorescence at the ACPS fluorescence maxi-
mum, 337 nm, with increasing ACP concentration (up to 33 um)
allowed the dissociation constant, K, for the complex to be deter-
mined.
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Biotinylated Bi- and Tetra-antennary Glycoconjugates for

Escherichia coli Detection

Duane M. Hatch,® Alison A. Weiss,*™ Ramesh R. Kale,” and Suri S. lyer*®

Glycans cover the surface of all mammalian cells. Several toxins
and pathogens use these glycans to bind and infect the cell.
Using a versatile modular synthetic strategy, we have developed
biotinylated bi- and tetraantennary glycoconjugates to capture
and detect E. coli and compared the capturing ability of these
molecules to commercial polyclonal antibodies. Magnetic beads
were coated with biotinylated glycoconjugate or antibody, and
these beads were used to capture, isolate, and quantify bacterial
recovery by using a luminescence assay. The glycoconjugate-
coated magnetic beads outperformed antibody-coated magnetic
beads in sensitivity and selectivity when compared under identi-

Introduction

Early and accurate identification of bacteria is extremely impor-
tant for environmental monitoring, food and water testing and
point-of-care medical diagnostics." Traditional bacterial cul-
ture technologies are the gold standard for detection, but it
can take several days for the results to become available. The
two main alternatives to cultures are immunoassays and real
time PCR-based analysis.”! Significant advances in micro/nano-
fabrication, instrumentation, and automation have rendered
PCR-based analysis operable in real time.** However, PCR is
often compromised by contaminants in real life samples and
can require immunomagnetic separation and enrichment
steps.” Antibodies are the traditional high-affinity reagents
used to capture pathogens for PCR and ELISA. Polyclonal anti-
bodies are purified from immunized animals, however, each
production lot can vary, and separation of ultrapure biomateri-
als in large quantities can be expensive. Monoclonal antibodies
do not vary from lot-to-lot, but might not be effective for
pathogens capable of antigenic variation. In addition, antibod-
ies exhibit poor shelf life and require refrigeration.”’ Refrigera-
tion can be a major concern if immunoassays are to be used in
remote areas, where stability without refrigeration is desired.
Development of affinity reagents that are as selective as anti-
bodies, robust, amenable to scale up, easily adaptable to exist-
ing biosensor platforms, retain their function in complex matri-
ces, and are inexpensive could prove very beneficial for micro-
bial detection.®

Several technologies are being intensively investigated to
supplant antibody-based recognition elements. These include
the development of stable, chemically modified antibody frag-
ments, single chain antibodies that still exhibit high affinity,”'”
affibodies,”""'? molecular imprinted polymers (MIP),"*'¥ apta-
mers," protein receptors,"®'” antimicrobial peptides,"®'® and
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cal experimental conditions. Glycoconjugates could capture Es-
cherichia coli from stagnant water, and the ability of a panel of
glycoconjugates to capture a selection of pathogenic bacteria
was also evaluated. To the best of our knowledge, this study rep-
resents the first comprehensive study that compares synthetic
glycoconjugates and antibodies for E. coli detection. The glyco-
conjugates are also very stable and inexpensive. The results pre-
sented here are expected to lead to an increased interest in devel-
oping glycoconjugate-based  high  affinity  reagents  for
diagnostics.

glycans. A notable and distinct advantage of glycans and pep-
tide receptors is that these reagents function by mimicking the
host receptor used by the pathogen to initiate the disease pro-
cess. While some pathogens use protein receptors, many
toxins and pathogens recognize and bind to cell-surface gly-
cans, which decorate the surface of all mammalian cells.
Glycan-based receptor mimics have many advantages over
antibodies. In direct contrast to antibody/aptamer/affibody/an-
tibody-fragment based detection, in which the recognition epi-
tope may or may not be related to the pathogenic potential of
the microbe, binding to glycan receptors is required for viru-
lence. Antigenic variation is unlikely to occur at the receptor
binding sites, and receptor mimics could potentially distin-
guish pathogenic variants from nonpathogenic strains. Further-
more, glycan-based receptors are smaller than antibodies; this
leads to greater surface coverage, facile scale up, and no lot-
to-lot variation. Glycans also outmatch antibodies, or for that
matter, any other naturally occurring biomolecule, in terms of
information storage capacity. Indeed, nature uses glycans for a
variety of communication processes, such as adhesion, com-
munication, and differentiation.?>?" Despite all these advan-
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tages, glycans in biosensing technologies have received scant
attention in comparison to other recognition elements.

We have researched the use of glycans as potential recogni-
tion elements for various biosensors.”?>?* Recently, we reported
that it is possible to develop synthetic glycoconjugates that
exhibit antibody-like selectivity and sensitivity for toxins and vi-
ruses. We have demonstrated that synthetic glycoconjugates
can detect and distinguish structurally homologous Shiga

A. A. Weiss, S. S. lyer et al.

and valency.”®?% Each of these factors contributes to the over-
all binding event in a cooperative manner, and modulation of
one or more factors can lead to discrete glycoconjugates that
exhibit increased or decreased binding and specificity.***" We
have begun to create libraries of chemically defined glycocon-
jugates using a modular synthetic strategy that allows us to
change one or more of the three critical elements without
major modification of the synthetic strategy.

toxins (Stx1 and Stx2) from com-
plex samples such as stool.™
We have also demonstrated the
ability of synthetic glycoconju-
gates to capture influenza
virus.? In this study, we have
synthesized bi- and tetra-an-
tennary glycoconjugates and
characterized their ability to
capture larger entities (E. coli). In
this context, it is important to
note that capturing bacteria
with glycans has been reported
previously,”**” however, to the
best of our knowledge, a direct
head-to-head comparison of gly-
coconjugates and antibodies for
E. coli detection has not been
reported. It is essential to com-
pare and contrast the features
of novel affinity reagents to
“gold  standard”  antibodies
under identical assay conditions
if the novel reagents are to be
used as antibody substitutes.
Additionally, we have screened a
selection of bacteria against a
panel of synthetic glycoconju-
gates and tested the ability of
these glycoconjugates to detect
bacteria from “real world” sam-
ples. This comprehensive study
may prove to be useful to re-
searchers interested in using
glycans as integral components
of biosensors.

Results and Discussion

Design and synthesis of biotin-
ylated bi- and tetra-antennary
glycoconjugates

A number of studies, including
reports from our laboratories,
have indicated that glycan-
based recognition is highly de-
pendent on three components:
recognition, spatial presentation,
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Figure 1. Representation of the bi- and tetra-antennary glycoconjugate structures. The red/green ellipse repre-
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black.
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Glycoconjugates for E. coli Detection

The structures of the biotinylated bi- and tetra-an-
tennary molecule used in this report are shown in
Figure 1. The three modular components of these
molecules are the glycan recognition element, linker, ~ AcO
and biotinylated scaffold. The three glycans used in AcO
this study are mannose, lactose, and sialic acids.
These basic components have been used to synthe-
size five chemically defined glycoconjugates that in-
clude the bi-antennary biotinylated o-mannoside
(MD), pB-lactoside (LD), a-thiosialioside (SD), a novel

s . 0
sialic acid trisaccharide (TD), and a tetra-antennary ACACo

biotinylated o-mannoside (MT). We chose tetra-
oligoethylene glycol as a linker to reduce unspecific
binding and to impart a degree of flexibility on the
recognition molecules for a better fit in the binding

sites. The spacer element also connects and sepa- ACX o
C

rates the biotin from the recognition motifs. Finally,
a biotinylated scaffold forms the third component of
the designer molecule. We have used a benzene-like
scaffold as a starting point to render some rigidity to
the scaffold. Specifically, we chose 5-amino-iso-
phthalic acid because the two acid functionalities
are in the meta position, which reduces the possible
formation of a lactone byproduct. The dimeric scaf-
fold core is very versatile, as it can be extended to a
tetrameric scaffold easily; indeed, we have synthe-

An additional key feature we desired was a simple
and effective bioconjugation without the need for
optimization. Traditional coupling methods to bio-
sensor surfaces include amine, thiol, or the more
recent click coupling. While these bioconjugation
methods have been used extensively, they require
optimization of reaction conditions to achieve ho-
mogeneity, appropriate orientation, and density. Ex-
perimental variation could prove especially problematic in
studying and understanding glycan-pathogen interactions, as
these interactions are highly dependent on the density and
spatial orientation of the sugar residues. Therefore, we pre-
ferred attaching biotin to these molecules, so that multiple
sensor platforms could be compared without having to resort
to complex bioconjugation techniques or optimization. In ad-
dition to minimal manipulation, the avidin-biotin system is
well-studied and characterized.®? Avidin affords multivalency,
which is an essential factor for studying glycan—protein interac-
tions; a single avidin molecule binds four biotin molecules.
Third, avidin-coated magnetic beads, fluorescent nanoparticles,
and microwell plates are commercially available for high-
throughput screening of analytes that bind to biotinylated
compounds.

The synthesis of the bi-antennary a-mannoside MD is shown
in Scheme 1. Briefly, treatment of known mannose trichloro-
acetimidate® 1 with the aglycon in the presence of TMSOTf
as promoter resulted in the a-mannoside 2, with 100% stereo-
selectivity. The anomeric proton resonated at 4.8 ppm (J;,=
3.6 Hz) and 97.7 ppm in the 'H and "*C NMR spectra, respec-
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Scheme 1. Synthesis of the biotinylated bi-antennary a-mannoside, MD. Reagents and
conditions: a) H(OCH,CH,),N;, TMSOTf, DCM, 0°C, 1.5 h, 65%; b) CuSO,, sodium ascor-
bate, THF:H,0, 48 h, 77 %; c) TIPS, TFA, DCM, 0°C—RT, 48 h, 69 %; d) CDMT, NMM,
p-biotin, THF:DMF, 0°C—RT, 48 h, 72%; €) NaOMe, MeOH, RT, 24 h, 77 %.

tively, which confirmed the existence of the a-mannoside. Cou-
pling of the dimeric scaffold bearing two alkynes, 3, with two
equivalents of the azide terminated mannoside 2 resulted in 4.
A simple sequence of steps was performed to attach biotin to
the bi-antennary complex. First, removal of the protecting tert-
butyloxy group was performed by using standard conditions
to yield the free amine 5, which was coupled with p-biotin to
yield the completely protected biotinylated derivative 6. De-
protection by using Zemplén conditions gave MD in excellent
yield (HRMS for [Cg3HgNgOso+HIT = 1244.5726). The final prod-
uct was obtained in overall yield of 13.4% over seven steps
starting from mannose pentacetate. A similar strategy was
used to synthesize the other bi-antennary glycoconjugates
(Figure 1).

Since we were interested in increasing capturing efficiency,
we also synthesized a tetrameric complex. The glycoconjugate
MT has four mannosides (Figure 1), which is twice the number
of recognition elements than MD. This number increases dra-
matically when magnetic beads that bear 2x10° streptavidin
molecules are used, as in our system. Our initial strategy to
synthesize a biotinylated tetrameric ligand is shown in
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free amine of the resulting compound (10) was cou-
pled with b-biotin to yield a biotinylated scaffold
(11) with two alkyne functionalities. Next, the free
amine of the divalent mannoside derivative 5 was
extended to an azide through reaction with bromo-
acetylbromide and conversion of the resulting bro-
mide (12) to the azide 13 in reasonable yields. The
bi-antennary mannoside derivative (13) was then
ready for treatment with any alkyne-bearing com-
pound. Thus, treatment of 2.2 equiv of 13 with the
divalent scaffold 11 resulted in 14. Global deprotec-
tion by using Zemplén conditions resulted in the de-
sired tetravalent compound, MT. The successful syn-
thesis of the biotinylated tetravalent glycoconjugate
demonstrates the versatility of this modular strategy.

Capture assays

Enrichment steps to capture microbes from samples
often employ antibody-coated magnetic beads
(Figure 2). We examined the ability of glycoconju-
gates to replace antibodies in the magnetic separa-
tion and enrichment step. Micrometer-sized com-
mercial streptavidin-coated magnetic beads were in-
cubated with the biotinylated glycoconjugates to
yield “glycomagnetic” beads that were completely
covered with glycans. The coated beads were isolat-
ed with a standard magnet, washed, and incubated
for 10 min with two isogenic strains of E. coli,
ORN178 and ORN208.5¥ The ORN178 E. coli bear nu-
merous pili, which possess the terminal FimH fimbri-
al adhesin receptor. This receptor binds preferential-
ly to a-mannosides and not to {3 isomers.*>=¥ Strain
ORN208 is mutant for pilus expression.

EtOH, EtOAc, quantitative.

Scheme 2. Here, we decided to synthesize the tetrameric scaf-
fold first; this was followed by “clicking” the azide with the a-
mannosides and attachment of biotin in the last step.

To this end, the previously reported tetrameric scaffold 7
was utilized. This scaffold has four alkynes to couple to four
azide-bearing molecules. We “clicked” the azide-bearing man-
nose ligand 2 to the tetrameric scaffold; this resulted in the
tetravalent glycoconjugate 8 in appreciable yields. In line with
the proposed strategy, we removed the carbobenzyloxy (Cbz)
protecting group of 8 to obtain the free amine 9, and coupled
the b-biotin using standard peptide synthesis. Unfortunately,
several attempts to couple 9 with p-biotin by using various re-
action conditions resulted in negligible amounts of the desired
biotinylated product. We attribute these failures to steric hin-
drance. Presumably, the free amine of the dendron is not read-
ily accessible for coupling. Therefore, we modified our strategy,
as shown in Scheme 3, and synthesized a biotinylated scaffold
with two alkynes first and subsequently attached the azide-
bearing recognition elements to the biotinylated scaffold. To
this end, the Boc protecting group of 3 was removed, and the
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In initial experiments, we observed that strain
ORN178 mediated the aggregation of beads coated
with mannose-bearing compound MD within mi-
nutes of addition to the beads (Figure 3 A) while strain ORN208
did not (Figure 3B). Bacterial aggregation has been shown to
be dependent on multivalency, and these results suggest that
a single bacterium can bind to multiple beads. Aggregation
was further examined by using environmental scanning elec-
tron microscopy (ESEM). As seen in Figure 4, at low magnifica-
tion MD-coated beads were aggregated by the pilus-express-
ing strain ORN178 (Figure 4A) but not the pilus mutant
ORN208 (Figure 4B). At high magnification individual bacteria

Figure 2. Cartoon representation of the capture of E. coli by using glycocon-
jugated magnetic beads and a magnet to isolate the “magnetized” E. coli.

ChemBioChem 2008, 9, 2433 - 2442
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HN NH

body (Ab) and incubated with
known concentrations of bacte-
ria. Next, the captured, aggre-
gated bacteria were isolated by
using a bar magnet, and
washed with buffer. We used
the BacTiter-Glo® assay to quan-
/ tify bacterial recovery.?¥ In this

assay, the presence of ATP is
used as an indicator of metabol-
ically active bacterial cells. The
enzyme luciferase oxidizes luci-
ferin, which in turn produces
HN light in a reaction that is depen-
dent on ATP. The amount of
light produced is proportional
to the amount of ATP present
and can be quantified by using
a luminometer. Therefore, an
11 " advantage of this assay over
other fluorescent-based assays
is that viable bacteria can be
distinguished from dead bacte-
ria. Also, the assay uses minimal
reagents, is user friendly and
rapid; unknown samples can be
processed  within 20 min—a
critical requirement for rapid di-
agnostic kits. The sensitivity of

i bacterial recovery with biotiny-
y HF:N N.HH lated antibody (Ab) or biotiny-
M lated bi-antennary mannose gly-

(MD) coated on
magnetic  beads

coconjugate
streptavidin

14(R = Ac) was determined under identical
experimental conditions. As
MT(R=H) shown in Figure 5A, the limit of

detection with the Bactiter-Glo
reagent was 10° CFUmL™"' for
both Ab and MD. However, the

Scheme 3. Synthesis of the biotinylated tetra-antennary a-mannoside, MT. Reagents and Conditions: a) TIPS, TFA,

DCM, 0°C—RT, 65 %; b) p-biotin, CDMT,NMM, THF:DMF, 0 °C—RT, 70%; c) Na,CO,, CH,CN, 0°C—RT; d) NaN,, DMF,
0°C—RT, 32% over two steps; e) CuSO,, sodium ascorbate, THF:H,0, 48 h, 57 %; f) NaOMe, MeOH, RT, 37 %.

can be seen trapped between the glycomagnetic beads (Fig-
ure 4C). The aggregation experiments clearly demonstrate that
these glycomagnetic beads can be used for capture and isola-
tion of pathogens from other complex matrices.

Comparison of antibody- and synthetic glycoconjugate-
coated magnetic beads as capture reagents

We compared the efficiency of “glycomagnetic” beads to stan-
dard antibody-coated beads for the capture of bacteria. Mag-
netic beads were coated with biotinylated biantennary man-

ChemBioChem 2008, 9, 2433 - 2442

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

glycoconjugated beads cap-
tured significantly more bacteria
at all concentrations, especially
at higher E. coli concentrations.
At 10’ CFUmL™, the sensitivity of the glycoconjugated beads
(MD) was twice the sensitivity of the antibody conjugated
beads (Ab). The antibody was also able to capture the nonpili-
ated mutant, ORN208 (Figure 5B), and although capture of the
mutant appeared to be less efficient than capture of the piliat-
ed strain ORN178, the differences were not statistically
significant.

We determined the capture efficiency by comparing the luci-
ferase activity of the bacteria captured on beads to the activity
of a known amount of bacteria pipetted directly into the
microtiter wells. When all three trials were averaged, the Ab
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Figure 3. Agglutination of the piliated E. coli strain (ORN178-A) versus the
nonpiliated (ORN208-B). Both strains were incubated with streptavidin-
coated magnetic beads attached to biotinylated bi-antennary mannose-con-
jugated magnetic beads (MD). The concentration of E. coli was 107 CFU per
well. Pictures were taken at 0 and 10 min with a premiere digital 10X micro-
scope eyepiece inserted into a Nikon TMS microscope. Agglutination was
observed with the piliated strain.

was found to capture 15.2% of the bacteria when added at
10’ CFUmL™', 8.2% when added at 10°CFUmL™', and 5.3%
when added at 10° CFUmL™". The efficiency of capture was
greater for MD: 33.7% of the bacteria were captured when
added at 10’ CFUmL™', 18.9% when added at 10° CFUmL',
and 25.7% when added at 10° CFUmL™'. Similar recoveries
were observed with antibodies from a different commercial
source (data not shown) and the increased capture by the
glycoconjugated beads is likely due to the smaller size of the
glycoconjugate, which results in a higher packing density com-
pared to the larger antibody molecules.

We were also interested in improving the sensitivity of de-
tection. Initial studies used nondividing, stationary-phase bac-
teria. Since the luciferase assay measures metabolic activity, we
incubated the captured bacteria with LB media containing glu-
cose (20%) for 1 h at 37°C prior to performing the BacTiter-
Glo® assay and compared these cells to cells incubated with
PBS buffer. The results are shown in Figure 6. Clearly, sensitivity
can be increased by incubating the bacteria in media. Greater
sensitivity can be achieved by plating the bacteria and per-
forming colony counts, however, this requires overnight incu-
bation (data not shown).

Comparison of bi- and tetra-antennary glycoconjugate-
coated magnetic beads as capture reagents

We were interested in understanding if the increase in the
number of glycans on the magnetic beads would lead to an in-
crease in capturing ability. Therefore, we used MT, which has
twice as many recognition elements as MD. Results of the cap-
ture study are shown in Figure 7. At lower concentrations of
E. coli, there was no discernable increase in capture efficiency,
however, at higher concentrations, increased capture was ap-
parent with MT. These data suggest that MT has a greater cap-
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Figure 4. ESEM pictures obtained from biotinylated bi-antennary mannose-
conjugated magnetic beads (MD) exposed to bacteria: A) 107 piliated E. coli
ORN178, or B) mutant ORN208 were incubated with biotinylated bi-antenn-
ary mannose-conjugated magnetic beads (MD, 25 pL) and rinsed 2X with
H,O to remove salt; C) ORN178 were incubated with biotinylated bi-antenn-
ary mannose-conjugated magnetic beads (MD) and rinsed 2X in PBS to pre-
serve bacterial morphology (arrow). Samples were dried on gold disks, over-
night, and then sputtered with gold under vacuum prior to imaging.
Pictures were taken with a Phillips XL30 ESEM.

ture capacity than MD, but both molecules are equally effec-
tive when lower concentrations of bacteria are used. We are
currently trying to increase the capture efficiency by using
magnetic nanoparticles, as they have larger surface areas"**"
and could presumably increase the capture efficiency.

ChemBioChem 2008, 9, 2433 - 2442
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Figure 5. Comparison of antibody- and synthetic glycoconjugate-coated
magnetic beads as capture reagents. A) A piliated E. coli strain (ORN178) was
incubated with biotinylated bi-antennary mannose-conjugated (MD) mag-
netic beads or antibody (Ab) magnetic beads. The concentration range of

E. coli was 10’-10° CFU per well. The data are the mean = standard errors

of three experiments.***: P <0.0002; *: P <0.04; **: P <0.004. MD magnetic
beads have greater sensitivity than Ab magnetic beads at all three E. coli
concentrations. B) Antibody assay with piliated E. coli (ORN178: WT) or non-
piliated (ORN208: Mut) strains. Both strains were incubated with Ab magnet-
ic beads. The concentration range of E. coli was 10’-10° CFU per well. The
data are the means =+ standard errors of three experiments. No significant
(P>0.05) selectivity for either strain was observed when using Ab beads.

C) Glycoconjugate assay by using piliated E. coli (ORN178: WT) or nonpiliated
(ORN208: Mut) strains. Both strains were incubated with biotinylated bi-
antennary mannose-conjugated (MD) magnetic beads. The concentration
range of E. coli was 10-10° CFU per well. Selectivity for the piliated strain
was seen at higher E. coli concentrations. The data shown are the means

+ standard errors of three experiments; **: P<0.0006; *: P<0.02.

Screening of pathogenic E. coli, including 0157:H7, for
glycoconjugate binding specificities

Binding to mannose is commonly associated with nonpatho-
genic strains of E. coli, however pathogenic strains also recog-
nize mannose in addition to other glycans, which enable them
to colonize sites outside the intestine. We used the panel of
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Figure 6. Effect of LB media on the sensitivity of the assay. After the capture
of piliated E. coli (ORN178) with biotinylated bi-antennary mannose-conju-
gated (MD) magnetic beads, 10’-10° E. coli were incubated with PBS at
room temperature or LB media with glucose (2%) at 37°C for 1 h. The data
shown are the means =+ standard errors of three experiments; *: P<0.03 for
the lowest concentration. Sensitivity can be increased with a preincubation
step prior to measuring luminescence.
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Figure 7. Limit of detection of piliated E. coli (ORN178) by using bi- and
tetra-antennary magnetic beads. The concentration range of E. coli was 108~
10° CFU per well. The data shown are the means =+ standard errors of three
experiments; *: P< 0.03 at the highest concentration of E. coli, 1x 10® CFU
per well. The effect of the increased valency of the mannose tetramer bead
is observed only at the highest E. coli concentration.

glycans (Figure 1) to examine the binding profiles of different
pathogenic strains of E. coli (listed in the Supporting Informa-
tion). Strain J96 and CFT073 are urinary tract pathogens isolat-
ed from individuals with pyelonephritis.**** Strain J96-pilE is a
mutant of J96 that lacks the ability to produce mannose-bind-
ing pili.* Strain B41 produces K99 pili, which are associated
with the ability to colonize the intestinal tract of calves and
pigs.*! Strain PT22ATox was derived from a clinical isolate of
E. coli 0157:H7 .14

The results are shown in Figure 8. ORN178, the two pyelo-
nephritis strains, and the K99 strain showed significant binding
to both mannose-bead variants, but not to lactose or sialic
acid derivatives. As expected, the pilus mutants ORN208 and
J96-PilE did not bind to either MD or MT. E. coli O157:H7 also
failed to bind to the mannose-containing compounds; this is
consistent with reports that O157:H7 strains are natural mu-
tants for mannose pilus expression. Binding to the LD-, SD-,
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Figure 8. Screening studies. The two laboratory strains of E. coli (ORN178,
ORN208), a clinical isolate of E. coli (J96, UPEC, and a nonpiliated derivative,
J96-PilE), a human STEC isolate of O157:H7 (PT22Atox), a calf pathogen B41
expressing K99 pili, and UPEC strain CFT073 were incubated with five differ-
ent glycan-bead combinations (MD, MT, LD, SD, and TD). Strains ORN178,
196, B41, and CFT073 showed significant binding to both mannose-bead
variants.

and TD-coated magnetic beads was not detected. This is in
contrast to reports that suggest that E. coli O157:H7 binds to
sialic acid.*”’ However, it must be noted that natural ovalbu-
min, a heavily sialylated protein, and not synthetic glycoconju-
gates, were used in the previous study. We are currently devel-
oping a glycan microarray platform that uses a combination of
synthetic glycoconjugates to develop a fingerprint for all
strains.

Stability of synthetic glycoconjugates

The stability of glycoconjugates is an important factor if these
affinity reagents are to be used in hand-held and environmen-
tal biosensors. The synthetic ligand was dissolved in water
(2 mgmL™") and incubated at 50°C for 48 h. The NMR spectra
exhibited no apparent change and more importantly, the cap-
turing ability of the ligands did not diminish. We also kept the
ligands for over six months in solution or in a solid form at
room temperature (ca. 25°C) and observed no loss of biologi-
cal function (data not shown).

Ability of synthetic glycoconjugates to capture bacteria
from real samples

Interference is a significant problem in real samples. Indeed,
high affinity reagents can be extremely cross-reactive and can
capture extraneous material in addition to the analyte of inter-
est. To this end, we used water from a local pond, spiked it
with different concentrations of ORN178, and evaluated the
ability of MD to capture bacteria. As seen in Figure 9, the
matrix of a real water sample does not reduce the sensitivity
of this assay. This is particularly exciting because these glyco-
conjugates can bind and detect bacteria from environmental
samples or can be used in combination with other detection
technologies as a pre-enrichment step.
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Figure 9. Detection of E. coli in real samples. PBS was spiked with either pili-
ated E. coli (ORN178) or water from a local pond and incubated with biotiny-
lated bi-antennary mannose-conjugated magnetic beads (MD). E. coli dilu-
tions ranged from 10%-10° CFU per well. The matrix of a real water sample
did not reduce the sensitivity of this assay.

Conclusions

The development of nonantibody based recognition elements
is a critical research endeavor for diagnostic applications, in
particular for environmental and point-of-care diagnostics.
Here, we have shown that it is possible to develop glycoconju-
gates that exhibit antibody-like selectivity and sensitivity. This
modular synthetic strategy will allow us to develop a library of
chemically defined glycoconjugates that can be used to under-
stand the basic biology of glycans beyond the biosensing
aspect, which was the major focus of this report. The synthesis
is extremely versatile, and any azide-containing biomolecule
can be attached to the scaffold. Biotin is very attractive, as it
provides a handle for coupling to any streptavidin-coated
matrix, such as magnetic iron oxide nanoparticles,”® gold silica
nanoshells,“*” and quantum dots.*® A head-to-head compari-
son of “gold standard” antibodies and synthetic glycoconju-
gate-coated magnetic beads revealed the power of glycans in
biosensing. Using a magnetic bead based luminescence assay,
we have demonstrated that synthetic reagent-coated magnetic
beads outperform antibody-coated magnetic beads in sensitiv-
ity and selectivity. The molecules are also very stable, inexpen-
sive, and can capture pathogens from stagnant water. With
these recognition elements, higher sensitivity could be ach-
ieved by using a more sensitive technique or a combination of
transduction methods, such as spectroelectrochemical sen-
sors.”" The results presented here are expected to lead to an
increased interest in developing glycoconjugate-based high af-
finity reagents for diagnostics.

Experimental Section

Synthesis: The synthesis of the five glycoconjugates is given in the
Supporting Information.

Microbiology

Streptavidin-coated magnetic beads (Dynabeads M-280) were pur-
chased from Invitrogen. Biotinylated anti-E. coli antibody (Rabbit
IgG polycolonal antibody) was purchased from GenWay Biotech,

ChemBioChem 2008, 9, 2433 - 2442
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Inc. (San Diego, CA, USA). BacTiter-Glo® was purchased from
Promega.

Bacterial cultures: L-Agar plates were streaked for isolation and in-
cubated, overnight, at 37°C. A single colony from each plate was
used to inoculate LB medium (10 mL), and the bacteria were
grown statically at 37°C, overnight, to an ODg, of ~1.0
(108 cellsmL™"). Appropriate dilutions were made in phosphate
buffered saline (PBS, pH 7.4) prior to incubation with conjugated
magnetic beads or for the different assays.

Conjugation of biotinylated ligands to magnetic beads: Aliquots
of magnetic beads (1 mL, 10 mgmL™") were washed three times
with PBS buffer (1 mL). The beads were incubated with biotinylat-
ed ligands (either 10® pmolmg™" of bead or 100 ug antibody per
mg of bead) on an orbital shaker for 30 min. The tubes were then
placed over a magnet, the supernatant was removed, and the
beads were washed three times with PBS (1 mL) to ensure com-
plete removal of unbound glycan or antibody.

Agglutination assay with MD with ORN178 and ORN208: E. coli
strains ORN178 and ORN208 were diluted (1x10° CFUmL™") and
100 pL was added to wells of a 96-well plate. The MD bead solu-
tion (5 ub) was injected. Pictures were taken by using a Premier
digital 10X microscope eyepiece inserted into a Nikon TMS micro-
scope before and ten minutes after addition of magnetic beads.

ESEM images: E. coli strains ORN178 and ORN208 (10’ CFUmL™) in
PBS (pH 7.4) were incubated with mannose dimer beads (25 L) at
room temperature for 1 h on the orbital shaker. Within 10 min, visi-
ble aggregates formed in the ORN178 tube. The tubes were placed
over a magnet for 5 min, the PBS was carefully removed, the tubes
were washed with sterile deionized water (1 mL), vortexed, and
suspended in water (1 mL) to generate the final SEM samples.
Droplets from each sample were placed on a gold disc and al-
lowed to air-dry, overnight. The gold disc was sputtered with gold
in vacuo. Images were captured by using a Phillips XL30 ESEM.

Comparison of antibody- and synthetic glycoconjugate-coated
magnetic beads as capture reagents: Diluted E. coli strains
ORN178 and ORN208 (1x10’-1x10° CFU per well) in 1.5 mL Ep-
pendorf tubes were incubated with either MD beads or Ab beads
(25 pL) at room temperature for 1 h on an orbital shaker. Visible
agglutination was seen with the mannose dimer-bead and the
ORN178 at 1x 10" CFU per well. The tubes were then placed over a
magnet for 5 min. The supernatant was carefully removed, and the
tubes were washed with PBS (1 mL), and suspended in PBS
(100 pL). The samples were transferred to a 96-well microtiter plate
designed for use in a luminometer (Thermo Labsystems Luminos-
kan Ascent 96-microwell plate reader). Controls included unconju-
gated beads in PBS and LB. A multichannel pipette was used to
inject BacTiter-Glo reagent (100 uL) into each well. The plate was
immediately placed in the Luminometer (Labsystems Luminoskan
Ascent). A 5 min shake step was followed by a 5 min incubation
step at room temperature prior to measuring the luminescence.
Each assay was repeated in triplicate on three different days. The
Student’s T test was used to determine statistical significance. To
enhance sensitivity, identical samples were prepared, but one set
was suspended in LB media (100 pL) containing glucose (2.0%).
These tubes were incubated at 37°C for 1 h prior to determining
the luminescence.

Capturing ability of bi- and tetra-antennary glycoconjugates: Di-
luted E. coli strain ORN178 (1x10’-1x10° CFU per well) in 1.5 mL
Eppendorf tubes was incubated with either MD or MT beads
(25 pL) and processed as described previously.
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Screening of pathogenic E. coli, including 0157:H7, for glycocon-
jugate binding specificities: ORN178, ORN208, J96, J96 pilE,
CFT073, B41, PT22ATox (1x10® CFU) were incubated with glyco-
conjugated beads (25 pL, 1.5x10” of MD, MT, LD, SD, TD) or un-
conjugated beads (blank) and processed as described previously.

Ability of synthetic glycoconjugates to capture bacteria from
real samples: E. coli strain ORN178 (1x10%-1x10°CFU) was sus-
pended in PBS buffer (1 mL) or water from a local pond in 1.5 mL
Eppendorf tubes. MD or unconjugated (blank) beads (25 pL) were
added and processed as described previously. A second control ex-
periment involved the use of water only from a local pond (Burnet
Woods, across University of Cincinnati Main Campus).
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Candida antarctica lipase B (CALB) is a promiscuous serine hy-
drolase that, besides its native function, catalyzes different side
reactions, such as direct epoxidation. A single-point mutant of
CALB demonstrated a direct epoxidation reaction mechanism for
the epoxidation of a,f3-unsaturated aldehydes by hydrogen per-
oxide in aqueous and organic solution. Mutation of the catalyti-
cally active Ser105 to alanine made the previously assumed indi-
rect epoxidation reaction mechanism impossible. Gibbs free ener-
gies, activation parameters, and substrate selectivities were deter-

Introduction

The epoxide functional group is one of the most useful inter-
mediates in organic synthesis, since it easily undergoes stereo-
specific ring-opening to form bifunctional compounds. Epoxi-
dation of an unsaturated compound can be affected by hydro-
gen peroxide or molecular oxygen. Hydrogen peroxide is a
preferred oxidant from an environmental perspective, since
the reaction can be carried out in aqueous media and gives
only water as by-product. It is also favorable for industrial pro-
duction of epoxides, due to its low cost and availability in bulk
quantities. However, the epoxidation of unsaturated com-
pounds with hydrogen peroxide is usually slow and needs the
addition of a catalyst. Examples of available catalysts include
silica-supported titanium,™ methyltrioxorhenium,** iron com-
plexes,* and manganese(ll) salts.”

In industrial catalysis there is increasing interest in the use of
enzyme and peptide catalysts to fulfill the requirement for ste-
reoselective catalysis without the need for toxic and expensive
transition metal catalysts. There are several enzymes that cata-
lyze epoxidations. Haloperoxidases”'” constitute an enzyme
family that catalyzes epoxidation of alkenes. Chloroperoxidase
is @ member of this family and catalyzes the stereoselective ep-
oxidation of alkenes with good yields. Lipases'™"® have been
used for the indirect epoxidation of alkenes with hydrogen
peroxide through the formation of peroxy acids. The actual ep-
oxidation of the alkene takes place outside the enzyme. The in-
direct reaction mechanism of Candida antarctica lipase B
(CALB) begins with the formation of an acylenzyme through
the binding of Ser105 to the carbonyl carbon of a carboxylic
acid. Hydrogen peroxide then attacks the carbonyl carbon to
form a carboxylic peracid, which departs from the active site.
The carboxylic peracid reacts with an alkene outside the
enzyme to form the final epoxide. The produced epoxides
showed no stereoselectivity. Monooxygenases,”'® such as cy-
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mined both computationally and experimentally. The energetics
and mechanism for the direct epoxidation in CALB Ser105Ala
were investigated by density functional theory calculations, and
it was demonstrated that the reaction proceeds through a two
step-mechanism with formation of an oxyanionic intermediate.
The active-site residue His224 functions as a general acid-base
catalyst with support from Asp187. Oxyanion stabilization is fa-
cilitated by two hydrogen bonds from Thr40.

tochrome P-450, activate molecular oxygen and incorporate
one oxygen atom into the substrate and reduce the other
atom to water. The main drawback with these enzymes is that
they are dependent on a cofactor and require NADPH recy-
cling, which in preparative chemistry can be achieved by the
use of microbial cells. Unfortunately, the cells are sensitive and
suffer degradation by the formed epoxide. Polyamino acids,"
such as polyleucine, behave as synthetic enzymes and catalyze
the epoxidation of unsaturated ketones with hydrogen perox-
ide.

Here we present a new promiscuous reaction catalyzed by
CALB: the direct epoxidation of a,B-unsaturated aldehydes
with hydrogen peroxide. CALB catalyzes epoxidation reactions
by activating both hydrogen peroxide and an a,f3-unsaturated
aldehyde and bringing them into suitable positions for reac-
tion. Mutation of the nucleophilic Ser105 to the nonpolar ala-
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nine leaves His224 to act as a base directly towards hydrogen
peroxide. The reaction cannot proceed by the indirect epoxida-
tion mechanism, since the mutant lacks the nucleophilic
serine 105. The mechanism for the direct epoxidation in the
mutant, CALB Ser105Ala, has been investigated by molecular
dynamics simulations and density functional theory calcula-
tions. It is suggested that the reaction proceeds via an oxyan-
ion intermediate and that His224 functions as a general acid-
base catalyst (Scheme 1).

) R O 0
g 4
R} H MH R\W)kH
H O~_"
X H~q"= (0]
0—0\ [ \' [ER— i
H, H
(N (N‘ H,0
HN ’f HN |

His224 His224

Scheme 1. Direct epoxidation of an a,f-unsaturated aldehyde with hydro-
gen peroxide catalyzed by CALB Ser105Ala. The residue His224 functions as
a general acid-base catalyst.

C. antarctica lipase B (CALB) is a serine hydrolase. The cata-
lytic function of native CALB is well understood, as are the
roles of the different amino acids in the active site. The catalyt-
ically important active-site amino acids are Asp187, His224,
Ser105, GIn106, and Thr40. The histidine, together with the as-
partate and serine, constitute what is known as the catalytic
triad. The glutamine and threonine form the oxyanion hole, a
hydrogen bonding network that stabilizes negatively charged
oxyanion intermediates.”” CALB has well-known promiscuous
behavior, and its active site have been used as a scaffold to
perform types of reactions other than its native hydrolysis of
esters.?"?? We have previously studied CALB, both computa-
tionally and experimentally, for the Baeyer-Villiger oxidation,””
aldol addition,***! and conjugate addition.”®?” In this paper
we demonstrate a new promiscuous reaction of CALB: direct
epoxidation.

P. Berglund, T. Brinck et al.

(100 mm KH,PO,, pH 3.9) and in organic solution (acetonitrile).
The pH of the reaction buffer was chosen to avoid decomposi-
tion of the hydrogen peroxide, although the optimal pH for
the enzyme would be over the pK, value of His224 in CALB. It
should also be noted that the His224 will be protonated in
water.

The lack of epoxidation product when active-site-inhibited
CALB was used demonstrated that the reaction took place in
the active site. Furthermore, both the active-site mutant CALB
Ser105Ala and the wild-type enzyme catalyzed the reaction;
this shows that no acyl enzyme intermediate leading to a
peroxy acid was involved.

The yield in acetonitrile was 80% with but-2-enal and CALB
Ser105Ala as catalyst after 17.5 days, whereas only a 44 % yield
was reached for the same reaction and time with wild-type
CALB. Yields were estimated from the GC analysis and are not
isolated yields.

Enzyme kinetics

Enzyme kinetics for wild-type CALB and CALB Ser105Ala were
examined both in buffer and in acetonitrile (Table 1). A series
of direct epoxidation reactions were followed under pseudo-
one-substrate conditions, the concentration of hydrogen per-
oxide was constant at 0.4m, while the concentration of the
oxyanion binding substrate (aldehyde) was varied. The follow-
ing kinetic constants are apparent, since only one substrate
was varied. The apparent specificity constant (k3*P/KiPF), the ap-
parent Michaelis constant K™, and the apparent turnover
number k%P, were calculated for wild-type CALB and for CALB
Ser105Ala. No saturation was found in acetonitrile at substrate
concentrations up to 3M. An increase in catalytic proficiency
was achieved in acetonitrile relative to buffer. The increase
could be attributed to a lower k,,, value expressed in acetoni-
trile than in buffer solution. Direct epoxidation of 3-phenyl-
prop-2-enal with hydrogen peroxide was only performed in

acetonitrile, and the (k3*P/KiP*) was much lower than for but-2-

cat

Results and Discussion Table 1. Apparent kinetic constants calculated for the direct epoxidation of two a,f3-unsaturated aldehydes by
The direct epoxidation hydrogen peroxide (0.4 m) under pseudo-one-substrate conditions in buffer or acetonitrile, catalyzed by wild-
. type CALB and by Ser105Ala at 20°C.
reaction
Enzyme kzre KPP KZPPIKRP Knon
CALB was used to demonstrate ' " . KX
. . . " _ K@pp’ finon
direct epoxidation of a,f-unsa [min-] M) M~ min-] M~ min-"] M
turated aldehydes with hydro- dtvoe CALB
. . wild-type
gen peroxide. This CALB-cata- but_z_?;al
lyzed direct epoxidation was in buffer 22 0.24 94 3x10°° 3%10°
studied both experimentally in acetonitrile n.s.@ n.s® 6 6x1077 1%10’
and computationally. In the ex- 3-phenylprop-2-enal
. . in acetonitrile 0.003 2x1077 2x10°
perimental study, the epoxida- CALB Ser105Ala
tion of but-2-enal (0.3m) with but-2-enal
hydrogen peroxide (0.4m) was in buffer 34 0.19 180 3x10°° 6x10°
. f [ fal fal -7 7
chosen as a type reaction. Im- ; |rr11acelton|tnlze | n.s. n.s. 9 6x10 2x10
- . -phenylprop-2-ena
mobilized wild-type CALB and in acetonitrile 0.03 2x1077 2x10°
CALB Ser105Ala were compared
. . . . S = i h Ideh i .
in this reaction both in buffer [a] n.s.=no saturation was reached at aldehyde concentrations up to 3 m
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enal for both CALB variants. The enzymes were not found to
introduce any stereoselectivity in the epoxidation reactions
and only racemic products were obtained.

Experimentally determined Gibbs free energy of activation

The Gibbs free energies of activation for the direct epoxidation
of but-2-enal with hydrogen peroxide were determined experi-
mentally both for wild-type CALB and for CALB Ser105Ala in
KH,PO, buffer solution (100 mm, pH 3.9) and acetonitrile. The
enzyme kinetic study (Table 1) resulted in the Gibbs free
energy changes presented in Table 2. A temperature study, in

20 kJmol ™" From this knowledge it can be deduced that
two hydrogen bonds were formed in the transition state.

The AAG value for the epoxidation reaction can also be
compared to the AAG value for the conjugate addition reac-
tion performed by the same CALB mutant. In that case, 2.2 to
2.5 hydrogen bonds were formed, depending on the sub-
strates.”*?” The Gibbs free energies of activation (AG*), enthal-
pies of activation (AH™), and entropies of activation (AS™) were
similar for both CALB variants. The reaction in acetonitrile has
a more negative activation entropy than the reaction in buffer
both for the wild type and for the mutant. This can be attribut-
ed to the larger entropy gain from desolvation of the substrate
in the buffer. The uncatalyzed
epoxide reaction in buffer solu-

Table 2. Experimentally determined Gibbs free energy calculated from the results in Table 1. tion differed from the enzyme-
catalyzed reactions in a much
Enzyme AGg™ AGE AG, " AG, " AAG™ Y .
(kJmol ] kJmol '] kKJmol ] kKmol ] [k mol ] larger entropy contribution to
the activation free energy. In
wild-type CALB . . .
but-2-enal®™ this case, the difference is prob-
in buffer _4 72 75 109 _37 ably due to the need to reor-
in acetonitrile 79 119 —40 ganize the water molecules to
CALB Ser105Ala stabilize the transition state in
but-2-enal® the buff i
in buffer —4 70 74 109 -39 & butter reaction.
in acetonitrile 78 113 —41
[a] Reaction conditions: 0.3 m aldehyde, 0.4 M hydrogen peroxide, 0.3 m 1,4-dioxane or decane as internal stan- Mol lar d .
dard, solvent (100 mm KH,PO, buffer of pH 3.9 or acetonitrile) was added to a total volume of 750 uL and .O ecu.ar ynamics
12.5 mg immobilized enzyme. [b] Calculated for 298 K. simulations

which the direct epoxidation reactions were performed at dif-
ferent temperatures, gave the activation parameters shown in
Table 3. The Gibbs free energies of activation (AG™) from the
temperature study agreed well with the corresponding ener-
gies from the kinetic study. AAG shows the enzyme contribu-
tion, the difference between enzyme-catalyzed reactions and
background reactions. These values are near 40 kJ mol~'. Mag-
nusson et al. showed by a comparison of wild-type CALB and a
Thr40Ala mutant that the value of one hydrogen bond is

Table 3. Experimentally determined activation parameters for the direct
epoxidation of but-2-enal with hydrogen peroxide catalyzed by wild-
type CALB and CALB Ser105Ala in buffer and in acetonitrile.

Enzyme AGH® AHF AS*P
[kJmol™] [kJmol™] [Jmol~'K]

wild-type CALB

in buffer 78 65 —45

in acetonitrile 82 58 —81
CALB Ser105Ala

in buffer 76 63 —43

in acetonitrile 80 61 —64
uncatalyzed

in buffer 109 69 —134

[a] Reaction conditions: 0.3 m aldehyde, 0.4m hydrogen peroxide, 0.3m
1,4-dioxane or decane as internal standard, solvent (100 mm KH,PO,
buffer of pH 3.9 or acetonitrile) was added to a total volume of 750 uL
and 12.5 mg immobilized enzyme. [b] Calculated for 298 K.
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Molecular dynamics (MD) simu-

lations performed with the
Ser105Ala mutant and the substrate molecules—hydrogen per-
oxide and 3-phenylprop-2-enal—in the active site provide in-
formation on the substrate binding and on how well the dy-
namic properties of the enzyme promote the reaction. The
simulations are analyzed with respect to a number of inter-
atomic distances relevant to the catalytic process (Figure 1).
The focus is on the results of the simulations in water, but the
acetonitrile simulations are included for comparison. As can be
seen in Table 4, the hydrogen peroxide stays tightly bound to
His224 through a hydrogen bond for most of the simulation
time. In acetonitrile solution, the distance between the histi-

E P-e‘ ’

» 3
¢ ‘ ’ . Thr40

Figure 1. A snapshot from MD simulations of the positions of the reactants
in the active site of Ser105Ala mutant in the epoxidation of 3-phenylprop-2-
enal. Only the catalytically important residues are depicted. White broken
lines mark the catalytically important distances that were analyzed.
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Table 4. Analysis of catalytically important distances from the MD simula-
tions on substrate binding of 3-phenylprop-2-enal in the Ser105Ala
mutant. Fraction (P) of distance values within the sum of van der Waals
radii and average distances are given.

Solvent Water Acetonitrile

distances'® ple! average ptal average
[A] [A]

S-a 0.000 49 0.032 3.7

S-b 0.609 2.2 0.619 23

S-c 0.145 23 0.005 2.9

S-d 0.001 33 0.000 34

S-e 0.149 24 0.064 25

[a] For definition of distances see Figure 1. [b] The reference value for the
—C--O distance (S-a) is 3.1 A and that for the hydrogen bonds (S-b--S-e)
is 2.0 A. Reference values are based on van der Waals radii taken from ref-
erence,”” and for the hydrogen bonds the repulsive potential is assumed
to come from the nonhydrogen atoms.

dine nitrogen and hydrogen peroxide hydrogen (S-b) stays
within 2.0 A for 62% of the simulation time, and the average
distance is 2.3 A. The results in aqueous solution are very simi-
lar. The simulations thus indicate that substrate binding of hy-
drogen peroxide is not a limiting factor for catalysis if the hy-
drogen peroxide concentration is sufficient. The binding of 3-
phenylprop-2-enal is analyzed with respect to the ability to
form hydrogen bonds with the oxyanion hole. Here the inter-
est lies in the distances between the oxygen and the backbone
N—H hydrogens of residues GIn106 and Thr40, and the dis-
tance between the oxygen and the O—H hydrogen of Thr40.
Interestingly, we find that the 3-phenylprop-2-enal is not
strongly hydrogen-bonded to the oxyanion hole. The hydro-
gen bond to the Thr40 N—H group (S-e) stays within a distance
of 2.0 A for only 15% of the simulation time. The average dis-
tance is as long as 2.4 A. The hydrogen bond to GIn106 (S-c) is
of similar importance: 14% within 2.0 A and average distance
of 2.3 A. The Thr40 O—H group is basically rotated away from
the carbonyl carbon of the substrate during the entire simula-
tion; the average distance is 3.4 A. Interestingly, the simula-
tions shows that the substrate binds much more weakly to the
oxyanion hole in acetonitrile than it does in aqueous solution.
In acetonitrile, there is a short hydrogen bond (<2.0A) be-
tween the substrate and the oxyanion hole for less than 7% of
the time. The average S-c value is increased from 2.3 A with
water solvation to 2.9 A with acetonitrile. The relatively weaker
substrate binding in acetonitrile than in water is in agreement
with the kinetic study: a K® value of 0.19 M~ was determined
in water, whereas saturation of the enzyme in acetonitrile was
not reached even at a substrate concentration of 3 m.

Another point of interest is the ability of the substrate mole-
cules to form near attack conformers (NACs).2%3" These are
ground state conformers in which the atoms involved in the
bond making are at the van der Waals distance. In the first
step of the epoxidation reaction a bond is formed between an
oxygen of hydrogen peroxide and the -carbon of the a,f-un-
saturated aldehyde, in concert with the transfer of the oxygen
proton to the histidine nitrogen. Thus, the NAC of the initial
step has both the oxygen-carbon (S-a) and the hydrogen-ni-
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trogen (S-b) distance within the van der Waals distance. We
have already noted that the S-b distance is below 2.0 A during
62% of the simulation time. However, the S-a distance fulfills
the NAC criteria only 3.2% of the time in the acetonitrile simu-
lation. In water the corresponding result is below 0.1%. It
should be noted that the starting complex of the DFT calcula-
tions is basically a NAC. The free energy required to form the
NAC (AGyyo) is thus an approximation for the free energy of
going from the initial substrate complex to the DFT starting
complex, and should be added to the quantum chemical acti-
vation energy to provide an estimate of the free energy barrier
for the first reaction step.”” This barrier contribution can be es-
timated from Equation (1):

AGyuac = —RTInP (1)

where P is the fraction of structure that fulfills the NAC criteria.
A NAC fraction of 3.2% then corresponds to an increase in the
barrier by 9 kimol™". It should be noted that this value is only
a lower limit to the effect, since we have applied a rather loose
NAC definition. A more correct NAC definition requires both
the S-a and the S-b distances to be within their limits at the
same time, as there are hydrogen bonds between the oxyan-
ion hole and the carbonyl oxygen. We are not able to obtain a
free energy correction with this definition, since there are too
few structures that simultaneously fulfill all the criteria. Howev-
er, it can be concluded that the unfavorable substrate binding
may have a significant effect on the kinetics of the reaction.

The binding of the reaction intermediate to the active site is
also of importance for the reactive properties. In this case the
relevant distances are depicted in Figure 2. It can first be
noted that the formed oxyanion binds much more strongly
than the carbonyl oxygen of the substrate to the oxyanion
hole. In the intermediate the hydrogen bonds to the N—H (I-d)
and O—H (I-c) groups of Thr40 are both within 2.0 A more than
90% of the simulation time (Table 5). Interestingly, we find that
the N--H bond to the GIn106 is much weaker and only within
hydrogen bond distance 13% of the time. The results of the
acetonitrile simulation show a slightly higher frequency of

Figure 2. A snapshot from the MD simulations of the position of the reac-
tion intermediate in the active site of Ser105Ala mutant in the 3-phenyl-
prop-2-enal epoxidation. Only the catalytically important residues are depict-
ed, whereas broken lines mark the catalytically important distances that
were analyzed.
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Table 5. Analysis of catalytically important distances from the MD simula-
tions on reaction intermediate binding of 3-phenylprop-2-enal in the
Ser105Ala mutant. Fractions (P) of distance values within the sum of van
der Waals radii and average distances are given.

Solvent Water Acetonitrile

distances® pe! average pe! average
[A] [A]

l-a 0.170 49 0.077 2.5

I-b 0.128 2.2 0.171 23

I-c 0.909 23 0.988 1.7

I-d 0.911 33 0.902 1.9

[a] For definition of distances see Figure 2. [b] The reference value for the
hydrogen bonds (I-a--I-d) is 2.0 A.

hydrogen bonding to GIn106 (17%). This indicates that the
GIn106 N--H system has a much smaller effect in stabilizing the
intermediate than the Thr hydrogen bonds.

The frequency of NAC information in the intermediate is of
importance for the kinetic properties of the second reaction
step: that is, the peroxide formation. Here, the relevant param-
eter is the distance between the His224 hydrogen and the
outer oxygen of the peroxy group (I-a). The percentage of
NAC formation is 7.7 % in acetonitrile and 17 % in water. These
results suggest that NAC formation in the intermediate is not a
major obstacle for the reaction, and may only be of impor-
tance if the transition state energy for the second reaction
step is significantly higher than for the first.

Density functional theory modeling

The DFT modeling was performed in two different model sys-
tems. The first model (model 1) includes a full representation
of the oxyanion hole, whereas the second (model 2) lacks the
GIn106 functionality (Figure 3). This latter model was consid-
ered because the MD simulations indicate that there is no hy-
drogen bond between the GIn106 N—H group and the oxyan-
ion of the reaction intermediate, and that GIn106 therefore
cannot influence the reaction. Computations were performed

o/\ (Thrd0)

’

(GIn106) 0 (Thr40)
S0

|
O. N*
Y \H j " H \f
o’ 0}
H - [ U
R H R e H
H-Q, H-O,
O- H O*H
N
¢ J (His224) 4 j (His224)
N N
H H
0- 0-
% (Asp187) L_O (Asp187)
model1 model2

Figure 3. Model systems used in the DFT calculations, with the substrates—
hydrogen peroxide and the aldehyde—in gray. Atoms marked by an asterisk
were constrained.
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both for but-2-enal and for 3-phenylprop-2-enal in both model
systems.

The epoxidation of the unsaturated aldehyde is predicted to
take place in two steps inside the active site of the mutant
enzyme (Scheme 2). In the DFT model systems, the reaction

< S X u % t
H H H H H H
g 0 R 0
. ol Newazly
R/\\/\H R(\\;/ H ="
* L Ho 2
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H H 6+ H
N N ‘N
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H H
=
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H " | H i H o
6 5TS 4

Scheme 2. The detailed reaction mechanism for the epoxidation in CALB
Ser105Ala deduced from the DFT computations.

starts from a near attack complex (reaction complex), in which
the unsaturated aldehyde is bonded to the oxyanion hole
through hydrogen bonds to Thr40. Furthermore, there is a hy-
drogen bond between the GIn106 N—H group and the perox-
ide in the large model (model 1).

In the first step (2TS, Scheme 2, Figure 4) of the reaction the
His224 abstracts a proton from the hydrogen peroxide, and at
the same time the inner oxygen forms a bond to the 3-carbon
of the aldehyde. The hydrogen bond network of the oxyanion
hole remains throughout this step. In the reaction with but-2-
enal as substrate, this step has barriers of 49 and 33 kJmol™
(Table 6) for the reaction complexes for model 1 and model 2,
respectively. This relatively low barrier is explained by two im-
portant features of the active site. 1) The hydrogen peroxide is
activated by the abstraction of a proton by His224, and the re-
sulting positive charge is stabilized by Asp187. 2) The negative
charge that is formed on the aldehyde is transferred through
resonance to the carbonyl oxygen, where it is stabilized by the
two hydrogen bonds from Thr40.

The result of these two factors is mainly a stabilization of
the charge separation in the transition state and provides an
explanation for the low activation energy. The reaction inter-
mediate 3 rearranges to 4 before the reaction proceeds; the
hydrogen bond between His224 and the hydrogen peroxide
switches from the inner to the outer oxygen of the hydrogen
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2TS model 2
but-2-enal

2TS model 1
but-2-enal

Figure 4. Transition state structures (2TS) for the rate-determining step of
but-2-enal epoxidation for the two models.

Table 6. Relative energies [B3LYP/6-311+G(d)] in kimol~' for the epoxi-
dation of but-2-enal and 3-phenylprop-2-enal in the model systems.

Substrate AE™ but-2-enal AE™ 3-phenylprop-2-enal
model 1 model 2 model 1 model 2
1 0 0 0 0
2TS 49 33 59 52
3 -1 —-20 23 1
4 1 =21 24 8
5TS 30 10 54 41
6 —163 —177 —143 —144

[a] Relative energies have been corrected for solvation effects at the PCM
level with use of a dielectric constant of 4.

peroxide. The energy difference between the two intermedi-
ates is small (less than 4 kJmol™") and we were not able to
locate a transition state for the transfer. The second step of the
reaction is the actual formation of the epoxide 5TS. A bond is
formed between the a-carbon of the aldehyde and the inner
oxygen of hydrogen peroxide, and at the same time the
proton on His224 is transferred to the outer oxygen of hydro-
gen peroxide, forming water. Again, the hydrogen bonding
network of the oxyanion hole remains unchanged. With but-2-
enal as substrate in model 1, this step has a barrier of
29 kJ mol'relative to 4, and 5TS lies 30 kJmol™' above the re-
action complex. The corresponding energy differences for
model 2 are 31 and 10 kJ mol™’, respectively.

The qualitative picture of the reaction sequence is similar for
the two model systems. In both cases the initial proton trans-
fer step is rate-determining, and the energetics suggest that
there should be no accumulation of reaction intermediate. This
is in agreement with the experimental results, which found no
saturation in the kinetics with respect to the aldehyde even at
3M in acetonitrile; accumulation of reaction intermediate will
lead to saturation. Interestingly, we find no propensity for the
GIn N—H group to form a hydrogen bond to the oxygen of the
aldehyde during the reaction in model 1. This is not entirely
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surprising in view of the fact that the MD results also show
that the hydrogen bond stabilization of the oxyanion in the in-
termediate dominantly comes from Thr40. However, in the
quantum chemical simulation with model 1 there is a hydro-
gen bond interaction between the GIn N—H and one of the
oxygens of the peroxy group that is absent in the MD simula-
tions. The difference in behavior is most likely an effect of the
lack of explicit solvent molecules and the reduced active site
model in the QM calculations, which limits the interaction pos-
sibilities. A quantitative analysis shows that both the first- and
second-step transition barriers are higher in model 1 than in
model 2. This seems to be a consequence of the extra hydro-
gen bond between GIn and the peroxy group in model 1.
Since this interaction seems to simulate a solvation interaction
in the real system, it is not unlikely that the large system calcu-
lations are more accurate. It should also be noted that the un-
specific solvation corrections from the polarizable continuum
model have the effect of raising the transition barriers.

The reaction with 3-phenylprop-2-enal is found to have a re-
action profile similar to that of the but-2-enal reaction in both
model systems. However, the relative transition state energies
are higher for 3-phenylprop-2-enal, and the biggest difference
is found for the second step of the reaction. Still, also for 3-
phenylprop-2-enal, the quantum chemical calculations predict
the first step to be rate-determining. In the large model
system (model 1) calculations, the 3-phenylprop-2-enal reac-
tion has an activation energy 10 kJmol™" higher than that of
the but-2-enal reaction. The corresponding energy difference
for model 2 is 19 k) mol™". These results are in good agreement
with the experimental measurements, which predict a energy
difference of 14 kimol™" on the basis of the more than two
orders of magnitude higher reaction rate for but-2-enal than
for 3-phenylprop-2-enal. Thus, our limited model systems are
capable of reproducing the difference in reaction rate between
the two substrates.

From the kinetic analysis, the activation free energy and acti-
vation enthalpy for the but-2-enal reaction in aqueous solution
were computed to be 78 and 65 kJmol™, respectively. These
values are not directly comparable to the activation energy ob-
tained by the DFT calculations, since the reference states are
different. For the experimental data, the reference state is a
loose substrate—enzyme complex (Michaelis complex), whereas
the DFT calculations start from a reaction complex, a NAC. It
should be noted that the MD simulations indicate that the free
energy cost of going from the substrate-enzyme complex to
the NAC (AGy,o) is more than 9 kJmol™'. Furthermore, both
the MD simulations and the kinetic study indicate that there is
a very weak bonding of the aldehyde to the active site; that is,
only a very loose enzyme-substrate complex is formed. The
AGyc value would be expected to have a large entropic com-
ponent, and it can be assumed that the change in enthalpy of
going from the enzyme-substrate complex to the NAC is rela-
tively small. Consequently, the experimentally determined acti-
vation enthalpy should be of a magnitude similar to that of
the DFT-computed activation energy. There is also a relatively
good agreement between the values; the computed activation
energy for the large model system is 49 k) mol™, which is only
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16 kimol™" lower than the experimentally measured activation
enthalpy. This difference is within the accuracy of the DFT
method, which for gas-phase chemical reactions is estimated
to be around 16 kJmol~" 5233

Conclusions

A new promiscuous activity of C. antarctica lipase B was used
to catalyze the direct epoxidation of but-2-enal and 3-phenyl-
prop-2-enal in aqueous and organic solution.

Substrate binding and binding of the reaction intermediate
were investigated both by molecular dynamics (MD) simula-
tions and by experimental kinetics. The MD simulations show
that hydrogen peroxide binds tightly to His224 in both aque-
ous and acetonitrile solution. The aldehyde does not bind
strongly to the oxyanion hole, and the binding is weaker in
acetonitrile than in aqueous solution. This is in agreement with
the kinetics, where no saturation was reached in acetonitrile
and a relatively high K’ was determined in aqueous solution.

Density functional theory (DFT) computations indicate that
the reaction proceeds through a two-step mechanism with for-
mation of an oxyanionic intermediate. The first step, in which
His224, with the support of Asp187, abstracts a proton from
hydrogen peroxide in concert with the nucleophilic addition of
hydrogen peroxide to the f-carbon, was found to be rate-de-
termining. The second step, the ring closure, is catalyzed by
the back-donation of the His224 proton to oxygen to form
water. The MD and DFT results both indicate that oxyanion sta-
bilization in transition states and intermediates are facilitated
mainly by hydrogen bonds from Thr40. Hydrogen bonding
from GIn106 was found to be less important. The experimental
kinetic study is also indicative of the involvement of two hy-
drogen bonds in the transition state. The experimentally deter-
mined activation enthalpy is in relatively good agreement with
the DFT calculations, in view of the different reference states
and the accuracy of the DFT method. In addition, the differ-
ence in reaction rate between the but-2-enal and 3-phenyl-
prop-2-enal is well reproduced by the DFT computations.

Experimental Section

Chemicals: But-2-enal and 3-phenylprop-2-enal (Fluka Chemika)
were used as substrates. Hydrogen peroxide (35%, w/w) solution
(SDS) was used as oxidant. Decane (Aldrich) and 1,4-dioxane
(Labora) were used as internal standards for GC measurements.
Acetonitrile (Labassco) was used as organic reaction solvent.
KH,PO, (Merck) buffer solution (100 mm), acidified to pH 3.9 with
H,PO, (Merck), was used as reaction solvent. Diethyl ether (VWR)
and n-hexane (SDS) were used for the GC measurements.

Protein production: The C antarctica lipase B Ser105Ala mutant
was created by site-directed mutagenesis. Both wild-type and
mutant lipases were expressed and produced in Pichia pastoris, pu-
rified by hydrophobic interaction chromatography and gel filtra-
tion, and freeze dried.?**"

Protein characterization: The amount of active enzyme was deter-
mined by active-site titration (with methyl p-nitrophenyl n-hexyl-
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phosphonate) of freeze-dried nonimmobilized wild-type CALB;®!
78% of the enzyme was found to be active.””

Protein immobilization: Freeze-dried wild-type CALB and CALB
Ser105Ala were immobilized on polypropylene carrier Accurel
MP1000 (<1500 um) in potassium phosphate buffer (50 mm,
pH 8.6). Immobilized enzyme was dried and equilibrated to a water
activity of 0.11. The amounts of protein adsorbed on the carrier
were determined to 1.8% (w/w) for the wild-type lipase and 1.3%
(w/w) for Ser105Ala mutant enzyme.*3*

Irreversible inhibition: Irreversible inhibition of immobilized wild-
type CALB was carried out with methyl p-nitrophenyl n-hexyl-
phosphonate as described by Rotticci et al.>

Direct epoxidation reactions: The typical direct epoxidation reac-
tion mixture contained aldehyde (0.3 m), hydrogen peroxide (0.4 m,
35%, w/w), 1,4-dioxane or decane (0.3 M , internal standard), and
solvent (100 mm KH,PO, buffer of pH 3.9 or acetonitrile). Immobi-
lized enzyme (12.5 mg, containing 1.8% (w/w) wild-type lipase or
1.3% (w/w) Ser105Ala mutant enzyme) was added to reaction solu-
tion (750 pL). The reactions were placed in an end-over-end rotator
at 20°C.

Compound quantities and identification: The quantitative analy-
sis was carried out on a GC 5890 Series Il (Hewlett Packard) instru-
ment with FID detector and capillary column (CP-Chirasil Dex CB,
25 mx0.32 mm i.d., d; 0.25 um). The temperature was set constant
at 40°C, and the retention times were: 4-4.5 min for but-2-enal,
5.5-6 min for the epoxide product, and 8 min for the 1,4-dioxane
internal standard. Compound identification and characterization
was carried out by using a GC-MS 6890 (Hewlett Packard) instru-
ment with a capillary column (J&W CycloSil-B, 30 mx0.32 mm i.d.,
d; 0.25 um) and fitted with an MS detector.

Enzyme kinetics: Enzyme kinetics for the direct epoxidation of
but-2-enal catalyzed by wild-type CALB and Ser105Ala mutant
were performed under pseudo-one-substrate conditions, the con-
centration of hydrogen peroxide being kept constant (0.4 m), while
the concentration of but-2-enal was varied. 1,4-Dioxane or decane
(0.3m) were used as internal standards. Immobilized enzyme
(12.5 mg, containing 1.8%, (w/w) wild-type CALB or 1.3% (w/w)
CALB Ser105Ala) was added to the reaction volume of 750 uL. All
reactions were performed at 20°C in KH,PO, buffer (pH 3.9,
100 mm) or acetonitrile. The concentrations of but-2-enal in aceto-
nitrile were 0.003, 0.03, 0.3, 1 and 3™, and those in water solution
were 0.004, 0.009, 0.026, 0.14, 0.65 and 2.2m. The kinetic con-
stants—K>® and k¥P—and (k,/K{;*) were determined from
Hanes-Wolff plots by use of the apparent reaction rates and the
substrate concentrations. The background reaction rates (ko)
were calculated from the equation: v=Kk,,, [S];[Sl,, where [S]; and
[S], are the aldehyde and hydrogen peroxide concentrations. The
initial background reaction rates were subtracted from the initial
enzyme-catalyzed reaction rates.

Calculation of experimentally determined activation parame-
ters: The initial rates of epoxidation of but-2-enal (0.3 M) by hydro-
gen peroxide (0.4m) catalyzed by wild-type CALB and by CALB
Ser105Ala, together with those of the uncatalyzed reaction, were
determined at three or four constant temperatures: 15°C, 30°C,
and 50°C for reactions carried out in acetonitrile and 20, 30, 43,
and 56 °C for those in water. The reaction mixture was prepared as
described above. All mixtures were stirred to ensure even tempera-
ture diffusion. The thermodynamic activation components, Gibbs
free energy (AG®), enthalpy (AH"), and entropy (AS™) were calcu-
lated from the Eyring equation.
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Molecular dynamics simulations: Molecular dynamics simulations
were performed for two sets of structures. The first involves hydro-
gen peroxide and 3-phenylprop-2-enal bound to the active site of
CALB. This corresponds to the starting structure for the epoxida-
tion of 3-phenylprop-2-enal. The second structure is an intermedi-
ate structure of the epoxidation reaction, where an oxygen of the
hydrogen peroxide has bound to the f-carbon and the proton of
the oxygen has transferred to His224. Starting structures for the
MD simulations were generated from Autodock®® simulations in
which hydrogen peroxide, 3-phenylprop-2-enal, and the 3-phenyl-
prop-2-enal epoxidation intermediate were docked to the 1LBT™"
crystal structure of CALB.

The AMBER9 package was used for all MD simulations, which were
performed in acetonitrile and in aqueous solution.*” The Amber
1999 force field (ff99) was used for the protein.®® Force field pa-
rameters for the nonprotein atoms (belonging to hydrogen perox-
ide, 3-phenylprop-2-enal, and the intermediate structure formed
from these) were generated by use of the antechamber program
from the general Amber force field (gaff).***? The generation of
gaff-parameters was based on AM1 geometries, and the AM1-BCC
approach was used for partial charges.*"*? The TIP3P solvent
model was used for water representation.”® A united-atom model
was used for the acetonitrile solvation.””

All amino acid residues were assumed to be in their natural proto-
nation state, with the exception of His224, which was protonated
in the simulations of the intermediate structure. The total charge
was adjusted to zero by the addition of sodium counterions. Simu-
lations were performed under periodic boundary conditions with a
truncated octahedron unit cell, and the long-range electrostatics
were handled by particle Mesh Ewald summation. A minimum
layer of 8 A solvent molecules were added outside the protein,
which resulted in a unit cell that fitted a sphere of approximately
28 A. The total numbers of atoms in the acetonitrile and aqueous
solutions were approximately 12000 and 24000, respectively. Fol-
lowing initial minimization of 3500 steps in total, the systems were
heated to 300K over 20 ps with mild restraints on the protein
atoms (10 kcalmol™'A). The production simulations were per-
formed for 1 nanosecond with a time step of 2 fs and under con-
stant temperature (300 K) and pressure (1.0 bar) conditions.

Density functional theory calculations: The reaction mechanism
and the reaction energetics for the epoxidation in the Ser105Ala
mutant of CALB were investigated by density functional theory
(DFT) calculations. Two model systems were used to represent the
reaction center in the active site (Figure 4). The first model includes
fragments representing the amino acid residues GIn106, Thr40,
His224, and Asp187. The second model omits GIn106, because the
MD simulations indicated that this residue may not participate in
the stabilization of transition states and reaction intermediates.
The two different systems are referred to as model 1 and model 2,
respectively throughout the text.

All stationary points, transition states and minima, have been fully
optimized at the B3LYP/6-31+G(d) level of theory. When hybrid-
exchange correlation functionals, such as B3LYP, have been used,
polarized valence double-¢ basis sets augmented with diffuse func-
tion have been shown to provide transition state barriers and reac-
tion energetics of accuracy similar to that of much larger basis
sets.* The positions of the catalytic residues were determined
from the crystal structure of CALB (1LBT),?” and a limited number
(three for model 1 and two for model 2) of constraints were used
to maintain the overall structure of the active site. The constraints
ensured that the distance between His224 and Thr40, the distance
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between His224 and GIn106, and the distance between Thr40 and
GIn106 were fixed. The specific atoms that were constrained are
depicted in Figure 4. The reaction energies have been corrected
for unspecific solvation effects by polarizable continuum model
(PCM)™¥ calculations at the B3LYP/6-31+G* level. A dielectric con-
stant of 4.0 was assumed for the active site. The standard PCM
method of Gaussian 03" was utilized; the solute cavities were
made up of overlapping spheres centered at the nuclei. The radii
of the spheres were taken as the Bondi® van der Waals radii and
scaled by a factor of 1.2 (1.05 for polar hydrogens). The Gaussi-
an 03 suite of programs was used for the DFT calculations.
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Resin-Bound Aminofluorescein for C-Terminal Labeling of
Peptides: High-Affinity Polarization Probes Binding to
Polyproline-Specific GYF Domains

Viviane Uryga-Polowy,®®

A polymer support for the solid-phase synthesis of C-terminally
labeled carboxylic acids has been developed. Fluorophore-labeled
peptides were constructed directly on the amino group of resin-
bound aminofluorescein. Fmoc-protected aminofluorescein was
coupled onto tritylpolystyrene, and the free phenolic hydroxyl po-
sitions of the fluorescein were blocked with suitable protecting
groups. The mode of attachment was analyzed and found to be
selective for the phenoxy ether linkage. The conditions for peptide
synthesis on the labeling resin were investigated, and a small li-
brary of C-terminally labeled peptides was prepared. The fluores-
cence quantum Yyields of C-terminally labeled peptides were de-
termined and indicated the suitability of the compounds for
imaging and binding experiments. The obtained peptides were
therefore investigated as fluorescence polarization probes. Two

Introduction

Fluorescence-labeled molecules are essential tools in biochemi-
cal and biomedical research. Attached fluorophores allow la-
beled molecules in cells and organisms to be traced by fluores-
cence microscopy or fluorescence lifetime imaging (FLIM),"
fluorescence-assisted cell sorting (FACS),” and NIR imaging.”!
In addition, fluorophore-labeled molecules can provide infor-
mation relating to specific intermolecular interactions both in
vitro and in living cells, diffusion rates, and molecular dynamics
through fluorescence resonance energy transfer (FRET)® and
fluorescence correlation spectroscopy (FCS).”) One method
widely used for the detection and quantification of binding
phenomena is fluorescence polarization (FP).”

We were interested in developing fluorescence-based meth-
ods for the characterization of protein-protein interactions and
the identification of small-molecule inhibitors through high-
throughput screening (HTS) of chemical libraries. Specific pep-
tide and small-molecule inhibitors of protein-protein interac-
tions can be valuable tools for studying the functional signifi-
cance of single interactions and hence elucidation of their
roles in complex networks governing cellular functions. More-
over, if pharmacologically relevant protein-protein interactions
are studied, the identified inhibitors may serve as starting
points for drug development.

We were interested specifically in GYF domains as protein
targets, since they represent a prototypic class of protein inter-
action domains.”’ Like SH3 and WW domains they recognize
proline-rich sequences and thereby contribute to the organiza-
tion of cellular signaling by forming protein-interaction net-
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[a, b]

different proline-rich binding domains of the GYF family—
CD2BP2 and PERQ2—were targeted by peptides labeled either C-
or N-terminally. Reversible binding constants were determined by
fluorescence polarization measurements and were verified by
competition experiments with the corresponding unlabeled pep-
tide. As a second control, the binding constants were measured
by NMR titration experiments, recording the HSQC NMR spectra
of ’N-labeled proteins in the presence of the peptide polarization
probes. Ligands with higher dffinities than all others known pre-
viously were identified for both GYF domains. The competition
assay with the developed fluorescent probe has a high statistical
reliability and can thus be used for screening of GYF domain
inhibitors.

works. Two GYF domains (CD2BP and PERQ2) were selected as
targets. CD2BP GYF is involved in lymphoid signal transduc-
tion"”! and, supposedly, in the splicecosome.® For both domains,
binding peptides of moderate affinity have been identified by
phage display technology.”

Fluorescence polarization (FP) was selected as method of
choice for our bioassay development for several reasons. Many
protein—protein interactions can be reduced to protein-pep-
tide interactions. A fluorescence-labeled derivative of an opti-
mized peptide ligand can therefore be used as a probe for
small-molecule inhibitor screens by using FP competition ex-
periments. FP assays can be operated in homogeneous solu-
tion, thereby eliminating the surface and multivalency effects
that hamper heterogeneous assays such as enzyme-linked for-
mats (e.g., ELISA) and those based on plasmon resonance
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(e.g., BIACore). Furthermore, they enable high-throughput
measurements with low protein consumption.

The development of a novel FP assay requires an appropri-
ate selection of fluorophore and protein construct, with fluo-
rescence lifetime and molecular weight characteristics that
make it possible to distinguish between the free and bound
states of the fluorescent ligand. The method is based on the
direct observation of the rotational correlation time () of the
fluorescent molecule under investigation relative to the fluo-
rescence lifetime () of the excited fluorophore.'® In the case
that the molecule tumbles slowly (0iety > Tauorophore)s the aniso-
tropy (polarization) of the fluorescence excitation light is re-
tained in the emission light (Figure 1). Since 6 is a function of
the molecular weight,"" depolarization takes place rapidly for
a small molecule with low molecular weight and small specific
volume, whereas the same labeled molecule bound to a mac-
romolecule—a protein, for example—will emit strongly polar-
ized light.

A) Excitation

larized light {j Excited fluorophore
polarized lig

- = Partially excited fluorophore
fy (] <= Not excited fluorophore
= | . Protein
il s € Rotational correlation time
4 = 7 Fluorophore lifetime
B) Emission
partially polarized light

0 <<t
f1~r Q% 4 i

V Y@

Figure 1. Principle of fluorescence polarization assays. A) All fluorophores
aligned with the polarization plane are excited. B) Free fluorophores rotate
rapidly and the emitted light is no longer polarized. Fluorophores bound to
large molecules rotate more slowly, and the polarization is mostly retained
in the emitted light.

o
+ Q::Q

8 >>1

The synthesis of a suitably labeled fluorescence probe in
praxi is essentially the result of an extended optimization pro-
cess.'"? A fluorophore attached to the ligand distant from the
binding site might retain its mobility to a large degree, result-
ing in a significant reduction of the polarization signal. The
very same fluorophore attached too closely can interfere with
ligand binding, reducing affinity and increasing the Kj value.
An optimal FP probe possesses high affinity together with a
maximum signal-to-noise ratio and a high statistical reproduci-
bility of the recorded polarization data, resulting in an assay
characterized by a high Z value.'”

Conventional approaches for fluorophore labeling of pep-
tides and proteins employ readily available compounds such
as fluorescein 5(6)-isothiocyanate (FITC), 5(6)-carboxyfluores-
cein, 5(6)-tetramethylrhodamine isothiocyanate (TRITC), or 2-di-
methylaminonaphthalene-5(6)-sulfonyl chloride (dansyl chlo-
ride). All these fluorophores are coupled to nucleophilic sites
of the protein, such as the amino groups of lysine residues"
or the N termini of peptides.'™

ChemBioChem 2008, 9, 2452 — 2462
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We needed an inexpensive, robust, and efficient fluorophore
attachment method. The protocol should allow the labeling of
diverse sets of molecules with fluorophores and should avoid
additional workup procedures in the preparation of labeled li-
braries. To reduce the conformational flexibility, it was necessa-
ry to avoid spacers for fluorophore attachment. From this list
of specifications we concluded that a reactive fluorophore di-
rectly attached to a polymer support should fulfill the require-
ments best.

Results and Discussion
Selection of the fluorophore

Fluoresceinamine was selected for the development of a label-
ing resin. Acylated fluoresceinamine possesses a long emission
wavelength (Ao, =492 nm; 4.,,=519 nm) well-suited for library
screening because it does not interfere with the intrinsic fluo-
rescence of most small molecules and proteins, thus reducing
the number of potential false positives. The short fluorescence
lifetime (4.5 ns""®) and the good quantum yield of fluorescence
enable sensitive discrimination of binding events between la-
beled low molecular weight compounds and larger proteins as
predicted by the Perrin equation."”'® After we had investigat-
ed the synthesis of fluorophore libraries in solution by various
protocols (V. Uryga-Polowy, unpublished results), a solid-phase
approach”™ appeared to be superior to synthesis in solution.
Reagents and byproducts can easily be removed by washing
steps, and completion of reactions can be achieved by adding
reagents in excess or by repeating the reaction steps, enabling
isolation of pure products without chromatographic purifica-
tion. A labeling reagent on solid support can also be used as a
starting point for further already established syntheses on solid
phase, such as solid-phase peptide synthesis (SPPS).”"

Synthesis of the fluorescein labeling resin

2-Chlorotrityl chloride resin was selected for attaching the fluo-
rophore building block. Direct coupling of unprotected 4-ami-
nofluorescein (1, Scheme 1) to the 2-chlorotrityl chloride resin
in the presence of DIPEA led only to alkylation of the aniline
nitrogen. As a control, the analogous reaction between trityl
chloride and 4-aminofluorescein was conducted in solution,
and NMR analysis confirmed the selective formation of the N-
tritylated product. Thus, for controlled coupling to the polymer
support, the aniline moiety was protected with the 9-fluorenyl-
methoxycarbonyl (Fmoc) group, yielding carbamate 4. The
Fmoc protecting group, being labile under basic conditions, is
orthogonal to the resin cleavage conditions and allows direct
evaluation of the resin loading by photometric quantification
of cleaved Fmoc groups.””

Building block 4 was obtained by two alternative strategies.
Direct carbamoylation of 1 furnished 4 in a single step in 40%
yield after flash chromatography. The major by-product of this
reaction, doubly protected aminofluorescein, could be recov-
ered by chromatography and recycled as starting material. Al-
ternatively, 4 was prepared in three steps via the pivaloyl-pro-
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This analytical finding was
supported by further experi-
mental evidence. The mono-O-
pivaloyl-protected derivative of
4 was isolated and coupled to
trityl resin, resulting in a poor
yield (10%) of immobilized fluo-
rescein. In this case, dianion for-

NHFmoc

NHFmoc
7 6a

Scheme 1. Synthesis of the fluorescein labeling resin. Conditions: a) Piv,0, Cs,CO;, DMF, RT, 90 min, 96 %; b) Fmoc-
Cl, NaOH, THF, 0°C—RT, 16 h, 84%; c) 95% TFA in H,0, 60°C, 120 min, 92%; d) Fmoc-Cl, NaOH, THF, 0°C—RT,
16 h, 40%; e) 2-chlorotrityl chloride resin, DIPEA, DCM/DMF, RT, 180 min; f) MEM-CI, DIPEA, DMF, RT, 90 min;

d) 20% piperidine in DMF, RT, 2 min+10 min.

tected intermediate 2 (Scheme 1)®" in a procedure that

worked smoothly and required only the intermediate crystalli-
zation of 3 to furnish 4 in an overall yield of 72 %, avoiding pu-
rification by chromatography.

Coupling of 4 to 2-chlorotrityl resin by treatment with DIPEA
in DCM/DMF succeeded in providing 5 with a practical loading
of 0.35mmolg™". The yield of 45% could not be increased
either by heating or by use of excess reagent; presumably the
maximum loading of the resin is limited by partial cross-cou-
pling.

The mode of attachment was next investigated. Depending
on the pH value, fluorescein can exist as four prototropic spe-
cies®?_as a cation, a neutral species, a monoanion, or a dia-
nion—and so, with allowance for all tautomers, seven different
structures can be formed (Scheme 2A). The monoanion is
found predominantly (99.9%) as the carboxylate 9a, with a pK,
value of 6.4. Thus, under the basic conditions applied here, the
dianion 12 possessing a carboxylate and a phenoxide nucleo-
phile is formed, furnishing either the trityl ester product 13 or
the trityl ether product 14 (Scheme 2B). Although phenoxides
are in general better nucleophiles than carboxylates, in this
case their reactivity might be impaired by delocalization of the
negative charge or by steric effects, so the selectivity of the al-
kylation step had to be verified experimentally. The ATR-IR (at-
tenuated total reflection IR) spectrum of resin 5 after Fmoc re-
moval displayed an absorption band at 1762 cm™" characteris-
tic of a lactone carbonyl vibration (Figure 2) indicating selectiv-
ity for the trityl ether product 14. The ester or carboxylate car-
bonyl groups would resonate at significantly lower wave
numbers (1730-1710 cm ™' or < 1700 cm™', respectively).*”
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mation was excluded due to the
protection of one phenolic posi-
tion, and only the monoanion
with the equilibrium on the side
of the less reactive carboxylate
was available for alkylation, re-
sulting in the observed low cou-
pling yield.

The immobilized fluorescein 5
still had two potentially reactive
sites. In order to ensure selective
reactions of the aniline moiety,
5 the free phenol had to be pro-
tected. The selected protecting
group should be removable
under acidic conditions together
with final cleavage of products
of the resin, and should be elim-
inated from the solution by
evaporation. 2-Methoxyethoxymethyl (MEM), tert-butyldimethyl
silyl (TBDMS), and triethylsilyl (TES) ethers were investigated
for this purpose, yielding resins 6a, 6b, and 6c, respectively
(Scheme 3). The efficient use of these three groups was evalu-
ated by LC/MS analysis of the product cleaved from the resin
after Fmoc removal and treatment with Fmoc-glycine. All three
groups provided product 15 with high purity in excellent
yields. The silyl ethers, however, were slightly labile on base
treatment, whereas the MEM group was totally stable under
these conditions and was therefore selected as the best choice
for the subsequent syntheses.

®)
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Figure 2. ATR-IR spectrum of the resin resulting from Fmoc deprotection of
resin 5. The characteristic C=0 band at 1762 cm™' shows the presence of a
lactone ring and not an ester, confirming the fluorescein attachment to the
resin on the phenol.
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A) Dianion Monoanion Neutral Cation
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Scheme 2. A) The prototropic forms of fluorescein. B) Attachment mode to the trityl resin.

NHFmoc FmocHN/W NH
6a: R=MEM 0

R =TBDMS 15
6¢c: R=TES

Scheme 3. Phenol protection. Conditions: a) i: MEM-CI, DIPEA, DMF, RT, 2x 2 h; ii: TBDMS-CI, DIPEA, DMF, RT,
2x2 h; iii: TES-Cl, DIPEA, DMF, RT, 2x2 h; b) 20% piperidine in DMF, RT, 2x 15 min; ¢) Fmoc-AA, DIC, THF/DCM, RT,
60 min; d) 95% TFA/H,0.
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Synthesis of a library of C-ter-
minally fluorescein-labeled
peptides

After the protection of resin 5
to yield 6a, the Fmoc group
was removed, and acylation of
the aniline 7 with Fmoc-protect-
ed amino acids was investigat-
ed. Different conditions were
tested (Table 1),*** and cou-
pling with diisopropylcarbodii-
mide in DCM/THF (Table 1,
entry 6) showed the best results
for formation of cleavage prod-
uct 15 (92%). After the Fmoc
group had been removed, pep-
tide synthesis (Scheme 4) was
conducted with amine 16 by
the Fmoc strategy, with alternat-
ing DIC/HOBt coupling steps
and piperidine Fmoc removal.
Finally, the peptidyl-aminofluor-
escein resins 17 were N-termi-
nally acylated (18) and cleaved
from the resin with 95% TFA/
H,O and 2% triisopropylsilane
to yield peptides 19. Phenol was
added as a scavenger in the
cases of peptides containing the
Pmc protecting group.

The fluorescence properties of
the obtained C-terminally la-
beled peptides were investigat-
ed and compared to those of
well-known N-terminally labeled
peptides. Whereas 5(6)-carboxy-
fluorescein is highly fluorescent
on its own,”® 4-aminofluores-
cein is practically nonfluorescent
in its amine form. On functional-
ization, the fluorescence proper-
ties of both molecules are
changed and these variations
were investigated by measure-
ment of fluorescence emission
spectra (Figure 3). Amidation of
5(6)-carboxyfluorescein (peptide
191) leads to a reduction in the
fluorescence quantum yield to
0.44, whereas acylation of 4-ami-
nofluorescein  (peptide 20a)
causes a drastic increase in fluo-
rescence (Table 2). As a result,
the novel C-terminally labeled
and the classical N-terminally la-
beled peptides have similar exci-

2455



www.chembiochem.org



BIO

J. Rademann et al.

M, @ . o . ed so far. For the GYF domain of

able 1. Coupling conaitions on e Tluorescein resin. .
ping CD2BP2, the peptide
Amino acid (5 equiv)  Activating agent (5 equiv)  Base (5 equiv)  Solvent Conversion [%] EFGPPPGWLGR derived from

: (9]

1 Fmoc-Gly-OH DIC/HOBt - DMF 0 phage display™ was used as a
2 Fmoc-Gly-OH DIC - DMF 0 starting point for the probe de-
3 Fmoc-Gly-OH DIC - THF 9 velopment, while for PERQ2 we

4 Fmoc-Gly-OH DIC - DCM 77 .
5  Fmoc-Gly-OH DIC/HOBt - DCM 68 started from the peptides
6  Fmoc-Gly-OH DIC - THF/DCM (1:1) 92 FNGSPPGLSRD and
7 Fmoc-Gly-OH HATU DIPEA DMF 22 WRPGPPPPPPPGLV. For each
8  Fmoc-Gly-OH HATU DIPEA DCmM 91 domain, a focused library of flu-
9  Fmoc-Gly-OH HATU collidine DMF 77 _
10  Fmoc-Gly-OH HATU collidine DCM 73 O.rescent_ prObe.S. w.as synthe
11 Fmoc-Gly-OH HATU 2,6-lutidine DMF 60 sized, with positioning of the
12 Fmoc-Gly-OH HATU 2,6-lutidine DCM 50 fluorophore either C-terminally
13 FmocNH-CH,-COF - DIPEA DCM 78 (Tab'e 3, ‘lga_ml 13 pep“des) or
Conditions: a) Amino acid, activating agent, base, solvent, 90 min, 25°C; b) 20% piperidine in DMF, RT, 2x N-terminally (Table 4, 20a-s, 19
15 min. peptides). Both the peptide

tation and emission maxima and fluorescence quantum yields.

The newly established methodology for the synthesis of C-
terminally labeled fluorescein peptides was subsequently ap-
plied for the development of fluorescence probes for two pro-
tein interaction domains that bind to proline-rich sequences
(PRSs). The GYF domain of the CD2-binding protein (CD2BP2)
is involved in mediating molecular interactions within the spli-
ceosome, while the functional role of the PERQ2 GYF domain
is largely unknown. However, peptide binding specificities for
both domains have been characterized,”* and phage display
had previously identified peptides with binding affinities
below 100 pm, a typical value for proline-rich sequence recog-
nition domains. All GYF domain binding peptides converge on
a central PPG core motif, while residues directly flanking this
sequence vary between the individual GYF domains investigat-

length and the nature of amino
acids were varied systematically
for K, optimization.

Fluorescence polarization assays

For fluorescence polarization measurements, peptides were
dissolved in DMSO at 10 mm and diluted in PBS buffer
(pH 7.3). In the final assay mixture, the concentration of the flu-
orescent peptide was maintained constant at 10 nm, and in-
creasing amounts of protein were added over a concentration
range of 0.01 um to 350 pm. Although no aggregation was ob-
served, Tween 20 (0.1%) was used in all assays as a detergent.
To reduce the already low protein consumption of FP experi-
ments to a minimum, the assay was performed with very good
reproducibility in round-bottomed, very low-volume microtiter-
plates at a final assay volume of 6 pL. After addition of protein

19

18

Scheme 4. Solid-phase synthesis of C-terminally fluorescein-labeled peptides. Conditions: a) Fmoc-AA, DIC, THF/DCM, RT, 60 min; b) 20% piperidine in DMF,
RT, 2x 15 min; ¢) Fmoc-AA, DIC, HOBt, DMF, 30 min; d) Ac,O, DIPEA, DMF, RT, 15 min; e) 95% TFA in H,O, PhOH (if Pmc protecting group), TMS (if Trt protect-

ing group).
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..... Fluoresecein

----- Ac-WRPGPPPPPPPGLV-Fluo (20a)
Fluo-EFGPPPGWLGR-NHZ2 (191)

===== 4-Aminofluorescein

Emission spectra

—— Fluoresecein
— Ac-WRPGPPPPPPPGLV-Fluo (20a)

Fluo-EFGPPPGWLGR-NH2 (191)
——— 4-Aminofluorescein

Figure 3. A) Fluorescence emission spectra of the C- and N-terminally la-
beled peptides 20a and 191, 4-aminofluorescein, and fluorescein. B) Normal-
ized absorption and emission spectra. The acetylated 4-aminofluorescein
present in 20a delivers a signal intensity similar to that of the 5(6)-carboxy-
fluorescein present in 191, whereas non-acetylated 4-aminofluorescein is
almost nonfluorescent. Furthermore, the absorption and emission wave-
lengths of the C-terminally labeled peptide 20a are more similar to those of
fluorescein than those of the N-terminally labeled 191.

Table 3. Synthesized C-terminally fluorescein-labeled peptides for

CD2BP2 and PERQ2 GYF domains.

Compound Peptide sequence Purity [%]"9 Ko [um]
19a® Ac-EFGPPPGWLGRFluo 9% 11443
19b® Ac-EFGPPPGWKGFluo 95 49+15
197 Ac-EFGPPPGWKFluo 95 312:+106
194 Ac-EFGPPPGRKPFluo 98 385:£102
19e Ac-EFGPPPGRKFluo 95 4604320
19 f Ac-EFGPPPGFFluo 9% 135£31
19g® Ac-FNGSPPGLGGGFluo 95 92432
19h® Ac-FNGSPPGLERGFluo 99 168+37
19i® Ac-FNGSPPGLGGFluo 95 67+21
19" Ac-FNGSPPGLGFluo 93 149426
19k®! Ac-FNGSPPGLFluo 92 188442
191® Ac-WRPGPPPPPPPGLVFluo 97 4414339
19m® Ac-WRPGPPPPPPPGLFluo 96 80420

[a] For the CD2BP2 GYF domain. [b] For the PERQ2 GYF domain. [c] HPLC

purity (220 nm) after purification

Table 2. Fluorescence quantum yields (¢;) and absorption and emission
maxima (A,ps, Aem) Of C- and N-terminally fluorescein labeled peptides in
NaOH (0.1 m), determined by comparison with a fluorescein standard
solution.

Compound o Aaps [NM] Aem [NM]
191 0.49 497 525
20a 0.44 492 519
4-aminofluorescein 0.02 488 518
fluorescein 0.95 490 516

ChemBioChem 2008, 9, 2452 — 2462
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Table 4. Synthesized N-terminally fluorescein-labeled peptides for

CD2BP2 and PERQ2 GYF domains.

Compound Peptide sequence Purity [%]9 Ky [um]
20a" FluoEFGPPPGWLGR 99 12+1.9
20b® FluoEFGPPPGWLG 93 27+75
20 FluoEFGPPPGWL 98 82+19
20d" FluoEFGPPPGW 99 183+96
20e® FluoEGPPPGWLGR 99 108 +24
20 £ FluoGPPPGWLGR 92 148+33
20g™ FluoPPPGWLGR 922 132431
20h™ FluoPPGWLGR 95 295433
20i FluoEFGPPPGWKG 99 16+2.7
20j® FluoBpaEFGPPPGWLGR 99 23404
20k FluoEFGPPPGWLGRBpa 99 10+£7.0
201" FluoFNGSPPGLGG 95 285+185
20m" FluoPPGLSRD 9 177 +24
20n" FluoSPPGLSRD 98 6904218
200" FluoNGSPPGLSRD 95 994+ 855
20p"” FluoWRPGPPPPPPPGLY 95 75416
20q"™ FluoRPGPPPPPPPGLV 99 202+38
201" FluoPGPPPPPPPGLV 98 338+143
205" FluoWRPGPPPPPPPGL 95 46+21

[a] For the CD2BP2 GYF domain. [b] For the PERQ2 GYF domain. [c] HPLC

purity (220 nm) after purification.

and peptide solutions, the plate was shaken briefly, and polari-
zation of the emitted fluorescence was directly recorded. FP
values were plotted as a function of the logarithm of the pro-
tein concentration. Binding curves were fitted with the aid of
GraphPad Prism software with a sigmoidal dose-response
model (see the Experimental Section) and provided K values
in the micromolar range (Table 3). For the CD2BP2 GYF
domain, C-terminally labeled peptides with binding affinities
around or below 100 um were identified (19a, 19b, 19f), with
19b being the highest-affinity ligand. To investigate the effect
of the label position, the N-terminally labeled derivatives were
also prepared and showed consistently higher affinity (namely
20a and 20i; 12 and 16 pm). The C-terminal (20b-20d) and
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N-terminal (20 e-20h) shortening of the sequence led to dras-
tic declines in binding (Table4), and so 20a (Fluo-
EFGPPPGWLGR-NH,) was identified as the best fluorescence
probe for the CD2BP2 GYF domain.

For the PERQ2 GYF domain, the C-terminally labeled probe
19i (67 um) was identified as the highest-affinity probe
(Table 3). Again, to test the effect of the labeling position, the
N-terminally labeled analogue 201 was prepared and found to
display significantly reduced affinity (285 um, Table 4). For an-
other test, a sequence containing seven consecutive prolines
was investigated, and for this probe the N-terminally labeled
peptide 20s (46 um) displayed a higher affinity than the C-ter-
minally labeled analogue 19m. In summary, it can be conclud-
ed that both C- and N-terminal labeling yields binding probes
useful for FP measurements, and that the effect of the labeling
position cannot be generalized and seems to depend on the
specific peptide under investigation.

Evaluation of binding by NMR experiments

GYF domain binding of selected N-terminally fluorescein la-
beled peptides was confirmed by NMR spectroscopy. Increas-
ing amounts of a fluorophore-modified peptide were added to
N-labeled GYF domain. HSQC NMR spectra were recorded
and superposed to identify NH resonances of amino acid resi-
dues significantly shifted by ligand addition (Figure 4). Shifted
amino acids were consistently located at the reported ligand
binding site of this GYF domain.”*%3" For five fluorescein-la-
beled peptides the reversible binding affinities were deter-
mined by NMR titration (Table 5). Apparent K; values were cal-
culated by recording the chemical shifts of ten characteristic
NH signals with increasing peptide concentration (Figure 5). All
ten NH signals considered were located in proximity to the
protein binding site as indicated in the three-dimensional pro-
tein structure (Figure 6). All peptides displayed slightly reduced
binding affinities in the NMR titration experiments relative to
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Figure 4. Overlays of the "N HSQC spectra for the CD2BP2 GYF domain
without ligand (red) and upon addition of Fluo-EFGPPPGWLGR-NH, (191,

2 mm, blue). Ten resonances showing the largest chemical shifts between
the bound and unbound state used for K, determination are labeled accord-
ing to residue type and number.
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Table 5. K, values of N-terminally fluorescein-labeled peptides for
CD2BP2 and PERQ2 GYF domains determined by NMR spectroscopy.

Compound Peptide sequence Purity [%]" Ko [um]
20a" FluoEFGPPPGWLGR 99 7248
20h® FluoPPGWLGR 95 7284118
20m" FluoPPGLSRD 96 311452
20n"® FluoSPPGLSRD 98 4874+115
20p"®! FluoWRPGPPPPPPPGLY 95 M9+ 11

[a] For the CD2BP2 GYF domain. [b] For the PERQ2 GYF domain. [c] HPLC
purity (220 nm) after purification.
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Figure 5. NMR titration of the CD2BP2 GYF domain with the peptide Fluo-
EFGPPPGWLGR-NH, (191). Large chemical shifts of ten resonances were plot-
ted versus the peptide concentration. For curve fitting and K, calculation
with the Microcal™ Origin™ software, a simple two-state binding mode was
assumed. Resulting Ky values were averaged.

Figure 6. Ribbon structure of the CD2BP2 GYF domain (PDB ID: 1GYF), high-
lighting the secondary structure of the protein. Side chains of residues that
were used as probes in the NMR titration experiments are shown in red and
are labeled by amino acid type and sequence number.

fluorescence polarization. It should be noted that the NMR
spectroscopy experiments record the binding to single NH po-
sitions, which can be reduced by the flexibility of the peptide
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ligand in the binding pocket. Moreover, the significantly higher
DMSO concentrations in the NMR spectroscopy experiments
can possibly account for overestimated K values, since it was
found that DMSO can bind to the hydrophobic binding sites of
GYF domains (C. Freund, unpublished observations). Relative
affinities of different peptides, however, were identical for both
methods (Tables 4 and 5).

Benzoylphenylalanine as affinity-enhancing element in
competitive binding assays

Peptides with higher affinities towards the GYF domains were
highly desirable to reduce the protein consumption of the
assay. We reasoned that the use of photoactivated crosslinkers
might increase the sensitivity of the assay considerably by
turning the equilibrium binding assay into a kinetic photocros-
slinking assay. Peptides 20j and 20k, with the photocrosslinker
benzoylphenylalanine attached either C-terminally or N-termi-
nally to the hitherto most active GYF binding peptide, were
therefore synthesized. A significantly elevated K, value of
2.3 um was recorded for peptide 20k. Irradiation of buffer solu-
tions containing each of the pBPa peptides with an excess of
CD2BP GYF at 350 nm led to no change in polarization even
after 2 h. The observed affinity enhancement exerted by the
benzoylphenylalanine thus cannot be attributed to photocros-
slinking but is based on reversible ligand interaction. With pep-
tide 20k as a high-affinity probe, a competitive binding assay
with unlabeled peptides as competitors and as positive con-
trols was established. Reversible replacement of bound fluores-
cent probe was effected with high signal-to-noise ratio and re-
producibility (Z'=0.79). Accordingly, the developed assay
should enable high-throughput screening of chemical libraries
for GYF domain binding ligands.

Conclusions

A polymer support for the solid-phase synthesis of C-terminally
labeled peptides has been developed. The polymer resin ena-
bles the direct attachment of peptides or other carboxylates to
the amino functionality of aminofluorescein, thus offering
direct and flexible access to fluorophore-labeled compound li-
braries. Fmoc-protected aminofluorescein was attached to 2-
chlorotritylpolystyrene through a phenolic ether linkage, as
verified by persistence of the lactone moiety as shown in the
IR spectrum. MEM or silyl protecting groups were successfully
used to protect free phenol hydroxyls. The suitability of this
resin for producing C-terminally labeled peptides with photo-
physical properties useful for polarization measurements was
demonstrated for two different proline-rich binding domains
of the GYF family—CD2BP2 and PERQ2.

In a comparative study of C- and N-terminally labeled pep-
tides, the effects of the labeling position on peptide binding
were investigated. For this purpose, libraries of fluorescent
peptides were prepared, and the binding to the two GYF pro-
tein domains was measured in fluorescence polarization ex-
periments. Labels attached in both positions resulted in high-
affinity ligands: in one of three examples, C-terminal labeling

ChemBioChem 2008, 9, 2452 — 2462

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

yielded peptides with significantly higher affinity than N-termi-
nal fluorophore attachment, whereas in the other two cases N-
terminal labeled peptides were superior. Site-directed binding
of the peptide probes was verified by NMR titration experi-
ments by recording of HSQC NMR spectra with *N-isotope-la-
beled proteins. For both domains, peptides with C- and N-ter-
minally attached fluorophores were identified as GYF domain
binders. Probes with Kj values smaller than 100 um were iden-
tified for both domains under investigation, some of them pos-
sessing higher affinities than any other GYF domain ligand re-
ported before. Introduction of the unnatural amino acid p-ben-
zoylphenylalanine in one case yielded the first low-um ligand
for a GYF domain. With this peptide a competitive assay with
high statistical reliability useable for screening of chemical li-
braries for GYF domain-interacting ligands was developed. It is
intended to extend the introduction of affinity-enhancing
amino acids to other signaling domains, such as SH3 and WW
domains, in order to test the broader application of this con-
cept for development of higher-affinity ligands.

The fluorescence labeling resin employed here for the prep-
aration of fluorophore-labeled libraries of peptides should be
applicable to the flexible and efficient preparation of fluoro-
phore-labeled small-molecule libraries. Such libraries should
create novel possibilities not only for binding assays, but also
for the imaging of labeled molecules in cellular test systems.

Experimental Section

General methods: Unless otherwise noted, solvents and reagents
were reagent grade from commercial suppliers and were used
without further purification. Reactions were monitored by TLC on
silica gel (60 F,s,) plates with UV detection. LC-MS analyses were
carried out on a C,; endcapped, 100 A, 5 um, 4x250 mm column
(Macherey-Nagel, Nucleodur®) on an Agilent 1100 Series Liquid
Chromatography Station equipped with a diode-array detector
(DAD) and a Single Quadrupole Mass Spectrometer with electro-
spray ionization (ESI). The m/z range of 100-3000 was scanned in
positive mode, with a voltage of 3000V and a fragmentation of
70V. The following gradient method was applied: eluentA
(water+0.1% formic acid), eluentB (acetonitrile+0.1% formic
acid), 5 to 100% B in 30 min, then 5 min isocratic 100% B, flow
0.8 mLmin™". HPLC purity was determined at 25444 nm or 220+
4nm. 'H and “CNMR spectra were obtained on a Bruker
AVANCE™ 300 MHz spectrometer and analyzed with Topspin 2.0.a.
Peptide synthesis was conducted on a Multisyntech Syro multiple
peptide synthesizer. UV/Vis absorption spectra were measured on
a JASCO V-550 UV/Vis spectrophotometer. Fluorescence emission
spectra were measured on a Cary Eclipse fluorescence spectropho-
tometer in a 1 cm quartz vessel. IR spectra were measured on a
Nicolet Impact 400 series FT-IR spectrometer equipped with the
PIKE MIRacle™ ATR-IR detection system.

Di-O-pivaloyl-4-aminofluorescein (2): Cs,CO; (9.38 g, 28.8 mmol)
was added to a solution of 4-aminofluorescein (1, 10.03 g,
28.8 mmol) in DMF (250 mL). The reaction mixture was cooled to
0°C with an ice bath, and pivalic anhydride (13.37 mL, 72.0 mmol)
was added dropwise. The solution was stirred for 2 h at room tem-
perature. Cs,CO; was filtered off, and DMF was evaporated in
vacuo. The residue was diluted in ethyl acetate, washed with water
and brine, dried with Na,SO,, filtered, and concentrated to yield 2
(14.61 g, 98%) as a yellow powder that was used as crude material
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in the next step. '"H NMR (300 MHz; CD,Cl,): 6 = 1.36 (s, 18H; CH,
tBu), 6.80 (dd, J=8.6, 2.2 Hz, 2H; xanthene CH-2, 7), 6.90 (d, J=
8.2 Hz, 1H; phenyl CH-6), 6.91 (d, J=8.5 Hz, 2H; xanthene CH-1, 8),
6.98 (dd, J=8.2, 2.0 Hz, 1H; phenyl CH-5), 7.06 (d, J=2.1 Hz, 2H;
xanthene CH-4, 7), 718 ppm (d, J=19Hz, 1H; phenyl CH-3);
13C NMR (300 MHz; CD,CL,): & = 27.37 (CH,, tert-Bu), 39.63 (C quat.,
tert-Bu), 82.03 (C quat., xanthene C-9), 108.71 (CH, phenyl C-3),
110.70 (CH, xanthene C-4, 5), 117.73 (C quat., xanthene C-8a, 9a),
118.22 (CH, xanthene C-2, 7), 123.00 (CH, phenyl C-5), 125.01 (CH,
phenyl C-6), 128.26 (C quat., phenyl C-2), 129.51 (CH, xanthene C-1,
8), 142.64 (CH, phenyl C-1), 149.71 (CH, phenyl C-4), 152.28 (C
quat., xanthene C-4a, 10a), 153.16 (C quat., xanthene C-3, 6),
169.98 (C quat., lactone C=0), 177.10 ppm (C quat., pivaloyl C=0);
ESI-MS: m/z calcd: 515.19; found: 516.2 [M+H]*; RP-HPLC t,=
30.0 min, purity 92 %.

Di-O-pivaloyl-4-(N-9-fluorenylmethoxycarbonyl)aminofluorescein
(3): NaOH (1N, 26.5 mL, 26.5 mmol) and Fmoc chloride (10.28 g,
39.7 mmol) were added stepwise at 0°C over 1 h to a solution of 2
(14.61 g, 26.5 mmol) in THF (250 mL). The solution was stirred over-
night at room temperature. THF was evaporated, water was added
(250 mL), and the pH was adjusted to two with addition of KHSO,.
The product was extracted with ethyl acetate. The combined or-
ganic layers were washed with water and brine, dried with Na,SO,,
filtered, and concentrated. The crude product was recrystallized
from CH,Cl,/MeOH to vyield white crystals of 3 (16.25g, 85%).
'H NMR (300 MHz; CD,Cl,): 6 = 1.36 (s, 18H; CH; tert-Bu), 4.30 (t,
J=6.3 Hz, 1H; Fmoc CH-9), 4.59 (d, J=6.3 Hz, 2H; Fmoc CH,), 6.80
(d, J=8.6 Hz, 2H; xanthene CH-2, 7), 6.86 (d, J=8.6 Hz, 2H; xan-
thene CH-1, 8), 7.07 (s, 2H; xanthene CH-4, 5), 7.11 (d, J=83 Hz,
1H; phenyl CH-6), 7.33 (t, J=8.3 Hz, 2H; fluorenyl CH-2, 7), 7.42 (t,
J=8.3 Hz, 2H; fluorenyl CH-3, 6), 7.66 (d, J=7.3 Hz, 2H; fluorenyl
CH-1, 8), 7.68 (d, 1H; phenyl CH-5), 7.80 (d, J=7.4 Hz, 2H; fluorenyl
CH-4,5), 8.10ppm (s, TH; phenyl CH-3); 'HNMR (300 MHz;
[D,IDMF): 6 = 1.36 (s, 18H; CH, tert-Bu), 4.41 (t, J=6.6 Hz, 1H;
Fmoc CH-9), 4.60 (d, /=6.6 Hz, 2H; Fmoc CH,), 7.04 (dd, J=8.6,
2.1 Hz, 2H; xanthene CH-2, 7), 7.10 (d, J=8.6 Hz, 2H; xanthene CH-
1, 8), 7.31 (d, J/=2.1 Hz, 2H; xanthene CH-4, 5), 7.40 (t, J/=7.3 Hz,
2H; fluorenyl CH-2, 7), 7.44 (d, 1H; phenyl CH-6), 7.48 (t, J/=7.3 Hz,
2H; fluorenyl CH-3, 6), 7.83 (d, J=7.8 Hz, 2H; fluorenyl CH-1, 8),
7.95 (d, 1H; phenyl CH-5), 7.98 (d, J=7.8 Hz, 2H; fluorenyl CH-4,5,
8.39 ppm (s, 1H; phenyl CH-3); *CNMR (300 MHz; CD,Cl,): 6 =
27.38 (CHj; tert-Bu), 39.66 (C quat., tert-Bu), 47.66 (CH, fluorenyl C-
9), 67.65 (CH,, Fmoc), 82.24 (C quat., xanthene C-9), 110.86 (CH,
xanthene C-4, 5), 114.37 (CH, phenyl C-3), 116.95 (C quat., xanthene
C-8a, 9a), 118.37 (CH, xanthene C-2, 7), 120.60 (CH, fluorenyl C-4,
5), 125.10 (CH, phenyl C-6), 125.52 (CH, fluorenyl C-1, 8), 126.45
(CH, phenyl C-5), 127.71 (CH, fluorenyl C-2, 7), 127.92 (C quat.,
phenyl C-2), 128.38 (CH, fluorenyl C-3, 6), 129.43 (CH, xanthene C-1,
8), 140.84 (C quat., phenyl C-1), 141.94 (C quat., fluorenyl C-4a,
4Db), 144.30 (C quat., fluorenyl C-8a, 9a), 147.71 (C quat., phenyl C-
4), 152.25 (C quat., xanthene C-4a, 10a), 153.35 (C quat., xanthene
C-3, 6), 153.78 (C quat., Fmoc C=0), 169.24 (C quat., lactone C=0),
177.10 ppm (C quat., pivaloyl C=0); *C NMR (300 MHz; [D,]DMF):
0 = 26.73 (CH;, tert-Bu), 39.16 (C quat., tert-Bu), 47.28 (CH, fluoren-
yl C-9), 66.81 (CH,, Fmoc), 81.60 (C quat., xanthene C-9), 110.66
(CH, xanthene C-4, 5), 112.88 (CH, phenyl C-3), 117.15 (C quat., xan-
thene C-8a, 9a), 118.72 (CH, xanthene C-2, 7), 120.47 (CH, fluorenyl
C-4, 5), 125.08 (CH, phenyl C-6), 125.53 (CH, fluorenyl C-1, 8),
126.07 (CH, phenyl C-5), 127.40 (C quat., phenyl C-2), 127.48 (CH,
fluorenyl C-2, 7), 128.10 (CH, fluorenyl C-3, 6), 129.62 (CH, xanthene
C-1, 8), 141.56 (C quat., fluorenyl C-4a, 4b), 142.12 (C quat., phenyl
C-1), 144.40 (C quat., fluorenyl C-8a, 9a), 146.68 (C quat., phenyl C-
4), 151.75 (C quat., xanthene C-44a, 10a), 153.17 (C quat., xanthene
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C-3, 6), 154.18 (C quat., Fmoc C=0), 168.91 (C quat., lactone C=0),
176.50 ppm (C quat., pivaloyl C=0); ESI-MS: m/z calcd: 737.26;
found: 738.2 [M+H]*; RP-HPLC r,=33.7 min, purity >99%.

4-(9-Fluorenylmethoxycarbonyl)aminofluorescein (4)

From compound 1: NaOH (1 N, 2.88 mL, 2.88 mmol) and Fmoc chlo-
ride (1.12 g, 4.32 mmol) were added stepwise over 30 min at 0°C
to a solution of 1 (1.00 g, 2.88 mmol) in THF (10 mL). The solution
was stirred for 3 h at room temperature. THF was evaporated,
water was added (25 mL), and the pH was adjusted to 2 with addi-
tion of KHSO,. The product was extracted with ethyl acetate. The
combined organic layers were washed with water and brine, dried
with Na,SO,, filtered, and concentrated. The crude product was pu-
rified with flash chromatography, first with hexane/ethyl acetate to
elute the doubly protected by-product, and then the column was
washed with dichloromethane/methanol to recover 4 (0.75 g, 46 %,
HPLC-purity 96%).

From compound 3: A solution of 3 (16.25g, 22.1 mmol) in TFA
(95%, 250 mL) was stirred overnight at 60°C. TFA was evaporated,
and the residue was dissolved in ethyl acetate and washed with
water. The organic layer was extracted with aqueous Na,COj; solu-
tion at pH 10 to transfer the product 4 into the aqueous layer,
leaving unreacted traces of starting material 3 in the organic layer.
The aqueous layer was washed with ethyl acetate, the pH was ad-
justed to pH 2-4 with addition of KHSO, salt, and extraction with
ethyl acetate was carried out to transfer the product 4 back into
the organic layer. The organic layer was washed with water and
brine, dried with Na,SO, and concentrated to yield 4 as an orange
powder (11.54 g, 92 %).

"H NMR (300 MHz; [D,]DMF): 6 = 4.40 (t, J=6.9 Hz, 1H; Fmoc CH-
9), 4.59 (d, J=7.0 Hz, 2H; Fmoc CH,), 6.68 (dd, J=8.5, 2.0 Hz, 2H;
xanthene CH-2, 7), 6.75 (d, J=8.5 Hz, 2H; xanthene CH-1, 8), 6.78
(d, J=1.9 Hz, 2H; xanthene CH-4, 5), 7.33 (d, /=8.4 Hz, 1H; phenyl
CH-6), 7.40 (t, J=7.3 Hz, 2H; fluorenyl CH-2, 7), 7.48 (t, J=7.3 Hz,
2H; fluorenyl CH-3, 6), 7.83 (d, J=7.1 Hz, 2H; fluorenyl CH-1, 8),
7.93 (dd, 1H; J=8.4, 1.6 Hz, phenyl CH-5), 7.98 (d, J=7.8 Hz, 2H;
fluorenyl CH-4,5), 832ppm (d, J=1.4Hz, 1H; phenyl CH-3);
3C NMR (300 MHz; [DJDMSO): 6 = 46.67 (CH, fluorenyl C-9), 65.75
(CH,, Fmoc), 79.16 (C quat., xanthene C-9), 102.25 (CH, xanthene C-
4, 5), 109.82 (C quat., xanthene C-8a, 9a), 112.51 (CH, phenyl C-3),
112.9 (CH, xanthene C-2, 7), 120.20 (CH, fluorenyl C-4, 5), 124.46
(CH, phenyl C-6), 125.08 (CH, fluorenyl C-1, 8), 125.67 (CH, phenyl
C-5), 127.15 (C quat., phenyl C-2), 127.15 (CH, fluorenyl C-2, 7),
127.72 (CH, fluorenyl C-3, 6), 129.10 (CH, xanthene C-1, 8), 140.84
(C quat., phenyl C-1), 140.86 (C quat., fluorenyl C-4a, 4b), 143.68
(C quat., fluorenyl C-8a, 9a), 146.14 (C quat., phenyl C-4), 151.97 (C
quat., xanthene C-4a, 10a), 153.54 (C quat., xanthene C-3, 6),
159.51 (C quat., Fmoc C=0), 168.64 ppm (C quat., lactone C=0);
ESI-MS: m/z caled: 569.15; found: 570.0 [M+H]*; RP-HPLC r,=
24.95 min, purity > 99 %.

4-(9-Fluorenylmethoxycarbonyl)aminofluorescein trityl resin (5):
DIPEA (7.1 mL, 40.6 mmol) and 2-chlorotrityl chloride resin (11.2 g,
15.5 mmol, 1.4 mmolg~', 100-200 mesh, 1% DVB, Novabiochem®)
were added to a solution of 4 (11.54 g, 20.3 mmol) in DCM/DMF
(200 mL), and the reaction mixture was shaken for 3 h at room
temperature. The solution was filtered off, and the resin was
washed with DMF. The remaining free reactive sites were blocked
by shaking the resin twice for 15 min in a MeOH/DMF mixture
(1:9, v/v) with DIPEA (2.7 mL, 154.5 mmol). The resin was washed
with DMF, THF, and DCM to furnish an orange resin 5
(0.26 mmolg™', 33 %).
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Di-O-(methoxyethoxymethyl)-4-(9-fluorenylmethoxycarbonyl)a-
minofluorescein trityl resin (6a): DIPEA (11.1 mL, 63.4 mmol) and
MEM-CI (6,24 mL, 52.8 mmol) were added to a suspension of 5 in
DMF (200 mL). The reaction mixture was shaken for 90 min at
room temperature. The resin was washed with DMF, THF, and DCM
to yield 15a (0.25 mmolg™’, 100%) as a pale yellow resin.

Di-O-(tert-butyldimethylsilyl)-4-(9-fluorenylmethoxycarbonyl)a-
minofluorescein trityl resin (6b): The procedure was the same as
for 15a, with use of TBDMS-CI.

Di-O-(triethylsilyl)-4-(9-fluorenylmethoxycarbonyl)aminofluores-
cein trityl resin (6 c): The procedure was the same as for 15a, with
use of TES-Cl.

Di-O-(methoxyethoxymethyl)-4-aminofluorescein trityl resin (7):
A suspension of 6a in piperidine in DMF (20% 200 mL) was shaken
for 2 min at room temperature, washed with DMF and shaken for
another 10 min. The solution was filtered off, and the resin was
washed with DMF, THF, and DCM to furnish 7 as an orange resin.

Solid-phase peptide synthesis: The coupling of the first amino
acid was performed by adding Fmoc-protected amino acid
(0.5 mmol) and DIC ( 77.6 uL, 0.5 mmol) to a suspension of 7
(100 mg, 0.05 mmol) in DCM/THF (1:1, v/v). The Fmoc group was
removed by the procedure described above for compound 7 to
yield 16. The next amino acids were coupled by use of the Fmoc-
protected amino acid (0.25 mmol), DIC (38.8 uL, 0.25 mmol), and
HOBt (38.3 mg, 0.25 mmol) in DMF for 30 min, and the Fmoc
group was removed. After each coupling, completion of the reac-
tion was monitored with the Kaiser test, and the coupling was re-
peated if necessary. The last amino acid was then acetylated with
acetic anhydride (0.2 mL) in DMF (1.4 mL) for 15 min to yield 18.
The completion of the reaction was monitored by the Kaiser test,
and the acetylation was repeated if necessary. The peptide was
cleaved off from the resin, and the fluorescein was deprotected by
treatment with TFA in H,0 (95 %) for 60 min, with addition of triiso-
propylsilane (2%), together with phenol (5%) for peptides contain-
ing Arg residues carrying a Pmc protecting group. The product 19
was precipitated by addition of the cleavage solution to cold di-
ethyl ether (4°C). After centrifugation (4000 min~', 5min), the
upper phase was removed from the vial, diethyl ether was added,
the solid was washed for 5 min in an ultrasonic bath, and the vial
was centrifuged. The procedure was repeated once more and the
remaining solid was dissolved in tBuOH/H,0O (4:1, v/v) and lyophi-
lized.

Fluorescence quantum yield determination: Solutions (10 um) of
fluorescein, 4-aminofluorescein, and peptides 20a and 191 in
NaOH (aq., 0.1 m) were prepared. Absorption spectra were record-
ed to determine the ideal wavelength to be used for the fluores-
cence emission measurements: the wavelength at the intersection
between the absorption curves of the sample and the standard,
where both solutions have the same extinction coefficient, was
chosen as excitation for the fluorescence measurement. The result-
ing emission curves were analyzed with Origin 7 software to deter-
mine their surfaces. Fluorescence quantum yields were calculated
by use of the following equation: @ =® (I/l), where @ . is the
quantum yield of the standard solution and / (or /) is the fluores-
cence intensity of the sample (or the standard solution), given by
the area under the emission curve.

Production of protein: The PERQ2 GYF and CD2BP2 GYF domains
were expressed as GST fusion proteins in E. coli BL21 (DE3) cells
harboring the plasmid pGEX 4T-1 with fragments either of PERQ2
(@amino acids 531-596 of full-length PERQ2) or of CD2BP2 (amino
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acids 280-341 of full-length CD2BP2). E. coli cells were grown in ly-
sogeny broth at 37°C until an Agy, of 0.5 was reached, and gene
expression was induced with isopropyl-p-p-thiogalactopyranoside
(IPTG; 1 mm). The culture was harvested after an additional 4 h of
growth. GST fusion proteins were purified from the soluble fraction
by affinity chromatography on a prepacked GSTrap™ HP gluta-
thione-Sepharose column (GE Healthcare) and subsequent gel fil-
tration (Superdex® 75, GE Healthcare) in phosphate-buffered saline
(pH 7.3). Final protein concentrations were in the range of 0.2-
0.4 mm in PBS.

Fluorescence polarization assays: The assays were carried out on
384-multiplates (low-volume, round-bottomed, black, nonbinding
surface) from Corning (Nr. 3676) with 1xPBS (pH 7) as buffer in a
final assay volume of 6 uL. The polarization measurements were
performed on a GenioPro Reader from Tecan. The proteins were
available as a solution of PERQ2 GYF domain (480 um) and a solu-
tion of CD2BP2 GYF domain (480 um) in 1XxPBS buffer (pH 7.3).
The synthesized peptides were first dissolved in DMSO and were
then diluted with 1xPBS buffer (pH 7.3). The fluorescein-labeled
peptide and the protein were placed on the plate and mixed brief-
ly on an Eppendorf® MixMate™ shaker to give an assay composi-
tion of fluorescein-labeled peptide (10 nm) with various concentra-
tions of protein in the presence of Tween (0.1%) and directly mea-
sured.

Fluorescence polarization measurements: The fluorescence polar-
ization of the fluorescein-labeled molecules was determined by
measuring the polarization with excitation at 485 nm and emission
at 535 nm, with ten reads per well, an integration time of 40 us
and a gain of 90. Each measurement was repeated twice. The K;
values were determined by nonlinear curve fitting to a dose-re-
sponse model with a variable slope with the aid of Prism software
(Graph Pad Software, Inc., San Diego, CA).

Calculation of the Z' factor: The quality of a fluorescent probe for
HTS was determined by calculating the Z' factor [Eq. (1)]:

3(Tvound T Ofree)
11 oun ree 1
z ! meoundmefree ( )

where ¢ is the standard deviation and mP the fluorescence polari-
zation value in mP. For the bound state, fluorescence polarization
of Fluo-EFGPPPGWLGR-NH, (10 nm) was measured with GYF-
CD2BP2 domain (12 pum) in PBS buffer (pH 7.3) and Tween (0.1 %).
To evaluate the free state, the unlabeled peptide EFGPPPGWLGR-
NH, was added to a final concentration of 100 um. A Z' value of
0.74 was determined. For the peptide Fluo-BpaEFGPPPGWLGR
(21j) a Z value of 0.79 was obtained at a protein concentration of
3.3 um.

Protein NMR spectroscopy: The untagged '"*N-labeled GYF
domain of human CD2BP2 was cloned and expressed as described
elsewhere.® The Hiss-tagged GYF domain of PERQ2 was cloned as
described by Kofler et al.”” The "N-labeled PERQ2 GYF domain
was isolated from Escherichia coliBL21 (DE3) culture grown at
37°C in M9 medium supplemented with *NH,Cl until an Ay, of 0.5
was reached. Gene expression was induced with IPTG (1 mm) for
4 h. Cells were disrupted by sonication, and the protein was puri-
fied from the soluble fraction by affinity chromatography on a pre-
packed HisTrap nickel-agarose column (GE Healthcare) and subse-
quent gel filtration. The NMR experiments were performed at
300 K on a Bruker DRX 600 instrument fitted with standard triple
resonance probes. Data processing and analysis were carried out
with the XWINNMR (Bruker) and SPARKY (SPARKY 3, version 3.1;
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T.D. Goddard, D. G. Kneller, University of California at San Francis-
co) software packages.

In the NMR titration experiments, increasing amounts of synthe-
sized peptides were added to samples (0.1 mm) of the "*N-labeled
CD2BP2 or PERQ2 GYF domain. Sample temperature was 300 K,
and PBS with DMSO (5%) and D,0 (10%) was used as buffer. The
gradual changes in chemical shifts of several isolated peaks in the
heteronuclear single quantum coherence spectra were used for K
calculation. The chemical shift changes for *N and 'H atoms in a
sample with peptide were determined as ((A'H)*4(AN)?)"2,
where 'H is in units of 0.1 ppm and "N is in units of 0.5 ppm. For
curve fitting and Ky calculation with Microcal™ Origin™ software,
chemical shift changes were plotted versus the peptide concentra-
tion, and a simple two-state binding mode was assumed.
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Influence of a Joining Helix on the BLUF Domain of the
YcgF Photoreceptor from Escherichia coli

Claudia Schroeder,” Karla Werner,” Harm Otten,® Steffen Kratzig,” Harald Schwalbe,” and

Lars-Oliver Essen*!

BLUF-domain-comprising photoreceptors sense blue light by uti-
lizing FAD as a chromophore. The ycgF gene product of Escheri-
chia coli is composed of a N-terminal BLUF domain and a C-ter-
minal EAL domain, with the latter postulated to catalyze c-di-
GMP hydrolysis. The linkage between these two domains involves
a predominantly helical segment. Its role on the function of the
YcgF photoreceptor domain was examined by characterizing
BLUF domains with and without this segment and reconstituting
them with either FAD, FMN or riboflavin. The stability of the

Introduction

Photoreceptors utilize light-sensing chromophores to absorb
light. Photon capture triggers conformational changes of the
protein, leading to an excited or signaling state. This excited
state interacts with downstream pathways, activates a signal-
ing cascade!" and eventually returns to the ground state, ceas-
ing the signaling stimulus until a new photon is absorbed.

In BLUF (sensors for blue-light-using FAD) domain-compris-
ing photoreceptors, the noncovalently bound chromophore
FAD interacts with blue light and initiates a photocycle.”
BLUF-domain-containing proteins occur in proteobacteria, cya-
nobacteria and a few eukaryotic organisms. They regulate the
catalytic activity of enzymes and second messengers,” are in-
volved in photophobic responses and control the expression
of photosynthetic genes.” Until now, the following proteins
with BLUF domains have been characterized: AppA,'¥ and
BIrB">™® from the purple bacterium Rhodobacter sphaeroides,
SIr1694 from the cyanobacterium Synechocystis sp.,l'" "
TI0078 from Thermosynechococcus elongatus, ™' '#2?? and
PAC from the alga Euglena gracilis.*** A characteristic feature
of their BLUF domains is the reversible red-shift in UV/Vis spec-
tra after illumination of the dark-adapted state, which corre-
sponds to formation of a signaling state.”” The red-shift is
probably entirely generated by rearrangement of the hydro-
gen-bonding network between the flavin chromophore and
surrounding amino acids.®"'*'%2% Although BLUF photocycles
have been intensely studied for AppA, BIrB, SIr1694 and
TII0078, the precise mechanism of light conversion is still
under debate. For formation of the light-adapted state, light-
driven electron transfer and possibly also proton transfer from
a conserved Tyr residue have been discussed. These are fol-
lowed by hydrogen bond rearrangements, a 180° rotation of a
conserved glutamine, and transient recombination of a radical
pair.'#162428 Recently, a novel mechanism was proposed on
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light-adapted state of the YcgF BLUF domain depends on the
presence of this joining, helical segment and the adenosine di-
phosphate moiety of FAD. In contrast to other BLUF domains,
two-dimensional 'H,””N and one-dimensional 'H NMR spectra of
isotope-labeled YcgF-(1-137) revealed large conformational
changes during reversion from the light- to the dark-adapted
state. Based on these results the function of the joining helix in
YcgF during signal transfer and the role of the BLUF domain in
regulating c-di-GMP levels is discussed.

the basis of quantum-chemical calculations that predicted a
light-driven tautomerization of the conserved glutamine resi-
due_[29]

The YcgF photoreceptor from Escherichia coli is another
spectroscopically characterized BLUF domain that exhibits the
characteristic red-shift upon illumination.**>? Here, an EAL
domain is C-terminally linked as an effector region to the BLUF
domain. Such EAL domains have been shown to exhibit phos-
phodiesterase activity®**? against cyclic-di-guanosine mono-
phosphate (c-di-GMP), a global second messenger used by
bacteria to control multicellular behavior.2>=*® Accordingly, it
was proposed that YcgF might function as a blue-light-regulat-
ed phosphodiesterase (Blrp) and control biofilm formation.2%3®

Signal transmission within many biological receptors crucial-
ly depends on a-helical segments that join receptor and effec-
tor domains.®**" For example, in phototropins, a single a-helix
(Ja) joins the photoreceptive LOV2 domain to a protein kinase
effector domain. NMR spectroscopy showed that the Ja-helix
is associated with the PAS fold of the LOV domain in the dark-
adapted state and displaced in the light-adapted state.*” Ap-
parently, light-induced local structural changes around the FAD
chromophore trigger the nonlocal disruption of the interac-
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tions between the LOV domain surface and its C-terminal Jo-
helix followed by activation of this LOV kinase. A similar joining
helix is predicted by secondary-structure analysis to link the
BLUF and EAL domains of the E. coli photoreceptor YcgF. In
the following, its potential influence on the properties of the
YcgF BLUF domain, such as flavin binding, photochemistry and
overall conformational state, have been examined.

Results
YcgF BLUF domains

YcgF (403 aa, molecular mass 45.3 kDa, Swiss-Prot entry
P75990) is composed of an N-terminal BLUF photoreceptor
domain (L2-L97) and a C-terminal EAL domain (P145-K403).
EAL domains adopt a TIM barrel-like fold as exemplified by the
crystal structure of the Ykul dimer from Bacillus subtilis (PDB
ID: 2BAS) and possess phosphodiesterase activity against
cyclic-di-GMP, a bacterial second messenger.?*3* Both domains
of YcgF are connected by a linker region (R98-1144) that is pre-
dominantly a-helical as judged by secondary structure predic-
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tions utilizing the Jpred server (http://www.compbio.dundee.
ac.uk/~www-jpred/). A comparison with available 3D struc-
tures of BLUF domains that harbor additional peptide stretches
beyond the C-terminal end of the canonical BLUF fold indicat-
ed that only the putative helical segment R124-E137 is a
candidate for a unique linker helix between the BLUF and EAL
domains of YcgF (Figure 1).

Expression, reconstitution and purification

To examine the role of the putative joining helix in YcgF, the
BLUF domains YcgF-(1-113) and YcgF-(1-137) were produced
as insoluble inclusion bodies, refolded and reconstituted by di-
alysis. Developed as a strategy to obtain large quantities of
soluble, untagged BLUF photoreceptors from inclusion bodies,
this method provided the YcgF-(1-113) and YcgF-(1-137) BLUF
domains homogenously reconstituted with flavin chromo-
phores such as FAD, FMN or riboflavin in yields of approxi-
mately 70 and 115 mg protein per liter culture, respectively.
During refolding of the YcgF BLUF domains, an excess of the
respective flavin chromophore was added. By using optimized
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98 RLHERDDVLOAVFDKGT SHE@EINDDRALOFFRTEVEATEQSTYFEI 144

D —=p>— IR

10 20 30 40 50 60
B) s L e v Lo o] o wils ses I ol o @ L o] v ellls o Lo wal wan s sl
YegF 1 METTLI HIRDDEPVKKIEEMVSIANRREMQSD IBMLEFNGSH] L1 PEEQVKMIYRA YNIVE 76
AppA 1 MQHDLEADVTMTGSDEVSCC LAAPDLTLRDLLDIVETSQAHMARAQL FYSQG W RPAAVAEVMTH| SNVEI 90
SIr1694 1 - MSEBYRLIMSEBOGIPNLQPQDLKDILESSQRNMPANGI CYSKP, VLESECEQVNETYHR HSPQI 77
TNOO78 1 ————————————— MGEHRLI CATDGLSYPDLRDIMAKSEVNMLRDGI CYGNG Ik DRQKVSETYARMLK] HSAEI 77
BIrB 1 —mmmm— FMDERVSLT, RVRLADPVADIVQIMRASRVRELRLGIEIML YNGVH TIE8PRSACDELFRL QEILA 79
mmEp— 0000 =) =mmm)p 0200 =

80 90 100 110 l 120 130 i 140 150

w oy e wane @ [l wes frews o] v ews fan e s a e ces P e s e [rese] el ey se e wa]] eus o]
YcgF 77 LLCDYAPARRBGKAGHMELFDLRLHERDDVLQAVFDKGTSKFQLTYDDRALQFFRTFVLATEQSTYFEIPAEDSWLFIADG 156
AppA 91 LAEEPIAKBREAGWHMOLS----CSEADMRS LGLA-——————————— ——— o m e 125
SIr1694 78 IECMPIRRENEBEVWSEOAITVNDLSTEQVKTLVLKYSG---FTTLRPSAMDPEQCLNFLLDIAKIYELSDNFFLDL---- 150
TIO078 78 VEFKAIEERTEINWSERLVOLGEMDSDTIRRLRLKYSP---AATFQPRSMTAEQCFRFLK---ELYDMSQGS--—------ 143
BIrB 79 FDLEPITARREPDWSERIVSRKELRALAPDLERLDLSG---PEDVAELHRTIAASLSKGDHDASG---——-—————————— 140

= D T

Figure 1. Domain arrangement of E. coli YcgF and multiple sequence alignment of BLUF domain containing photoreceptors. A) Secondary structure elements

of the linker region were predicted with the Jpred server (http://www.compbio.dundee.ac.uk/~www-jpred/).

B) Multiple sequence alignment as generated by

ClustalW (http://www.ebi.ac.uk/Tools/clustalw/). Shown secondary structure elements are according to the structure of R. sphaeroides BIrB (2BYC) that belongs
to the same subfamily as E. coli YcgF"® The secondary structure elements are shown in red cylinders (a-helices) and blue arrows (B-sheets). The black arrows
point to the C-terminal amino acid residue of the analysed YcgF BLUF domains. The Ja-like helices in the structures of BLUF domains are highlighted in pink,
one of which (YcgF) was predicted by the Jpred server (http://www.compbio.dundee.ac.uk/~www-jpred/). Residues conserved in all sequences in the align-
ment are highlighted in light blue and the position of the conserved tryptophan, which is missing and substituted by Ala90 in YcgF is highlighted in yellow.
YcgF of E. coli (P75990); BIrB of R. sphaeroides (Q3IYE4); AppA, a 1-125 truncated fragment, of R. sphaeroides (Q53119); SIr1694 of Synechocystis sp. PCC 6803

(P74295); TII0078 of T. elongatus BP-1 (Q8DMN3).
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BLUF Domain of the YcgF Photoreceptor

molar chromophore/protein ratios (FAD: 7.5, FMN, riboflavin:
15), 74-81% of the YcgF-(1-113) BLUF domain and up to
100% of YcgF-(1-137) were refolded and reconstituted by this
procedure (Table 1). After refolding, the BLUF domains were

Table 1. Maximum yields after reconstitution by refolding with different
flavin chromophores and protein/chromophore ratios of purified YcgF
BLUF domains.

Yield Protein Chromophore  Calculated

[%] concentration  concentration ratio

[mm] [mm]

YcgF-(1-137)/FAD 99.0 0.860 0.971 1:1.13
YcgF-(1-137)/FMN 96.8 1.490 1.470 1:0.98
YcgF-(1-137)/Rib 96.8 0.767 0.656 1:0.86
YcgF-(1-113)/FAD 81.3 0.778 1.070 1:1.37
YcgF-(1-113)/FMN 73.9 0.636 0.680 1:1.07
YcgF-(1-113)/Rib 74.5 0.350 0.310 1:0.89

further purified by size-exclusion chromatography (Figure 2A
and B). The light-adapted BLUF domain without joining helix,
YcgF-(1-113), eluted at an apparent molecular mass of 59 kDa.
Given its molecular mass of 13.2 kDa, a tetrameric or pentame-
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Figure 2. Size exclusion chromatography of E. coli YcgF BLUF domains re-
constituted with FAD. The chromatography utilized a Superdex 200 XK 16/
70 column; detection occured at 280 nm (——) and 445 nm (-). A) The ap-
plied YcgF-(1-137)/FAD was eluted after 87.7 mL with an OD,5/OD g, ratio
of 0.31 and B) YcgF-(1-113)/FAD was eluted after 79.6 mL with an OD,,s/
OD,g, ratio of 0.36. The double peak in the range of 100 to 120 mL repre-
sents the elution of the surplus FAD cofactor. The inlays show 15% SDS
PAGE gels of the refolded and purified YcgF BLUF domains. Numbers left
and right respectively correspond to the molecular mass in kDa.
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ric state is expected for this protein. In contrast, the light-
adapted BLUF domain comprising the joining helix, YcgF-(1-
137), eluted as a dimer at an apparent molecular mass of
31 kDa. Accordingly, the absence of the Ja-helix might trigger
additional, unspecific interactions in light-adapted YcgF-(1-
113) by unmasked surface regions. This unmasking could allow
the YcgF-(1-113) BLUF domain to assemble into oligomers sim-
ilar to the pentameric rings formed by stand-alone BLUF do-
mains such as SIr1694 or TIl0078.%>*? The presence of the join-
ing region sterically interferes with higher-order oligomerisa-
tion found for stand-alone BLUF domains and could enforce a
similar dimeric state as for the BLUF domains in AppA.l'>'443
Although recombinant full-length YcgF was initially reported
to form predominantly monomers,®” dimerization was ob-
served for its light-adapted state by pulsed laser-induced tran-
sient grating techniques.®"

To analyze whether the refolding procedure yielded homo-
geneous BLUF photoreceptors, chromophore/protein ratios
were determined. Proteins were heat denatured by using a
previously described protocol, *¥ and corrected flavin extinc-
tion coefficients were applied. Ratios of approximately 1:1
were detected (Table 1), showing only small differences for the
different flavin chromophores. The ease with which YcgF BLUF
domains could be reconstituted with different flavins indicates
that the riboflavin moiety is sufficient for the formation of
flavin-bound YcgF photoreceptor domains and explains why
functionally overproduced BLUF domains were found to com-

prise nonstoichiometric mixtures of FAD, FMN and ribofla-
vin.[9'15’16'23’45'46]

UV/Vis spectroscopy

Independent of the incorporated flavin species, the dark-
adapted UV/Vis spectra of both YcgF BLUF domains show the
typical absorption bands of the oxidized flavin chromophore
with maxima at 384 nm and 456-461 nm (Figure 3). The
second maximum differs slightly depending on the presence
or absence of the C-terminal Ja-helix. Upon illumination, its
peak position is red-shifted by approximately 8 nm for YcgF-
(1-113) and 4 nm for YcgF-(1-137) (Supporting Information). A
shoulder in the range of 470 nm to 500 nm is observed for the
dark- and light-adapted states. These features are similar to
those of other BLUF domains, for example, from AppA, Slr1694
and YcgF (Blrp).®101319203032 Figyre 4A shows a reversible
light-to-dark conversion that exhibits five isosbestic points at
approximately 375, 410, 465, 474 and 487 nm. The YcgF BLUF
domain’s difference spectra (Figure 4B) is qualitatively similar
to that of AppA and intact YcgF®**34 and contains minima at
of 341, 379, 428, and 481 nm and maxima at 396, 469, and
503 nm (Supporting Information).

Time courses for the decay of the light-adapted state were
measured at 292 K and 503 nm by using both YcgF BLUF
domain variants reconstituted with either FAD, FMN or ribofla-
vin. The different dark recovery rates shown in Table 2 and in
the Supporting Information were calculated by assuming mon-
oexponential decay. The resultant half-lives for the light-adapt-
ed states of the examined YcgF BLUF domains differ depend-
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Figure 3. UV-visible absorption spectra of the dark-adapted (—) and light-adapted (-+) YcgF BLUF domains YcgF-(1-137) and YcgF-(1-113) reconstituted
with FAD, FMN and riboflavin. Both BLUF domain variants were dissolved in Tris/HCI (20 mm, pH 8.0) buffer containing NaCl (200 mm). Data were collected at

18°C.

ing on the presence of the joining helix and their respective
flavin chromophore. The YcgF-(1-137) BLUF domain’s decay
kinetics are generally slower than those of YcgF-(1-113); this
suggests a stabilizing effect of the additional Ja-helix on the
light-adapted state. In YcgF-(1-137), the light-adapted state
decayed with half-lives of 23.8 min, 14.7 min and 14.4 min for
FAD, FMN and riboflavin, respectively. Apparently, the adeno-
sine moiety of FAD causes an additional stabilization of the
light-adapted state in dimeric YcgF-(1-137), but not in the
tetra-/pentameric YcgF-(1-113) variant. Nevertheless, the kinet-
ics of the two YcgF BLUF domain variants resemble those
observed for the BLUF domain of AppA (t;,=15 min)” and
full-length YcgF (t,,=5.22 min),"3*” but are clearly slower than
those reported by Hasegawa et al., for YcgF and YcgF-(1-148)
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(t;,,=2.16 min)®? and for the stand-alone BLUF domains of
SIr1694 (t,;,=5 s),*” BIrB (t,,=5 s)' and TIIO078 (t,, =5 5).2"

CD spectroscopy

The CD spectra of YcgF-(1-113) (Figure 5A) and YcgF-(1-137)
(Supporting Information) present a similar mixture of a-helices
and f3-sheets with approximate ratios of 60 to 40% and 65 to
35%, respectively, that resemble the predicted secondary
structure content. The CD spectra are independent of the
flavin cofactor incorporated into the YcgF photoreceptor, indi-
cating that FMN and riboflavin lacking the AMP or ADP moiety
do not induce observable changes in the secondary structure.
Both YcgF BLUF domains show cooperative unfolding when ir-

ChemBioChem 2008, 9, 2463 -2473
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Figure 4. Light-dark conversion and difference spectra of the YcgF BLUF
domain. A) UV-visible absorption spectra of the light-dark conversion and
B) light minus dark difference spectrum of YcgF-(1-113) reconstituted with
FAD. The black arrows marked the wavelength used for determining the
dark recovery. The BLUF domain was dissolved in Tris/HCl (20 mwm, pH 8.0)
buffer containing NaCl (200 mm). Data were collected at 291 K.

Table 2. Half-lives of both YcgF BLUF domains reconstituted with FAD,
FMN and riboflavin. The BLUF domains were dissolved in Tris/HCl
(20 mm, pH 8.0). Data were collected at 292 K.

t,» [min]
YcgF-(1-137)/FAD 23.8+5.4
YcgF-(1-137)/FMN 14.7 +4.8
YcgF-(1-137)/Rib 144+20
YcgF-(1-113)/FAD 54+1.6
YcgF-(1-113)/FMN 9.7+3.7
YcgF-(1-113)/Rib 41+£27

reversibly heat denatured at 95°C (Figure 5B and C). The E. coli
BLUF domain YcgF-(1-137) was unfolded with melting temper-
atures of 47-49°C. Only a slight increase of ~1°C was ob-
served, if FMN or FAD reconstituted BLUF domains were used
instead of riboflavin. The YcgF-(1-113)/FAD BLUF domain pre-
sented two transitions at 37 and 78°C (Figure 5C), whereas
with FMN and riboflavin only one melting temperature at 42
or 38°C, respectively, was found. In addition to UV/Vis kinetics
and size-exclusion chromatography these results indicate that
the C-terminal Ja-helix affects the preceding BLUF domain not
only in its photochemical characteristics but also in terms of
stability.
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Figure 5. CD-spectroscopic analysis of E. coli YcgF BLUF domains. A) CD
spectra of YcgF-(1-113) reconstituted with FAD (—), FMN (--) and ribofla-
vin (----- ) and melting curves of B) YcgF-(1-137) and C) YcgF-(1-113) recon-
stituted with the native chromophore FAD. The second transition at 78°C
could indicate the loss of FAD from the denatured state of YcgF-(1-113) as
previously reported for other flavoproteins.””® The BLUF domains were dis-
solved in Tris/HCl (2 mm, pH 8.0) buffer containing NaCl (20 mm). CD data
were collected at 20°C and averaged, while melting curves were recorded
at 207 nm from 20°C to 95°C.

NMR spectroscopy

One-dimensional 'H NMR spectra of the light- and dark-adapt-
ed states of YcgF-(1-137) reconstituted with FMN, shown in
Figure 6 A, possess excellent chemical-shift dispersion over the
entire spectral range, including a number of strongly down-
field- and upfield-shifted peaks. In detail, the —1.4 to 0.6 ppm
spectral region shows a number of resolved, but closely
spaced methyl resonances, observed for both the light- and
dark-adapted YcgF BLUF domain. Upfield-shifted methyl reso-
nances are generally the result of tertiary interactions such as
ring current effects derived from neighboring aromatic resi-
dues in close spatial proximity to NMR-active nuclei.’®*~* Exci-
tation with blue light caused strong shifts in peak positions,
relative intensities and overall spectral topology (Figure 6A
and Q). The changes include a number of resonances at —0.2
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Figure 6. NMR spectra of E. coli BLUF domain YcgF-(1-137) reconstituted with FMN recorded under dark- (blue) and light-adapted (red) conditions and of the
dark adaptation. A) In the "H NMR, the downfield and upfield shifted regions are separately displayed. B) Stack plot 'H detected representations recorded
after illumination. Spectra were acquired on a Bruker 800 MHz spectrometer using protein (200 um) in Tris/HCl (20 mm) and NaCl (1 m) at pH 8.0 and 291 K.
The black arrows indicate the channels from which the respective measured half-life were delineated. C) 'H,"*N HSQC spectra were recorded at 600 MHz,

291 K using protein (700 pm) dissolved in Tris/HCI (20 mwm), NaCl (1 m), pH 8.0.

to 0.6 ppm, pointing out that the protein environment in the
vicinity of these specific methyl groups has been rearranged
after illumination. While the 'H,"”°N HSQC spectra contain only
two thirds of the expected resonances, including many rela-
tively broad ones caused by high flexibility on an intermediate
NMR timescale indicative for millisecond dynamics, significant
differences between the light- and the dark-adapted states
were observed. In contrast to the HSQC spectra of AppA®™ and
BIrB," which showed rather few and mostly small chemical-
shift changes upon light excitation, a much larger fraction of
peaks are perturbed by illumination of the YcgF BLUF domain.
After a certain time period, the original dark spectrum was re-
generated without observable degradation, thus establishing
the reversibility of these changes at the protein level. No differ-
ences were observed when comparing spectra of YcgF-(1-137)
reconstituted with either FMN or FAD. Time-dependent
'H NMR spectra of the YcgF-(1-137)/FMN dark adaption were
recorded at 291 K showing a half-life of 21.3 min on average
(Figure 6B). This value is a mean of at least a dozen decaying
and increasing signals that originate from different regions of
the spectra. Interestingly, half-lives as determined from these
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different signals were found to differ significantly from each
other. The signals varied from 13.5 to 25.6 min, indicating a
complex light-dark conversion process consistent with previ-
ous findings.**"

By recording *'P NMR spectra at 291 K, the kinetic behavior
of chromophore signals upon illumination was investigated.
Figure 7 A presents *'P NMR spectra of the BLUF domain YcgF-
(1-137) reconstituted with FMN and FAD. Upon illumination,
clear upfield shifts for the single phosphate group of FMN as
well as for both phosphate groups of FAD of approximately
0.1 ppm were observed. This chemical shift difference allowed
the extraction of the intensities of upcoming and decaying sig-
nals. Due to the excellent signal-to-noise ratio, a time resolu-
tion of 2-3 min could be achieved, which was identical to the
resolution of the 'H-detected kinetic experiments. Extraction of
the intensities and fitting with mono-exponential functions
yielded half-lives of approximately 18-21 min for YcgF-(1-137)
reconstituted with either FAD or FMN. These half-lives are simi-
lar to the decay rates obtained by the averaged 'H NMR data
at the given temperature (Figure 7 C). The observed differences
are within the error of the experiment. Overall, the NMR data

ChemBioChem 2008, 9, 2463 -2473
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Figure 7. *'P NMR spectra and dark recovery rates of the YcgF-(1-137) BLUF domain reconstituted with FMN and FAD. A) First and last increment of a 3P de-
tected pseudo 2D experiment recorded after illumination. The dark- and light-adapted states are shown in blue and red, respectively, and the free ligands are
represented in black. The NMR signals arising from two 3'P atoms in FAD are split by scalar %J(P,P) coupling constant leading to four NMR lines in the experi-
ments for free and bound FAD. B) Stack plot representations of the dark adaptation of the E. coli BLUF domain YcgF-(1-137) respectively; in each case the
first 32 data points are shown and C) examples for normalized and fitted signal intensities. The positions where the intensities were extracted for the repre-
sentation are indicated in A) with black arrows. For FAD, t,,, calculations, the intensities highlighted with grey arrows were also considered. The obtained t,,,
values are the result of two individual experiments plotted as monoexponential decays over a period of 300 min. Spectra were recorded on a 500 MHz Bruker
spectrometer equipped with a QF-HP cryogenic probe at 291 K and 1.5-2.0 mm protein concentration.

are highly consistent with the respective visible light kinetics
discussed above, except for the 1.4-fold slower dark conversion 654
time of YcgF-(1-137)/FMN.
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Table 3. Half-lives determined by UV/Vis and NMR spectroscopy of YcgF-
(1-137) reconstituted with FMN. Every NMR determined half-life and time
constant is the average of at least twelve decaying and increasing signals
at a given temperature. The BLUF domain was dissolved in Tris/HCl
(20 mm, pH 8.0).

TIK] UV/Vis NMR

half-life [min] half-life [min] tmine Lmax
half-lives [min]

297 8.1£0.1 - -

296 - 15.94+6.9 6.0 to 27.6

292 14.7+4.8 - -

291 - 21.2+32 13.5t0 25.6

288 343+20 37.1+33 28.9 to 46.8

284 51.7+6.3 57.8+14.1 30.5 to 78.8

280 107.3+46.2 97.6+£13.1 76.2 to 119.5
E, [kimol™] 108.8+3.7 89.3+£11.9

HSQC spectra indicate that distinct changes in the protein
structure occur during dark recovery.l'%19-2:5253]

Discussion
Chromophore-protein interactions

Previous BLUF domain preparations often suffered from a het-
erogeneous mixture of flavin cofactors when BLUF domains
were overexpressed in soluble form. 1623304546 qur refold-
ing procedure of YcgF BLUF domains from inclusion bodies al-
lowed the deliberate incorporation of various flavin chromo-
phores independent of the presence of a C-terminal-joining a-
helix. Using this system we first analyzed whether the non-iso-
alloxazine parts of FAD or putative interactions between the
joining helix and the YcgF BLUF domain affected its photo-
chemical behavior. Major differences were not observed for
the overall photochemical characteristics when comparing
either in vitro and in vivo reconstituted YcgF BLUF do-
mains®**? or BLUF domains with and without C-terminally at-
tached Ja-helix. The photochemical properties were also not
significantly influenced by the chemical identity of the flavin
chromophore as reported for the R. sphaeroides AppA BLUF™
E. gracilis PACo. F2®® and the Avena sativa LOV2 domains.®¥
Accordingly, the observed protein-to-chromophore ratios, the
refolding yields or the red-shifts of light-adapted flavin chro-
mophores were not found to depend on the chosen flavin spe-
cies. Most of the associated structural changes of the YcgF
BLUF domain hence take place at the flavin isoalloxazine ring,
and neither the adenosine monophosphate moiety nor the
phosphate group of FAD is required for formation of the sig-
naling state.

However, the dark recovery rates of YcgF BLUF domains
measured by UV/Vis spectroscopy were keenly influenced by
the flavin chromophore’s nature, contrary to what is observed
for AppA® and PACa F2.® In the absence of a joining helix,
FMN appears to interact optimally with the signaling state of
the YcgF BLUF domain as represented by the rather large half-
life of its light-adapted state of 9.7 min, which is 1.8- and 2.4-
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times larger than for FAD and riboflavin, respectively. In this
case, where the Jo-helix is missing, the phosphate group
might interact via salt bridges with the YcgF BLUF photorecep-
tor as described for AppAl"™ and the LOV2 domain.”*** Quite
contrary to this, in the presence of the Ja-helix, the light-
adapted state of the BLUF domain is mostly stabilized if bound
to FAD. This specific stabilization might arise either from the
dimeric association of the BLUF domain, which is more mean-
ingful for the situation in the intact YcgF photoreceptor than
the tetra-/pentameric state of the stand-alone YcgF domain, or
from an indirect interaction across the entire YcgF BLUF
domain between the C-terminal Ja helix and the jutting AMP
moiety. Crystal structures for the AppA®’ and BIrB BLUF do-
mains have shown that the AMP moiety has an outward orien-
tation,™™ when the ribityl side chain and the phosphate group
of the chromophore point towards the surface of the respec-
tive BLUF domain. Therefore, FAD’s AMP moiety is not necessa-
ry for E. coli YcgF to undergo its photocycle, but it is affected
by the structural context of the BLUF domain™ and can hence
contribute to the stabilization of the light-adapted BLUF
domain in the intact photoreceptor protein.

The YcgF BLUF domain and the C-terminal Ja-helix

For NMR studies, only the YcgF BLUF domain including the C-
terminal Ja-helix was used since the BLUF domain without this
joining region adopted a higher oligomeric state and was not
tractable for NMR experiments due to its large molecular mass.
According to one-dimensional 'H and two-dimensional 'H,"”N
NMR spectroscopy, the BLUF domain with C-terminally at-
tached Ja-helix undergoes global structural changes between
its dark- and light-adapted states. Similar broad conformational
changes in the LOV2 domain of plant phototropins were
shown to correlate with distinct conformations of the light-
and dark-adapted states.”” Here, a reorientation of the C-ter-
minal Ja-helix during the formation of the light-adapted state
was delineated that was crucial for inter-domain signal trans-
fer.#0>0°¢ Ynfortunately, the complete solution structure of the
E. coli YcgF BLUF domain could not be determined due to a
lack of one third of the expected backbone amide resonances
in the "H,"’N NMR spectra.

Unlike the YcgF BLUF domain, many other BLUF domains ex-
hibit only minor structural changes upon light-dark conver-
sion. The AppA BLUF domain without an analogous C-terminal
a-helix shows only small changes between light- and dark-
adapted states according to HSQC NMR spectroscopy.” Similar-
ly, the LOV2AJoa. domain lacking the joining helix displays only
minor peak relocations in 'H, "N NMR spectra of its light- and
dark-adapted states.*” Analogous results were obtained from
NMR spectroscopy for the AppA and BIrB BLUF domains,
which included either a C-terminal extra-domain region or a
helical segment, and for a mutant of LOV2 where the interface
between the LOV domain and the Ja-helix was disrupted.®®
615 |n all these cases, the C-terminal extensions do not appa-
rently interact with the BLUF core or show significant changes
upon illumination of the ground state.
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The observed differences for light-dark conversion could
correlate with a conserved tryptophan, existent in most BLUF
domains, but replaced by alanine in YcgF. In other BLUF do-
mains, the conserved Trp residue is part of the so-called non-
productive electron transfer pathway™ and might participate
in the light-dependent formation and breakage of a hydrogen
bond to GIné3 during the photocycle.”” Furthermore, the flip
of the indole ring from an inward to an outward orientation
during dark-light conversion might transmit conformational
changes around the chromophore to the protein surface. Its
absence in the YcgF BLUF domain implies that the observed
global conformational changes of this BLUF domain might
take an alternative route to transmit structural changes to the
surface.

Overall, the YcgF BLUF domain appears to show a similar
light-triggered conformational change for its Ja-helix like the
LOV2 domain. Like the latter, in which additional H-exchange
and limited proteolysis experiments were performed,“” wide-
spread chemical dispersion in both the light- and dark-adapted
states suggest that the Ja-helix moves without disrupting the
BLUF domain fold of YcgF. Furthermore, the Ja-helix stabilizes
both the E. coli YcgF BLUF domain and its light-adapted state
and influences its sensor properties, as reflected by higher
refolding yields, higher melting points, decreased red-shifts of
the light-adapted state and slower dark-recovery rates. In addi-
tion to the light-induced structural changes seen in LOV2 do-
mains, light-induced structural changes at the extensions of
photoreceptor domains might be a general theme, as they
were observed for the so-called DAS motive of A.thaliana
cryptochrome 18 and a N-terminal helical segment of the
photoactive yellow protein 5%

Based on these data, a model for the role of the Ja-helix of
YcgF during signal transduction is proposed: In the dark-
adapted state the C-terminal a-helix interacts with the BLUF
domain and moves upon illumination relative to the domain
surface, similar to the Ja-helix of LOV2.*” The reoriented BLUF
Ja-helix could thereby affect the EAL domain’s activity either
by controlling access to the c-di-GMP binding site or by chang-
ing its dimeric association,®" as EAL domains can dimerize as
exemplified by the N-terminal EAL domain of Ykul from B. sub-
tilis (2BAS).

Conversion between light- and dark-adapted states appears
to be rather complex in the YcgF BLUF domain, as indicated
by the heterogeneous distribution of half-lives in time-depen-
dent NMR spectra. The heterogeneous recovery of the dark-
adapted state indicates a hysteresis effect as observed before
for LOV2"? and PYPF" This heterogeneity does not contradict
the UV/Vis, *'P and '"H NMR spectroscopically determined half-
lives of the light-adapted state. Here, the UV/Vis values reflect-
ing the chemical environment of the isoalloxazine chromo-
phore correlate with the fastest NMR-derived half-lives, similar
to LOV2."? The *'P NMR values correlate with the average
'H NMR lifetimes, and the reorientation of the Ja-helix corre-
lates with the slowest '"H NMR lifetimes of the FMN containing
BLUF photoreceptor. This finding indicates that the YcgF BLUF
domain might recover into the dark-adapted state starting
with local changes in the isoalloxazine environment that prop-
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agate towards the photoreceptor surface and its interface with
the Ja-helix.

Conclusions

The global structural changes occurring in the YcgF BLUF
domain during light-dark conversion require a huge activation
barrier of at least 89 kJmol™'; similar values were reported
before for the stand-alone BLUF domain of TIl0078.%" This ki-
netic barrier corresponds to a doubling of the decay rates
upon a temperature rise of just 6 K. This temperature depend-
ency might be biologically relevant, as it affects the activity of
E.coli YcgF as a putative phosphodiesterase. As mentioned
before, EAL-class phosphodiesterases hydrolyze c-di-GMP,
which is a second messenger that regulates the multicellular
behavior of bacteria, and, in particular, the delicate balance be-
tween motile and sessile life styles.®*3*3”) Recent results advert
a decrease in biofilm formation and raised motility for E. coli
K12 grown under blue light, whereas this effect is missing in
cells grown under red light and in E. coli mutants lacking the
ycgF gene.’® Under dark conditions, the YcgF BLUF domain
exists in its ground state and hence might inhibit the EAL
domain. In this case, the increased c-di-GMP concentration
would trigger biofilm formation by E. coli. At ambient tempera-
tures and under blue light, the EAL domain would be activated
by the light-adapted BLUF domain to hydrolyze the second
messenger thus causing enhanced mobility.?¥ At lower tem-
peratures the light-adapted state of the YcgF BLUF domain is
further stabilized, thus causing an even stronger bias to motile
life style.

Interestingly, various bacteria, for example Burkholderia xeno-
vorans, possess LOV-domain-coupled EAL and GGDEF do-
mains;%¢" this suggests the existence of similar mechanisms
between the respective photoreceptor domain and c-di-GMP-
regulating output domains. Thus, YcgF might play an impor-
tant role in temperature- and light-dependent regulation of
bacterial biofilm formation. Such a coupling between two envi-
ronmental cues might not be without precedent, since animal
and plant cryptochromes have been claimed to represent
blue-light-dependent magnetoreceptors.*>* From this one
may wonder whether E. coli YcgF could indeed function as a
blue-light-dependent molecular thermometer.

Experimental Section

Reagents and buffers: All chemicals were purchased from Sigma-
Aldrich, Merck and Fluka.

Cloning and expression: Using genomic DNA from E. coli strain
DH5a (Stratagene) and the primers ycgFup 5-GGC ATA TGG CTA
GCC TTA CCA CCC TTA TTT ATC TAG C-3', ycgF113down 5-CCG
GAA TTC ATT ACC CTT TGT CGA ATA CGG CC-3" and ycgF137down
5-CCG GAA TTC ATT ACT CGG TTG CAA GGA CAA AAG-3' the BLUF
domains YcgF-(1-113) and YcgF-(1-137) were amplified by PCR in-
troducing Nhel and EcoRlI restriction sites. The resultant PCR prod-
ucts were ligated into the pCR®2.1TTOPO® vector and subcloned
into the pET36b (Novagen) expression vector through the same re-
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striction sites, to yield the plasmids pET36-YcgF-(1-113) and pET36-
YegF-(1-137).

The E. coli BLUF domains YcgF-(1-113) and YcgF-(1-137) were ex-
pressed the in E. coli strain BL21(DE3) Gold (Stratagene) in 2 L LB-
medium (Luria Bertani) or in "N isotope labelled rich growth OD2
media (Silates) containing kanamycin (35 pgmL™") at 37°C. After
induction with IPTG (1 mm) at ODsy 0.5-0.6, cells were harvested
after 2 h, resuspended in buffer| (20 mm Tris/HCl, pH 8.0 and
200 mm NaCl) and disrupted in buffer | supplemented with lyso-
zyme (1.2 mgmL™"), EDTA (1 mm), PMSF (0.6 mm), LDAO (3%, w/v)
and DNase | (24 pgmL™") for the isolation of inclusion bodies. The
inclusion bodies were washed three times with buffer | containing
EDTA (1 mm), PMSF (0.3 mm), LDAO (0.75%, w/v), one more time
with this buffer lacking LDAO and finally twice with ddH,0.

Refolding and reconstitution with flavin chromophores: The in-
clusion bodies were solubilized in buffer| supplemented with
GdnHCI (6 m), DTT (0.1 m). The denatured BLUF domains were dia-
lyzed with a 7.5-fold excess of FAD or a 15-fold excess of FMN or ri-
boflavin, respectively, against Tris/HCI (20 mm, pH 8.0) for 1.5 days
by using a SnakeSkin dialysis tube with a MW cutoff of 3.5 kDa
(Pierce). The soluble fractions were collected after centrifugation at
1500 g for 10 min, at 4°C.

Purification and determination of protein-to-chromophore
ratios: Solutions comprising YcgF-(1-113) or YcgF-(1-137) were
concentrated with an anion exchanger Q-Sepharose Fast Flow (GE
Healthcare) by eluting with a minimal volume of Tris/HCI (10 mm,
pH 8.0), NaCl (1 m). The YcgF BLUF domains were purified by gel fil-
tration using a Superdex 200 XK 16/70 column (GE Healthcare)
equilibrated before with Tris/HCl (20 mm, pH 8.0). The apparent
molecular mass of the YcgF BLUF domain was estimated by the
use of gel filtration calibration kits (GE Healtcare). Concentration
was completed again with a Q-Sepharose Fast Flow column, and
the YcgF fragments were eluted with with buffer | or centrifuge
filter devices (Sartorius AG). The purified BLUF domains were
stored at —20°C.

To identify the protein-to-chromophore ratios, the BLUF domain
concentrations were determined with the BCA assay'® before heat
denaturing the protein in SDS (0.8 %, w/v), HCI (0.1 m) for 15 min at
65 °C.* Concentrations of the free flavin chromophores were de-
termined by measuring their absorption and using specific extinc-
tion coefficients estimated for the present buffer conditions (FAD:
£450=10077 M 'cm™"; FMN: £,,3=10655m""'cm™'; riboflavin: £,,3=
9763 M~ cm~'"9),

Spectroscopy: For UV/Vis spectroscopy, a HP 8453 diode array
spectrometer (Hewlett Packard) was used. The absorption spectra
of the BLUF domains YcgF-(1-113) and YcgF-(1-137) with concen-
trations between 13 and 38 um were measured in buffer | in the
range of 190-1100 nm at 291 K. Dark spectra were recorded after
incubating the BLUF domains on ice for 2 h in the dark. Before
recording the light-adapted spectra the E. coli BLUF domains were
illuminated for 1 min with a commercial slide projector containing
a 250 W lamp type 64655 (Osram).

Half-lives for the regeneration of the dark-adapted state were in-
vestigated on a J-810 spectropolarimeter (Jasco) with a Jasco PTC-
423S Peltier type temperature control system using a quartz cell
(Hellma) with a pathlength of 1 mm and both BLUF domains in
concentrations between 30 and 75 um. Kinetic experiments were
performed between 280 and 297 K. Prior to the start of the kinetic
experiment, the samples were illuminated with a Philips TLD 58W/
25 lamp for 90s at RT. Using the interval scan measurement

2472

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L.-O. Essen et al.

modus every 120 or 300s the absorption values at 503 and
504 nm were recorded during a period of 2 h or 3 h, respectively.
Half-lives were calculated from the time-dependent datasets using
the mono-exponential decay functions of Origin (OriginLab Corpo-
ration).

CD-spectroscopic measurements were recorded on the same in-
strument using a quartz cell (Hellma) with a pathlength of 1T mm.
The BLUF domain concentrations were between 8 and 15 um. The
CD spectra were recorded at 20°C and 95°C in the range of
190 nm to 280 nm. The melting curves were carried out at 207 nm
by heating the protein solution by 2°Cmin~" from 20 to 95°C and
cooled down after 10 s with the same rate to 20°C.

'H detecting NMR experiments were carried out on 800 or
600 MHz spectrometers (Bruker) using a z-axis gradient, 5 mm TXI-
HCN cryogenic probe or a 5 mm TXI-HCN probe without gradients.
Standard 'H,"”°N HSQC experiments were carried out on a Bruker
600 MHz spectrometer, equipped with a 5mm HCN cryogenic
probe and a z-axis gradient. *'P NMR experiments were run either
on an AV 600 MHz spectrometer (Bruker) equipped with a 5 mm
TXI-HCP cryogenic probe or on an AV 500 MHz spectrometer
(Bruker) equipped with a 5 mm QF-HP cryogenic probe. All sam-
ples were dissolved in Tris/HCI (20 mm, pH 8.0), NaCl (1m), D,O
(10%). "H chemical shifts were referenced directly to 3-(trimethyl-
silyl)-1-propane-sulfonic acid sodium salt (Sigma) at 0.015 ppm,
whereas "N was referenced indirectly and *'P chemical shifts were
referenced externally to phosphoric acid (85%) at 0.00 ppm.
Proton kinetic experiments were performed at five different tem-
peratures (280-297 K) in a pseudo two-dimensional manner, with
300 um protein concentration and a time resolution of approx.
2 min per data point. 'H,"’N HSQC spectra were recorded at 291 K
using a 700 um sample with 2 K data points and eight scans aver-
age per FID. Proton-decoupled *'P detected kinetic measurements
were performed analogously to the proton experiments using a
1.5 mmMm protein concentration at 291 K only. Prior to the start of
the experiment, the samples were illuminated with a 200 W He-Xe
lamp emitting light between 300 nm and 450 nm for 10s to 30s
on ice outside the spectrometer. The NMR spectra were recorded
with the software xwinnmr version 3.5 (Bruker) and further pro-
cessed and analyzed using TOPSPIN version 1.3 (Bruker Biospin)
and CARA. The decay and build-up of single peaks were analyzed
using SigmaPlot (Systat Software Inc.) by fitting time-dependent
peak intensities to three parameter monoexponential functions.
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Synthesis and Biological Properties of Cylindramide
Derivatives: Evidence for Calcium-Dependent Cytotoxicity

of Tetramic Acid Lactams

Nicolai Cramer,” Sarah Helbig,” Angelika Baro,” Sabine Laschat,*® Randi Diestel,”
Florenz Sasse,*™ Daniel Mathieu,™” Christian Richter,” Grit Kummerléwe, Burkhard Luy,"

and Harald Schwalbe*

To gain insight into the biological properties of tetramic acid
lactam cylindramide 1, the analogues 4a-d bearing a cyclopen-
tane ring instead of the pentalene unit were prepared by tandem
conjugate addition/enolate trapping of cyclopentenone 10; a So-
nogashira or Stille coupling, followed by a Julia-Kocienski olefi-
nation, macrolactamisation and Lacey-Dieckmann cyclisation
were the key steps. The previous NMR structure of cylindramide
1, which was based on NOE and J coupling restraints, could be
refined by including residual dipolar coupling data measured for
a sample of cylindramide that was aligned in polyacrylonitrile

Introduction

The 2,4-pyrrolidinedione (tetramic acid) moiety has been rec-
ognised as an important structural feature in many natural
products.” Macrocyclic tetramic acid lactams such as cylindra-
mide (1), discodermide (2),”! or alteramide A (3) are particu-
larly interesting because of their pronounced cytotoxicity
(Scheme 1).

Surprisingly little, however, is known about the synthesis
and biological mode of action of compounds 1-3.”' This moti-
vated us to study the chemistry of cylindramide 1 in more
detail, and resulted in the enantioselective total synthesis of 1

Scheme 1. Tetramic acid lactams cylindramide (1), discodermide (2) and
alteramide A (3).
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(18 %). Biological screening of cylindramide 1 and its analogues
2-epi-1, 20 and 4 revealed promising antiproliferative activity
against several tumour cell lines. It turned out that the activity is
strongly correlated to the functionalised pentalene system. The
configuration of the cyclopentane ring and an intact tetramic
acid lactam with the correct configuration seem to play an equal
role in the cytotoxicity. The antiproliferative activity was found to
be calcium dependent. Phenotypic characterisation of the mode
of action showed vacuolisation and vesicle formation in the en-
doplasmic reticulum.

in 2005.%” Having compound 1 and synthetic precursors in
hand allowed us to investigate the biological properties with
particular attention to the role of the tetramic acid and the
pentalene moiety in 1. The latter issue, however, required the
synthesis of a pentalene-free analogue of 1. We anticipated
that 1,2-disubstituted cyclopentane might best serve as a pen-
talene surrogate because it keeps ring size and overall confor-
mation of the macrocycle similar. For the preparation of the cy-
clopentane analogue 4d of cylindramide two strategies were
envisaged, proceeding via the precursors 7 or 10 (Scheme 2).
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Scheme 2. Retrosynthetic pathways A and B to the cyclopentane analogue 4d of cylindramide; 4d is numbered according to cylindramide 1 for comparison.

Herein the synthetic routes to the cyclopentane analogue 4 as
well as the biological properties of cylindramide (1), its syn-
thetic precursors and non-natural analogues are reported.

Results and Discussion
Synthesis of cyclopentane analogue 4 by route A

Route A follows the published procedure for the preparation
of cylindramide (1). In order to synthesise alkyne 7, cyclopente-
none was sequentially treated with the Gilman cuprate from
trimethylsilylpropyne in the presence of tBulLi, tetramethyleth-
ylenediamine (TMEDA) and Cul,® trimethylsilylchloride and tri-
methylorthoformate in the presence of BF;-OEt, (Scheme 3).
Ketone 11 was reduced with NaBH, to give the corresponding
diastereomeric alcohols, which were deoxygenated according
to the method of Barton and McCombie by using 1,1-thiocar-
bonyldiimidazole in pyridine,”  2,2"-azobisisobutyronitrile
(AIBN) and tris(trimethylsilyl)silane!® instead of Bu,SnH. In this
manner, derivative 7 could be isolated in 53 % overall yield.

Compound 7 was then submitted to a Sonogashira cou-
pling™ with the hydroxyornithine derivative 8 to yield the
enyne 12 in 91% (Scheme 3). Hydrolysis of the acetal group in
12 with acidic ion-exchange resin for 2 days set the aldehyde
function free, which underwent a Julia—Kocienski olefination™?
with N-phenyltetrazolylsulfone 9 to give the enyne 13 in
52% vyield over both steps. After the Staudinger reduction of
the azide group in 13 with PPh,,"® cyclisation was initiated by
a thermally induced retro-Diels—Alder reaction of the trimethyl-
dioxinone moiety to give the corresponding a-oxoketene. The
latter was immediately trapped intramolecularly by the amino
group, yielding the diastereomeric macrocycles 5a,b in 64%
(dr 1:7).

The cis-selective reduction of the enyne 5 was achieved
either by using 1 atm H, and Pd/BaSO, as catalyst in the pres-
ence of synthetic quinoline, or by following the procedure of
Boland,™ in which zinc nanoparticles were activated with Cu-
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Scheme 3. Preparation of precursor 5. a) TMS-C = CMe, tBuLi, TMEDA, THF,
—78°C, 1 h; Cul, THF, —40°C—0°C; TMSCI, THF, —78°C——40°C, 3 h;
HC(OMe),, BF;-OEt,, CH,Cl,; b) NaBH,, MeOH, 0°C, 1 h; c) 1) (Im),CS, pyridine,
CH,Cl,, 50°C, 5 h, 2) (Me,Si);SiH, AIBN, toluene, 80 °C, 30 min; d) K,CO,, EtOH,
RT, 16 h; e) 8, Cul, [Pd(PPh,),], NEt,;, THF; RT, 30 min; f) i: Amberlyst 15, ace-
tone, H,O, RT, 2 d; ii: 9, NaHMDS, DME, —55°C, 1 h; RT, 16 h; g) 1) PPh,, THF,
RT, 2 h; 2) H,0, RT, 24 h; 3) toluene, 0.19 mm, 110°C, 8 h.

(OAc), and AgNO; in water (Scheme 4). The ZE-dienes 14a,b
were isolated in 57 % or 55% yield (dr 1:1). Both diastereomers
could be separated by MPLC on a cyanopropyl phase with hex-
anes/ethyl acetate as eluent, to give 14a in 28% and 14b in
27 % yield.

Subsequent deprotection of the silyl ethers 14a,b by aque-
ous HF afforded the hydroxylactams 15a,b in 64% and 55%
yield, respectively. Finally, a Lacey-Dieckmann cyclisation" of
15 with NaOMe in MeOH provided the diastereomeric tetramic
acid lactams 4ab and 4c¢d in 93% and 52% yield. The four
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the two structures showed an
RMSD of 0.87 A. We recalculated

1 atm H,, Pd/BaSO,, synth. quinoline

1) Zn/Cu/Ag, MeOH, H,0, 45°C, 3 h or
2) separation by MPLC

2 o

HN

RO |
CO,Me

NH
O O

14a R =TBS (28%)
15a R =H (64%)

3%l1) NaOMe, MeOH, RT, 1 h; 2) HCI; 3) separation by HPLC 52%

Neodil s

W

oy HO,
o)

NH P

4a OH © 4 OH © 4c OH

Scheme 4. Preparation of cylindramide analogues 4. Stereogenic centres with an asterisk are arbitrarily drawn.
The configuration of 4c and 4d was derived from NMR spectroscopy experiments.

diastereomers could be separated by preparative reversed-
phase HPLC.

Synthesis of cyclopentane analogue 4 by route B

As depicted in Scheme 5, alkyne 7 was deprotonated with bu-
tyllithium and treated with iodine® to give the iodoalkyne 16
almost quantitatively. A cis-selective reduction of the triple
bond in 16 was achieved with a diimine that was generated in
situ from o-nitrobenzenesulfonylhydrazide 17"” in THF/iPrOH
in the presence of NEt; under strict exclusion of light."® A sub-
sequent halogen-lithium exchange and quenching with
Bu;SnCl gave the target precursor 10 in 75% yield. The Stille
coupling™™ of 10 with hydroxyornithine 8 provided compound
19 in 51% vyield. Hydrolysis of the acetal group and Julia-Ko-
cienski olefination of the intermediate aldehyde gave the cycli-
sation precursor 6, which was subjected to a Staudinger reduc-
tion, followed by macrolactamisation as described above. The
desired diastereomeric lactams 14ab were isolated in 55%
yield (dr 1:1).

Structure refinement of cylindramide

The structure of cylindramide 1 has been previously deter-
mined by using 71 distance restraints that were calculated
from cross peak intensities from the 400 ms mixing time
ROESY spectra. The calculations did not converge to a single
structure, but the data were compatible with two different
conformations. The ten lowest-energy structures for each of
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the structure of cylindramide 1

on the basis of newly measured
0o residual dipolar couplings (RDCs)
that provide information about
the long-range structure of the
cyclic structure.® For cylindra-
mide 1, the overall curvature of
the macrolactam ring can espe-
cially be improved. For the mea-
surement of RDCs, cylindramide
1 was dissolved in DMSO and
the solution was placed on top
of a polyacrylonitrile gel that
had been swollen in DMSOQ.?"
The deuterium signal that was
recorded under these gel condi-
tions showed a deuterium quad-
rupolar splitting of 13.9 Hz. After
one week of diffusion, residual
dipolar couplings from —20 to
+25Hz for cylindramide could
be observed. We determined the
'D(CH) couplings for all 15 me-
thine groups in the molecule

HN

RO
COo,Me

NH

o O

ofw
2

(0]

X SO,NHNH
= @ G 2
NO, 17
OMe ——>
‘y, c) l,,erMe
OMe
7X=H _4_\ 18 (93%)
16 X = 1 (98%) d), e)l
10 (75%)
f)l
H Ns
§ -
ANF CO,Me
ol OTBS
i), ] h
14ab i), ) 6 g). h)
(55%) (50%) OMe
OMe 19 (51%)

Scheme 5. Preparation of macrolactams 14 by route B. a) BuLi, THF, —78°C;
b) I,; ¢) THF, iPrOH, NEt;, RT, 24 h; d) tBulLi, Et,0, pentane, —78°C; e) CISnBus,
—78°C—RT, 16 h; f) 8, PA(PhCN),Cl,, DMF, RT, 10 min; g) Amberlyst 15, ace-
tone, H,0, 3 d; h) NaHMDS, 9, DME —78 °C—RT; i) PPh,, THF, H,0, 1 d; j) tolu-
ene, reflux, 7 h.

and the two amide sites in t,-coupled *C HSQC, constant-time
3C HMQC and "N HSQC spectra. In addition, we developed a
general new NMR pulse sequence to measure 'D(CH) couplings
in two methylene groups.

ChemBioChem 2008, 9, 2474 - 2486
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'D(CH1) and 'D(CH2) couplings for the two diastereotopic
methylene protons H1 and H2 cannot easily be measured from
a t;-coupled HSQC experiment, because in the case of almost
equal scalar couplings of 'J(C,H1) and 'J(C,H2), the middle com-
ponent of the expected triplet will be cancelled. The new con-
stant-time HMQC experiment that is depicted in Figure 1 has
been developed to determine 'J(C,H1) and 'J(C,H2) couplings
in methylene groups.

w_ [a]a] lalaipn,
D4 P2 P3 V vy
3¢ | [ rte | w2 || DEC
G1 G G; -G3 Ga
6, I\ [\ A\

Figure 1. Coupled constant-time HMQC pulse sequence. 4= 1/[2J(CH)].
@1=X, —X; P,=2(x), 2(—X); P3=4(X), 4—X); Prec=X, =X, X, =X, —X, X, —X, X.
Gradient strength with a duration of 1000 ms each: G,=5.5Gecm™; G,=
—28Gcm™'; G;=44 Gcm™'; G,=30.3 Gem™'. Coherence selection was ob-
tained by inversion of G; and incrementation of ¢, in echo-antiecho man-
ner. The constant time period was set to 8.8 ms. The spectrum has been pro-
cessed by using magnitude calculation along t,.

In the HMQC experiment that is depicted in Figure 1, double
and zero quantum coherence of the type C"H1*/~ or C"H2*/~
evolve for the CH1 and CH2 cross peak, whereas the scalar
couplings 'J(CH1) and 'J(CH2) do not evolve. Thus, only one
of the two 'J(CH) couplings will evolve during t, (Figure 2). The
evolution of proton chemical shift is suppressed by applying
constant time in t;, whereas J(H,H) evolve during (44 +2T+t,),
therefore the magnitude calculation is applied during t,.

'J+D (C,H2)
—

FULL PAPERS

cause of the less-efficient spin relaxation in the indirect dimen-
sion and because of the fact that proton-proton dipolar cou-
plings can lead to peak distortion in the direct dimension.®

All structural calculations have been performed by using
XPLOR-NIH.*¥ By starting from a temperature of 8000 K, 15000
conjugate steps have been calculated to a final temperature of
150 K.

By using additional residual dipolar couplings, the structure
could be improved to a RMSD of 0.48 A and converged to a
single conformation (Figure 3). The bundle that showed the
ten lowest-energy structures includes one outlier. The confor-
mation of the part reaching from C22 to C25 is not clearly

Figure 3. Ten lowest-energy structures of cylindramide 1 that were calculat-
ed by using 71 NOE-derived distances and 21 RDCs.

defined; this indicates flexibility. No NOE contacts
could be observed for this region, the RDCs could
not be measured due to overlap with the broad sig-
nals of the aligning media.

The resulting structures are in good agreement
with the measured data. Back-calculated RDCs fit to
the measured ones very well (R>0.99) (see Figure S1
in the Supporting Information) and only two NOE re-
straints are violated by more than 0.3 A. A compari-

°C [ppm] B)
A)
pn F35.0 -y
A (W) ®2="Ma
J(L@“ \ @)/
Y+D 4D [35.5 4D (CH1)
(CH1) (CH2) = @c —
ﬁ;\ [~ 36.0
@ e
Y QP
@ K\&@Q F36.5 2= Ho
T T7 T T ) 365 360 355 350
3.4 32 3.0 28 26 'Hlppm]
WH1 WH2 13C [ppm]

Figure 2. Selected region of a t,-coupled CT-HMQC spectrum of cylindramide 1 (A) and

the "*C NMR signal columns of the shown peaks (B).

The constant time delay T is set to 8.8 ms, which would sup-
press homonuclear carbon-carbon couplings during t, in the
case of isotope-labelled substances. In contrast to other pulse
sequences like the SPITZE-HSQC,”? which are able to measure
'J(CH) couplings in methylene goups, the pulse sequence pre-
sented here offers the possibility of measuring the desired cou-
plings in the indirect dimension. This is usually favoured be-

ChemBioChem 2008, 9, 2474 - 2486
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son of the resulting structures with the previously
calculated structures from NOE data reveals minor
differences, the differences are mainly in the bend of
the macrocyclic ring.

Configuration of cylindramide analogues 4a-d

The configuration of the cylindramide analogues 4 (for atom
numbering see Scheme 2) was determined by qualitative cross
peak inspection in DQF-COSY spectra®’ and comparison with
cylindramide 1 of known configuration. To compare the config-
uration of the five-membered rings, the COSY cross peaks
H21-H20 were analysed (Figure 4) because the H13-H20 cross
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Figure 4. H21—-H20 DQF-COSY cross peak in the spectrum of cylindramide 1 and its analogues 4a-d.

peak could not be resolved, and H20 has a different chemical
environment when comparing cylindramide 1 and its ana-
logues 4. We use the size of the active and passive coupling
constants that were revealed in the cross peak to assign the
configuration of one of the analogues 4 to the configuration
of cylindramide 1. All measurements were carried out on a
600 MHz Bruker Avancell spectrometer that was equipped
with a "H{"3*C,"*N} cryogenic triple resonance probe with z gra-
dients. Only the analogues 4a and 4d showed a similar cross
peak pattern compared to cylindramide; this indicates that
both compounds have the same relative configuration.

To determine the configuration at C2, the H3-H4 cross peak
was analysed, again because the H2-H3 cross peak could not

be resolved for cylindramide 1 due to overlap of H2 and H3
(Figure 5).

Only analogue 4d shows the same COSY cross peak pattern
as cylindramide 1, when comparing the ratio between active
and passive couplings; this indicates that 4d has the same
configuration as 1. We therefore can propose with certainty
the relative stereochemistry of 4d by comparing the COSY
spectrum of 1 and 4d, but we cannot assign the other three
stereoisomers to their relative stereochemistry. Due to the fact
that epimerisation at C2 in the synthetic route occurs during
Lacey-Dieckmann cyclisation, however, the configuration of 4c
is also fixed. The relative stereochemistry and orientations of
cylindramide 1 according to couplings and structure calcula-

3.90

3.95

4.00

4b

&
5
>
8 'H (ppm)

4.15

1.40 1.35 1.30 1.50 1.45

1.40 1.80 1.85 1.80

4c V

ad 4d

3.55 3.95

}3.60

Figure 5. H3—H4 DQF-COSY cross peak in the spectrum of cylindramide 1 and its analogues 4a-d.
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tions are shown in Figure 6. The assignment of protons H4”f
and H4”* was based on the structure. The lowest-energy
structure shows a dihedral angle H3—C3—C4—H4"° of 87°,

A) B) C)

H3 c5 2 04 C12H20
H4 proS H3
c2 OH c1 N1 %2113 s
H4 proR OH

Figure 6. Newman projections along the A) 3C4 bond, B) 2C3 bond and the
C) 13C20 bond.

which results in a coupling of about 0 Hz according to the Kar-
plus equation.” Analysis of the ten lowest-energy structures
results in a dihedral angle of 86+ 15° which can still explain
the missing COSY cross peak due to a very small coupling.
Therefore, only one H3-H4 cross peak is observed for cylindra-
mide 1 and its analogue 4d.

Biological studies

A broad screening of cylindramide derivatives 2-epi-1 and 20
(Scheme 6) revealed only moderate activity against microor-
ganisms, and proliferation tests with the mouse fibroblast cell
line L929 indicated high cytotoxicity.”

O o}
H i H =z N
HN HN
H 0y HO, H - HO
| o X T,
NH MeO,C' “NH
=
2-epi 1 oH © 20 o) o}

Scheme 6. Cylindramide derivatives 2-epi-1 and 20.%

Thus, this issue was explored in more detail. Compounds 1,
2-epi-1, 20, and 4a-d were tested against various tumour cell
lines (Table 1). It is evident from the data that cylindramide 1
displayed the highest cytotoxicity regardless of the cell line.
Moreover, the tetramic acid moiety might be more important
for activity than the correct stereochemistry at C2. For exam-
ple, the ICs, values in the L929 series are much higher for pre-
cursor macrocycle 20 without the tetramic acid moiety com-
pared to the corresponding tetramic acids 1, 2-epi-1. In the
series of cyclopentane analogues 4a-d, diastereomer 4d dis-
played the highest cytotoxicity against the investigated cell
lines. This result can be taken as further support for the NMR
spectroscopic assignments, that is, analogue 4d has the same
configuration both at the cyclopentane unit and at the tetra-
mic acid lactam as compared to cylindramide 1. The results of
tests with the multidrug-resistant cell line KB-V1 showed that
cylindramide 1 and 2-epi-1 have no affinity to the overex-
pressed glycoprotein efflux pump (P-gp) of the cells. The
values with or without verapamil, which inhibits P-gp trans-
port, are the same.

Only in the FAB mass spectra of cylindramide 1 did we find
[M+Cu]™ adducts. Obviously, complexation of Cu®>" from the
metal FAB tip of the mass spectrometer took place. This obser-
vation showed that cylindramide 1 is a good ligand especially
for divalent metal cations. Therefore, cylindramide 1 could
exert its cytotoxic effect by binding of Ca?>" or Mg?", and de-
creasing their intracellular concentrations. To examine this
issue, 1C5, values of L929 cell line at various Ca*" and Mg*"
concentrations were measured. For this purpose a culture
medium with reduced Ca’" and Mg?" concentrations was
used to which different amounts of CaCl, and MgSO, were
added. As shown in Figure 7, the IC;, values significantly in-
creased with increasing Ca®" ions in the culture medium up to
1.6 mm, that is, cylindramide 1 has lower cytotoxic effects in
presence of higher Ca’* concentration. The ICy, values are
generally higher than the values given in Table 1. This is proba-
bly mainly due to shorter incubation time. A positive effect of
Ca’* could not be observed with U-937 human lymphoma
cells. Adding 1 mm CaCl, to normal RPMI 1640 medium (final
concentration 1.4 mm then) had rather a negative effect on

Table 1. Cytotoxicity of cylindramide and analogues against different mammalian cell lines.”

Cell line Origin/remarks 1 epi-1 20 4a 4b 4c 4d

L929 mouse, connective tissue 0.067 £0.022 1.2+04 6.8+04 17+4.2 12+0.7 22+0.7 2.3+0.1

L-R118 epothilone-dependent 929" 0.07240.008 1.2+0.1 3.6+0.0 - - - -

PtK, potoroo, kidney 0.13+0.01 32403 14+2.8 - - - -

A-431 human epidermoid carcinoma 0.24+0.00 6.6+0.6 24+0.7 - - - -

PC-3 human prostate carcinoma 0.28+0.02 74+0.0 15+0.0 19+0.0 45+0.0 11+0.0 47+04

SKOV-3 human ovary carcinoma 0.27£0.05 - - >40 >40 >40 6.5+£0.0

KB-3-1 human cervix carcinoma 0.16+0.05 24+00 21+0.7 >40 3.1+04 >40 8.0+£0.0

KB-V1 mdr KB line 0.089+0.00 24+0.0 - - - - -

KB-V1 in the presence of verapamil 0.078+0.00 22+0.0 - - - - -
(5ugmL™")

K-562 human leukemia 0.19+0.16 6.6+0.6 18+0.0 - - - -

U-937 human lymphoma 0.52+0.15 7.9+0.8 - - - - -

[a] Cell proliferation was measured by an MTT or WST-1 assay after 5 d of incubation. IC,, values are given in ugmL™". [b] The cell line was kept in the pres-

ence of epothilone A (40 ngmL™").

ChemBioChem 2008, 9, 2474 - 2486

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2479

www.chembiochem.org



www.chembiochem.org



BIO

2.5+

2.0

d N

10+ /

o—

ICs50 / yg mL™" ——

0.5 1

00 T T T T T
017 046 10 16 30

[Ca) mM ——

Figure 7. Ca’"-dependent cytotoxicity of cylindramide 1 against the L929
mouse fibroblast cell line. The ICs, of an inhibitory effect of cylindramide on
cell proliferation was measured by an MTT assay after two days of incuba-
tion in DME-based media that contained different concentrations of CaCl,.
The MgSO, concentration was 0.08 mwm.

the viability of this cell line, which was generally eight times
less sensitive to cylindramide 1 than L929 (Table 1). In contrast
to the fibroblasts, the U-937 cells grow nonadherently. Upon
addition of Mg®", no significant beneficial effects with both
cell lines, L929 and U-937 were observed.

When we examined the Ca*" concentrations in PtK, (poto-
roo kidney) and U-937 cells with calcium indicators like Fura-2
and Fluo-4 we found a reduction of fluorescence in the pres-
ence of cylindramide 1 after short incubation times (30 min).
When we checked the inner membrane system of the PtK,
cells that were incubated with cylindramide 1 overnight by la-
belling an indicator protein of the endoplasmic reticulum (ER),
we observed vacuolisation and vesicle formation (Figure 8).

Figure 8. Cultured cells of the potoroo kidney cell line PtK, were incubated
with cylindramide 1 (0.5 pgmL™") overnight and stained for endoplastic re-
ticulum. A) Control cells and B) cylindramide-treated cells that show vesicle
formation.

Thus, we have two phenomena, a short-term reduction of
free Ca’" in the cytosol and a long-term interference with the
integrity of the ER. Normally the concentration of free Ca’" in
the cytosol is low, whereas its concentration in the endoplas-
mic reticulum is 10000 times higher. It could be that cylindra-
mide 1 is accumulated in the ER and thereby affects the mem-
brane integrity. We have the first hints that Ca’* complexation
could be the basis of the toxicity of cylindramide 1, but further
investigations are needed to elucidate the mode of action in
more detail.
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Conclusions

Based on the original total synthesis of cylindramide 1, four
analogues 4a-d have been prepared in which the substituted
pentalene unit of 1 was replaced with a cyclopentane moiety.
Detailed NMR studies with residual dipolar couplings not only
resulted in a refined conformation of cylindramide 1, but al-
lowed assignment of the configuration of analogue 4d. The
measurement of residual dipolar coupling has significant
impact on the determination of the concave shape of the mac-
rolactam ring. In order to improve the RDC measurement in
methylene groups, we developed a new HMQC-type correla-
tion experiment to decouple the second passive spin in the
w,-evolution period. The RDCs for methylene groups are im-
portant because the fixed geometry for the H—C—H moiety dis-
solves the up-to-fourfold degeneracy within a single alignment
medium.

The stereochemical assignment agreed well with the biologi-
cal screening of cylindramide 1 and the analogues 2-epi-1, 20
as well as cyclopentane derivatives 4a-d. Thus, analogue 4d,
which is assumed to have the same configuration as 1, has a
higher cytotoxicity than diastereomers 4a-c. Furthermore,
comparative screening revealed that the pentalene seems to
be of major importance for the biological activity, whereas the
correct configuration at the cyclopentane ring and the pres-
ence of an intact tetramic acid lactam contribute equally to
the cytotoxicity. We have hints that cylindramide 1 is a good
ligand for divalent cations. Biological investigations with cell
cultures sustained the hypothesis that cylindramide could
exert its cytotoxic effect through Ca** complexation.

Experimental Section

General methods: HPLC was performed using Nucleosil C,; AB
(5 um; Macherey-Nagel). For further details see ref. [6a].

2-(Dimethoxymethyl)-3-[3-(trimethylsilyl)prop-2-ynyllcyclopenta-
none 11: The title compound was prepared according to ref. [6a]
from TMEDA (1.52g, 15.0 mmol), trimethylsilylpropyne (2.2 mL,
15.0 mmol) in THF (25 mL), tBuLi (10 mL, 15.0 mmol, 1.5m in pen-
tane), Cul (1.43g, 750 mmol) in THF (5mL), cyclopentenone
(420 uL, 5.00 mmol), TMSCl (1.39 mL, 10.4 mmol), HC(OMe),
(3.6 mL, 33.0mmol), and BF;-OEt, (3.25mL, 26.0 mmol), yield:
0.96 g (3.58 mmol, 72%), yellow oil; R; (hexanes/EtOAc, 3:1)=0.35;
'H NMR (500 MHz, CDCl,): 6=0.13 (s, 9H; Me;Si), 1.65-1.74 (m, 1H;
H3), 2.08-2.23 (m, 2H; H4, H5), 2.34 (dd, J=17.9, 8.1 Hz, 1H, H4),
243 (dd, J=16.8, 49 Hz, 1H; H5), 2.52 (dd, J=17.0, 6.4Hz, 1H;
H6), 2.57 (dd, J/=17.0, 4.4 Hz, 1H; H6), 2.59-2.76 (m, 1H; H2), 3.40
(s, 6H; MeO), 4.60 ppm (d, J=29Hz, 1H; CH(OMe),); *CNMR
(125 MHz, CDCl;): 6=0.1 (Me;Si), 24.7 (C6), 26.2 (C4), 35.0 (C3), 38.7
(C5), 55.1 (OMe), 55.7 (OMe), 57.2 (C2), 86.8 (C8), 104.6 (C7), 106.0
(CH(OMe),), 217.6 ppm (C1); FTIR (ATR): #=2958 (s), 2900 (m), 2833
(m), 2173 (s), 1741 (vs), 1459 (m), 1408 (m), 1353 (m), 1250 (s), 1216
(m), 1185 (m), 1131 (m), 1093 (m), 1067 (vs), 1029 (m), 1000 (m),
967 (m), 837 (vs), 759 cm™' (s); GC-MS (Cl, CH,): m/z (%)=267 (2)
[M—HI1*, 253 (11) [M—CH,] ™, 237 (22) [M—CH,01%, 221 (5), 207 (1),
193 (5) [M—HC(OMe),]*, 179 (1), 165 (15), 133 (8), 121 (100)
[M—HC(OMe),, —SiMe;]™, 75 (60) [HC(OMe),]; elemental analysis
calcd (%) for C,,H,,0,Si (268.42): C 62.64, H 9.01; found: C 62.67, H
9.00.
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Cylindramide Derivatives

1-(Dimethoxymethyl)-2-prop-2-ynylcyclopentane 7: Was pre-
pared analogously to ref. [6a] a) from 11 (268 mg, 1.00 mmol) in
absolute MeOH (3mlL) and NaBH, (57 mg, 1.50 mmol), yield
259 mg (96%) of 2-(dimethoxymethyl)-3-[3-(trimethylsilyl)prop-2-
ynyllcyclopentanol as a light-yellow oil (diastereomeric ratio:
55:45); R, (hexanes/EtOAc, 3:1)=0.35; diastereomer 1: 'H NMR
(500 MHz, CDCl,): 6=0.14 (s, 9H; Me,Si), 1.45-2.49 (m, 7H; H2, H3,
H4, H5, H1), 2.57 (d, J=2.3 Hz, 1H; H5), 3.39 (s, 3H; MeO), 3.41 (s,
3H; MeO), 4.07 (dt, J=6.5, 6.0 Hz, TH; H1), 4.55 ppm (d, J=6.7 Hz,
1H; CH(OMe),); *CNMR (125 MHz, CDCl;): 6=0.1 (Me,Si), 24.8
(C17), 27.8 (C4), 32.5 (C5), 37.5 (C3), 50.2 (OMe), 53.5 (C2), 54.2
(OMe), 74.6 (C1), 85.2 (C3’), 106.1 (CH(OMe),), 106.2 ppm (C2'); dia-
stereomer 2: '"HNMR (500 MHz, CDCL): 6=0.15 (s, 9H; Me,Si),
1.45-2.49 (m, 7H; H2, H3, H4, H5, H6), 2.61 (d, J=2.4 Hz, 1H; H5),
3.37 (s, 3H; MeO), 343 (s, 3H; MeO), 433-439 (m, TH; H1),
435 ppm (d, J=6.8 Hz, 1H; CH(OMe),); *C NMR (125 MHz, CDCl,):
0=0.1 (Me,Si), 25.1 (C1"), 28.8 (C4), 33.5 (C5), 38.2 (C3), 53.3 (C2),
55.2 (OMe), 75.1 (C1), 85.4 (C3'), 106.1 (C2'), 108.0 ppm (CH(OMe),);
FTIR (ATR): #=3453 (m), 2956 (s), 2831 (m), 2172 (m), 1249 (s), 1130
(s), 1051 (s), 964 (s), 841 (vs), 759 (s), 698 cm™' (m); MS (Cl, CH,):
m/z (%) =271 (0.5) [IM+H]*, 270 (1) M1, 269 (2) [M—HI1*, 255 (5),
253 (10), 239 (30), 238 (10), 223 (40), 221 (45), 209 (20), 207 (20),
193 (25), 191 (15), 167 (10), 157 (25), 149 (15), 127 (12), 119 (16), 75
(100); HRMS (El): m/z calcd for C,H,0,Si: 270.1651; found:
270.1637 [M1*. b) A solution of cyclopentanol (84 mg, 0.31 mmol),
1,1-thiocarbonyldiimidazole (83 mg, 0.47 mmol), and N,N'-dimethyl-
aminopyridine (DMAP; 10 mg, 81.9 umol) in CH,Cl, (5mL) was
stirred at 50°C for 16 h. After removal of the solvent under
vacuum, the residue was filtered through SiO, with Et,0. The fil-
trate was concentrated, taken up in toluene (2 mL) and tris(trime-
thylsilyl)silane (143 pL, 0.47 mmol) and 2,2’-azobisisobutyronitrile
(AIBN; 10 mg, 61.0 umol) were added. The mixture was heated at
80°C for 30 min, cooled to RT and concentrated under vacuum.
The residue was chromatographed on SiO, with hexanes/EtOAc
(20:1) to give {3-[2-(dimethoxymethyl)cyclopentyllprop-1-ynyl}(tri-
methyl)silane (60 mg, 0.24 mmol, 76%) as a colourless oil; R; (hex-
anes/EtOAc, 25:1)=0.40; "H NMR (500 MHz, CDCl,): 5=0.14 (s, 9H;
Me,Si), 1.42-1.64 (m, 4H; H1, H4, H5), 1.68-1.88 (m, 2H; H1, H4),
1.89-2.07 (m, 2H; H2, H3), 2.25 (dd, /=16.8, 6.9 Hz, 1H; H,6), 2.43
(dd, J=16.8, 4.9 Hz, 1H; H,6'), 3.33 (s, 3H; MeO), 3.35 (s, 3H; MeO),
4.18 ppm (d, J=6.9 Hz, 1H; CH(OMe),); *C NMR (125 MHz, CDCl,):
0=0.2 (Me;Si), 24.6 (C1), 25.2 (C6'), 28.1 (C5), 32.3 (C4), 40.5 (C3),
46.1 (C2), 53.3 (OMe), 54.1 (OMe), 84.8 (C8'), 107.0 (C7’), 108.2 ppm
(CH(OMe),); FTIR (ATR): #=2954 (s), 2871 (m), 2829 (m), 2172 (s),
1491 (m), 1451 (m), 1373 (m), 1249 (s), 1182 (m), 1123 (s), 1055 (s),
1022 (m), 965 (m), 841 cm™" (vs); GC-MS (Cl, CH,): m/z (%) =253 (1)
IM—HI*, 239 (20) IM—CH,]", 224 (22) [M—2CH,;]", 223 (100)
[M—OCH,]", 207 (10), 192 (30), 151 (20), 141 (10), 111 (20), 75 (70)
[HC(OCH,),1; HRMS (Cl): m/z calcd for C,,H,,0,Si: 254.1624; found:
253.1627 [M—H]*. ¢) Compound 7 was prepared according to
ref. [6a] from a solution of silane (53 mg, 0.21 mmol), and K,CO,
(30 mg, 0.22 mmol) in MeOH (1.5 mL) to yield 7 (38 mg, 99%) as a
colourless oil. R (hexanes/Et,0 3:1)=0.65; 'HNMR (300 MHz,
CDCly): 6=1.45-1.65 (m, 4H; H1, H4, H5), 1.71-1.78 (m, TH; H1),
1.80-1.88 (m, 1H; H4), 1.92 (t, J=2.6 Hz, 1H; H8), 1.89-1.96 (m,
1H; H3), 1.96-2.03 (m, 1H; H2), 2.23 (ddd, /=16.7, 7.5, 2.6 Hz, 1H;
H6), 2.42 (ddd, J=16.7, 4.6, 2.6 Hz, 1H; H6), 3.32 (s, 3H; MeO),
3.36 (s, 3H; Me0), 4.17 ppm (d, J=7.1 Hz, 1H; CH(OMe),); *C NMR
(125 MHz, CDCly): 6=23.6 (C6), 24.4 (C5), 28.1 (C4), 32.1 (C1),
404 (C3), 459 (C2), 52.8 (MeO), 54.2 (MeO), 68.4 (C7), 83.8
(C8), 108.2 ppm (CH(OMe),); FTIR (ATR): #=3296 (m), 2947 (s), 2870
(s), 2830 (s), 2115 (m), 1449 (m), 1383 (m), 1190 (s), 1121 (vs), 1050
(s), 968 (s), 900 (s), 623 cm™' (vs) ; MS (Cl, CH,): m/z (%)=181 (3)
[M—HI*, 151 (100), 121 (4), 119 (10), 111 (20), 91 (5), 75 (90);
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HRMS (Cl): m/z caled for C;;H;0,: 181.1229; found: 181.1229
IM—H]*.

Methyl (25,3S5)-2-azido-3-[tert-butyl(dimethyl)silanyloxyl-5-((2E)-
{6-[2-(dimethoxymethyl)cyclopentyl]hex-2-en-4-ynoyl)}amino)-
pentanoate 12: The title compound was prepared according to
ref. [6a] from tetraphenylpalladium (about 8 mg), Cul (3.8 mg,
20 pmol) in NEt; (1.2 mL), 8 (215 mg, 0.63 mmol) and 7 (80 mg,
0.44 mmol) in THF (1 mL), yield: 216 mg (91 %), yellow oil; R; (hex-
anes/EtOAc, 5:1)=0.17; '"H NMR (500 MHz, CDCl,): 6=0.07 (s, 6H;
Me,Si), 0.86 (s, 9H; Me,CSi, 1.37-1.60 (m, 4H; CH,), 1.67-1.75 (m,
2H; CH,), 1.74-1.83 (m, 1H; H,13), 1.83-1.88 (m, TH; H,13), 1.89-
1.96 (m, 2H; H2, H3), 2.35 (ddd, J=16.8, 6.9, 2.2 Hz, TH; H6), 2.54
(ddd, J=16.8, 4.0, 2.2 Hz, TH; H6), 3.28-3.45 (m, 2H; H12), 3.29 (s,
3H; MeO), 3.31 (s, 3H; MeO), 3.74 (s, 3H; CO,Me), 4.06 (d, J=
4.5 Hz, 1H; 15H), 4.12 (d, J=6.8 Hz, 1H; CH(OMe),), 4.16 (dt, J=6.7,
4.5 Hz, 1H; H14), 6.03 (brs, 1H; NH), 6.08 (d, J=15.5Hz, TH; H10),
6.65 ppm (dt, J=15.5, 2.2 Hz, TH; H9); *C NMR (125 MHz, CDCl,):
0 =—4.8 (Me,Si), —4.6 (Me,Si),17.8 (Me;CSi), 24.4 (C4), 24.9 (C6), 25.5
(Me;CSi), 28.1 (C5), 32.3 (C1), 32.4 (C13), 35.8 (C12), 40.4 (C3), 46.1
(C2), 52.5 (CO,Me), 52.9 (MeO), 54.2 (MeO), 66.4 (C15), 71.4 (C14),
78.4 (C8), 97.9 (C7), 108.2 (CH(OMe),), 122.3 (C10), 131.3 (C9), 164.8
(C11), 168.4 ppm (C16); FTIR (ATR): 7=3286 (m), 2932 (m), 2928
(m), 2856 (m), 2832 (m), 2245 (m), 2109 (vs), 1744 (m), 1647 (m),
1614 (m), 1548 (m), 1360 (s), 1327 (s), 1257 (vs), 1203 (vs), 1118 (vs),
1052 (m), 958 (m), 908 (m), 836 cm™' (s); MS (El): m/z (%) =536 (3)
[MI*, 505 (10), [M—CH,01%, 479 (30), 449 (5), 436 (8), 219 (20), 171
(12), 75 (100) [HC(OCH,),]; HRMS (El): m/z calcd for CogH,N,O4Si:
536.3125; found: 536.3035 [M]*.

Methyl (2S,35)-2-azido-3-O-[tert-butyl(dimethyl)silyl]-5-((2E)-6-{2-
[(1E)-4-(2,2-dimethyl-4-ox0-4H-1,3-dioxin-6-yl)but-1-enyl]cyclo-

pentylthex-2-en-ynyl)amidopentanoate  13: 1) Amberlyst 15
(110 mg) was added to a solution of 12 (331 mg, 0.73 mmol) in
acetone/4% H,O (10 mL) and the mixture was stirred for 2 d. The
ion exchange resin was filtered off, the filtrate was concentrated
under vacuum, and the residue was dried azeotropically with tolu-
ene. R; (hexanes/EtOAc, 3:1)=0.26; 'H NMR (500 MHz, CDCl): 6 =
0.11 (s, 6H; MeJSi), 0.91 (s, 9H; Me;CSi), 1.43-1.52 (m, TH; CHH),
1.57-1.66 (m, 1H; CHH), 1.71-1.79 (m, 2H; H13), 1.86-1.96 (m, 4H;
CH,), 2.39-2.46 (m, TH; H3), 2.47-2.52 (m, 2H; H2, H6), 2.57 (ddd,
J=15.7,79, 23 Hz, 1H; H6), 3.34-3.43 (m, 1H; H12), 3.43-3.51 (m,
1H; H12), 3.79 (s, 3H; CO,Me), 4.10 (d, J=4.7 Hz, 1H; H15), 4.21
(dt, J=6.6, 4.4 Hz, 1H; H14), 5.70 (brs, 1H; NH), 6.10 (d, J/=15.4 Hz,
1H; H10), 6.68 (dt, J=15.4, 2.2 Hz, 1H; H9), 9.67 ppm (d, J=2.5 Hz,
1H; CHO). 2) The compound was prepared according to ref. [6a]
from 9 (680 mg, 1.80 mmol) in dry DME (4 mL), NaHMDS (3.7 mL,
0.5m in DME), and a solution of methyl (2S,3S)-2-azido-3-O-[tert-
butyl(dimethyl)silyl]-5-{(2E)-6-[2-formylcyclopentyllhex-2-en-4-ynyl}-
amidopentanoate in DME (4 mL), yield 250 mg (52%) of 13 as a
viscous colourless oil; Ry (hexanes/EtOAc, 2:1)=0.22; [a]y’=+7.1
(c=1.00 in CHCl5); 'H NMR (500 MHz, CDCl;): 6=0.10 (s, 6H; Me,Si),
0.88 (s, 9H; Me;CSi), 1.31-1.46 (m, 2H; CH,), 1.58-1.68 (m, 3H; H3,
CH,), 1.67 (s, 6H; H25), 1.70-1.78 (m, 1H; H13), 1.79-1.93 (m, 3H;
CH,, H13), 2.06-2.13 (m, 1H; H2), 2.20-2.31 (m, 5H; H6, H19, H20),
246 (ddd, J=17.0, 44, 2.3 Hz, 1H; H6), 3.31-3.47 (m, 2H; H12),
3.77 (s, 3H; CO,Me), 4.09 (d, J=4.5Hz, 1H; H15), 419 (dt, /=6.8,
4.5 Hz, 1H; H14), 5.22 (s, 1H; H22), 5.96 (t, J=5.4 Hz, 1H; NH), 6.10
(d, J/=15.4Hz, 1H; H10), 6.68 ppm (dt, J=15.4, 2.3 Hz, 1H; H9);
BCNMR (125 MHz, CDCly): 6=—4.7 (Me,S), —4.6 (MeySi), 17.8
(Me;CSi), 23.0 (C6), 23.3 (C4), 25.0 (C25), 25.6 (Me,CSi), 28.5 (C19),
31.0 (C5), 32.5 (C20), 32.9 (C1), 33.6 (C13), 35.9 (C12), 44.6 (C3), 48.4
(C2), 52.6 (CO,Me), 66.5 (C15), 71.5 (C14), 78.8 (C8), 93.4 (C22), 97.2
(C7), 106.3 (C24), 122.2 (C10), 127.4 (C17), 131.5 (C9), 135.4 (C18),
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161.3 (C21), 164.8 (C11), 168.5 (C16), 171.3 ppm (C23); FTIR (ATR):
7=3302 (m), 3068 (m), 2952 (s), 2930 (s), 2885 (m), 2857 (s), 2213
(m), 2108 (vs), 1730 (vs), 1666 (vs), 1647 (vs), 1632 (vs), 1614 (vs),
1542 (vs), 1471 (s), 1462 (s), 1436 (s), 1389 (vs), 1375 (vs), 1327 (s),
1271 (vs), 1252 (vs), 1201 (vs), 1176 (s), 1113 (vs), 1011 (vs), 961 (vs),
901 (s), 836 (vs), 777 cm™" (vs); MS (FAB): m/z (%)=665 (10)
[M4+Na]l™, 643 (100) [M+H]", 585 (40), 528 (5), 171 (20), 73 (40);
HRMS (FAB): m/z calcd for C;3Hs,N,O,Si: 643.3522; found: 643.3539
[M+H]*.

Methyl  (10S,11S5)-10-{[tert-butyl(dimethyl)silylloxy}-6,13,15-tri-
oxo-2,3-didehydro-1,6,7,8,9,10,11,12,13,14,15,16,17,19a,20,21,
22,22a-octadecahydrocyclopenta[m][1,6]diazacyclohenicosin-11-
carboxylate 5: The compound was prepared according to ref. [6a]
from PPh; (157 mg, 0.60 mmol) and 13 (370 mg, 0.56 mmol) in THF
(5 mL), toluene (3 L), yield 201 mg (0.36 mmol, 64%) of 5 in a dia-
stereomeric ratio 1:1; R; (hexanes/EtOAc, 1:1)=0.32; [0]y=+31
(¢c=1.00 in CHCly); '"HNMR (500 MHz, CDCly): 6=-0.03 (s, 3H;
Me.Si*), —0.01 (s, 6H; Me,Si), 0.00 (s, 3H; Me,Si*), 0.82 (s, 9H;
Me;CSi), 1.20-1.34 (m, TH; CHH), 1.33-1.44 (m, 1H; CHH), 1.54-1.64
(m, 2H; CH,), 1.75-1.92 (m, 4H; CH,, H3, H13), 1.95-2.04 (m, TH;
H13), 2.16-2.36 (m, 4H; H2, H6, H20), 2.55-2.62 (m, 1H; H6), 2.65-
2.79 (m, 2H; H19), 3.12-3.22 (m, 1H; H12), 3.34 (d, J/=13.5Hz, 1H;
H22%), 3.36 (d, J=13.6 Hz, TH; H22), 3.47 (d, J/=13.6 Hz, 1H; H22),
3.52 (d, J=13.5Hz, 1H; H22*), 3.78 (s, 3H; CO,Me), 3.89-3.98 (m,
2H; H12, H14), 4.59-4.63 (m, 1H; H15), 543-5.46 (m, 2H; H17,
H18), 6.22 (d, J/=15.7 Hz, 1H; H10), 6.24 (d, J=15.6 Hz, 1H; H10%),
6.62 (dt, J/=15.6, 2.3 Hz, 1H; H9%), 6.62 (dt, J=15.7, 23 Hz, TH;
H9), 6.96 (t, J=6.1Hz, 1H; NH), 7.47-7.54 ppm (m, 1H; NH);
BCNMR (125 MHz, CDCLy): 6=—5.1, —5.1% (Me,Si), —4.6, —4.5*
(Me,Si), 17.7, 17.7* (Me,;CSi), 23.5, 23.7* (C20), 24.6, 24.8* (C1), 25.5
(Me;CSi), 26.4, 26.5*% (C6), 32.7, 32.8* (C4), 33.4, 33.5% (C13), 33.6,
33.6* (C5), 35.5, 35.6* (C12), 43.3, 43.7* (C19), 44.5, 44.5* (C3), 49.1,
49.3* (C2), 50.6, 51.0* (C22), 52.5 (CO,Me), 56.1, 56.2* (C15), 73.3,
73.4* (C14), 79.0, 79.0* (C8), 97.0, 97.1* (C7), 121.2, 121.2* (C9),
127.0, 127.3* (C18), 132.7, 132.9* (C17), 135.4, 135.4* (C10), 165.0,
165.0* (C11), 166.4, 166.6* (C23), 169.1, 169.1* (C16), 203.1,
203.2* ppm (C21) (*signals of the second diastereomer); FTIR (ATR):
7=3289 (s), 3059 (m), 2951 (s), 2929 (s), 2897 (s), 2857 (s), 2214
(m), 1746 (vs), 1719 (vs), 1644 (vs), 1615 (vs), 1541 (vs), 1502 (s),
1471 (s), 1462 (s), 1436 (s), 1361 (s), 1326 (s), 1252 (vs), 1205 (vs),
1179 (s), 1111 (vs), 961 (vs), 911 (s), 837 (vs), 778 cm~' (vs); MS (DCI,
NH;): m/z (%)=576 (5) [M+NH,]*, 559 (100) [M+H]*, 558 (40)
[M1%, 501 (60), 164 (20), 147 (60), 118 (10), 92 (10), 75 (20), 74 (20);
HRMS (El): m/z calcd for CyH,N,0Si: 558.3125; found: 558.3115
M1

Methyl  (10S,115)-10-{[tert-butyl(dimethyl)silylloxy}-6,13,15-tri-
oxo-1,6,7,8,9,10,11,12,13,14,15,16,17,19a,22,21,20,22a-octadeca-
hydrocyclopenta[m][1,6]ldiazacyclohenicosin-11-carboxylate 14:
a) The compound was prepared according to ref. [6a] from Pd/
BaSO, (7mg, 5% Pd) in EtOH (1 mL), synthetic quinoline (5 pL,
42.2 pmol) and 5 (35 mg, 62 pmol) in EtOH (1.5 mL), yield 20 mg
(57%), colourless resin. b) A suspension of zinc nanoparticles
(700 mg, 10.7 mmol) in H,0 (4 mL) was degassed with N, for
15 min. Then Cu(OAc),-H,O (73 mg, 0.36 mmol) and after 15 min,
AgNO; (73 mg, 0.43 mmol) were added and the mixture stirred for
30 min. Activated zinc was then washed successively with H,0,
MeOH, acetone and Et,0 (15 mL each), taken up in H,0/MeOH
(1:1), and added to a solution of 5 (181 mg, 0.32 mmol) in MeOH
(2 mL). After stirring at 45 °C for 3 h, the diastereomers were sepa-
rated by MPLC on a CN-phase with hexanes/EtOAc (2:1; flow rate
100 mLmin~") to give 14a (50 mg, 89.3 umol, 28%) and 14b
(48 mg, 5.7 umol, 27%). 14a: [a]¥=-9.0 (c=1.00 in CHCl);
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'"HNMR (500 MHz, CDCLy): 6=0.02 (s, 3H; Me,Si), 0.04 (s, 3H;
Me,Si), 0.85 (s, 9H; Me,CSi), 1.25-1.36 (m, 3H; CH,), 1.38-1.46 (m,
1H; CH,), 1.56-1.62 (m, 2H; CH,), 1.75-1.82 (m, 2H; CH,), 1.85-1.92
(m, 4H; CH,), 2.26-2.42 (m, 2H; H6), 2.64-2.74 (m, 1H; H,19), 2.78
(dt, J=2.1, 7.0 Hz, 1H; Hy19), 3.43 (d, J=15.1 Hz, 1H; H22), 3.57
(m, 1TH; CH,), 3.72 (s, 3H; CO,Me), 4.08-4.12 (m, 1H; H14), 4.65 (dd,
J=6.3, 15.1 Hz, 1H; H17), 5.43 (ddd, J=15.1, 6.3, 6.0 Hz, TH; H18),
5.82 (d, J=15.2 Hz, TH; H10), 5.85-5.90 (ddd, J=6.7, 10.1, 10.1 Hz,
1H; H7), 6.06 (dd, J=11.0, 10.8 Hz, 1H; H8), 6.61 (brs, 1H; NH),
743 (dd, J=11.5, 152 Hz, 1H; H9), 8.19 ppm (brs, 1H; NH);
BCNMR (125 MHz, CDCly): 0=-5.1 (Me,S), —4.7 (Me,S), 17.8
(Me;CSi), 23.5 (C1), 25.6 (Me;CSi), 26.4 (C6), 31.2 (C4), 31.4 (C20),
32.7 (C5), 34.1 (C13), 35.9 (C12), 43.7 (C19), 46.9 (C3), 50.0 (C2), 50.3
(C22), 52.3 (CO,Me), 57.2 (C15), 71.0 (C14), 123.9 (C9), 126.7 (C18),
128.8 (C8), 135.3 (C17), 135.4 (C10), 138.7 (C7), 166.0 (C11), 167.2
(C23), 170.7 (C16), 204.8 ppm (C21); FTIR (ATR): #=3253 (br, s),
3030 (s), 2951 (vs), 2929 (vs), 2857 (s), 1745 (vs), 1721 (vs), 1652
(vs), 1616 (s), 1547 (vs), 1436 (m), 1334 (m), 1255 (s), 1200 (m), 1116
(s), 837 cm™" (vs).

14b: [0]®=—4.2 (c=1.00 in CHCl,); "H NMR (500 MHz, CDCl,): 6 =
0.01 (s, 3H; Me,Si), 0.05 (s, 3H; Me,Si), 0.84 (s, 9H; Me,;CSi), 1.20-
1.34 (m, 4H; CH,), 1.56-1.62 (m, 2H; CH,), 1.75-1.82 (m, 2H; CH,),
1.85-1.92 (m, 4H; CH,), 2.18-2.28 (m, 1H; H,6), 2.30-2.36 (m, 1H;
Hp6), 2.61-2.67 (m, TH; H,19), 2.74 (dt, J=3.3, 7.1 Hz, 1H; H,19),
3.27-3.43 (m, 1H; H12), 3.38-3.43 (m, 1H; CH,), 3.61-3.67 (m, 1H;
CH,), 3.75 (s, 3H; CO,Me), 3.90-3.92 (m, 1H; CH,), 4.09-4.12 (m,
1H; H14), 468 (dd, J=7.4, 46 Hz, 1H; H15), 5.29 (dd, /=153,
8.5Hz, 1H; H17), 5.38 (ddd, /=15.1, 7.8, 49 Hz, 1H; H18), 5.81-
5.86 (m, 1H; H7), 5.83 (d, J/=14.8 Hz, 1H; H10), 6.06 (dd, J=11.0,
11.0Hz, 1H; H8), 6.48 (t, J=6.1Hz, TH; NH), 7.42 (dd, J=15.0,
11.5Hz, 1H; H9), 8.03ppm (d, J=73Hz, 1H; NH); “CNMR
(125 MHz, CDCly): 6=—-5.1 (Me,Si), —4.6 (Me,Si), 17.9 (Me;CSi), 23.3
(C1), 25.5 (MesCSi), 26.3 (C6), 31.5 (C4), 31.7 (C20), 33.1 (C5), 33.9
(C13), 35.7 (C12), 43.2 (C19), 46.3 (C3), 50.1 (C2), 50.2 (C22), 52.3
(CO,Me), 56.7 (C15), 71.5 (C14), 124.0 (C9), 126.9 (C18), 128.2 (C8),
135.3 (C17), 135.5 (C10), 138.7 (C7), 166.1 (C11), 167.1 (C23), 170.3
(C16), 204.5 ppm (C21); FTIR (ATR): #=3336 (br, s), 3030 (m), 2951
(vs), 2929 (vs), 2859 (s), 1745 (m), 1721 (vs), 1653 (vs), 1618 (s),
1546 (vs), 1436 (m), 1372 (m), 1334 (m), 1255 (s), 1215 (s), 1119 (s),
1040 (vs), 990 (m), 921 (m), 837 cm™' (vs); MS (DCl, NH,): m/z (%) =
561 (100) [M+H]", 560 (60) [M]*, 503 (85), 171 (12), 92 (16), 75
(40); HRMS (El): m/z calcd for CgoH,N,O4Si: 560.3282; found:
560.3298 [M]*.

Methyl (10S,11S5)-10-hydroxy-6,13,15-trioxo-1,6,7,8,9,10,11,12,13,
14,15,16,17,19a,22,21,20,22a-octadecahydrocyclopentalm][1,6]-

diazacyclohenicosine-11-carboxylate 15: HF/H,O (489%, 400 uL)
was added to a solution of 14a (50 mg, 89.3 umol) in MeCN (4 mL)
in a Teflon vessel, and the mixture was stirred at RT for 1.5 h. After
quenching with H,0 (5 mL), the mixture was extracted with CHCl,
(20 mL). The organic layer was washed with brine (10 mL), dried
(MgS0O,) and concentrated under vacuum. The residue was purified
by MPLC on a CN-phase (CHCI;/MeOH, 100:1; flow rate
100 mLmin™"; R=0.53) to give 15a (28 mg, 62.8 umol, 64%).
[a]’=+4.5 (c=1.00 in MeOH); 'H NMR (300 MHz, CDCl;): 6 =1.23-
1.35 (m, 2H; CH,), 1.37-1.49 (m, 1H; CH,), 1.51-1.72 (m, 4H; H2,
CH,), 1.70-1.85 (m, 4H; H13, H20), 1.87-1.97 (m, 1H; H,3), 2.20-
240 (m, 2H; H6), 2.43-2.54 (m, TH; H,19), 2.60-2.74 (m, 2H; H.3,
Hy,19), 3.07-3.19 (m, 1H; H12), 3.35 (d, J=14.1 Hz, 1H; H,22), 3.45
(d, J=14.2Hz, 1H; H,22), 3.78 (s, 3H; CO,Me), 4.60 (dd, J=8.5,
3.6 Hz, 1H; H15), 4.88 (d, J=4.2Hz, 1H; OH), 5.15-5.32 (m, 2H;
H17, H18), 5.80 (d, J/=14.8 Hz, 1H; H10), 5.90 (ddd, /=104, 104,
6.2 Hz, 1H; H7), 6.01 (t, J=5.8 Hz 1H; NH), 6.16 (t, J=11.2 Hz, 1H;
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H8), 7.24 (d, J/=8.5Hz, 1H; NH), 7.51 ppm (dd, J=14.8, 11.2 Hz,
TH; 9H); CNMR (125 MHz, CDCl,): 6=23.5 (C1), 26.8 (C6), 29.0
(C4), 31.7 (C20), 32.9 (C5), 34.4 (C13), 36.1 (C12), 42.8 (C19), 45.4
(C3), 47.8 (C2), 51.7 (C22), 52.4 (CO,Me), 56.4 (C15), 69.4 (C14),
122.6 (C9), 127.5 (C18), 128.8 (C8), 134.8 (C17), 137.2 (C10), 137.8
(C7), 165.1 (C11), 168.2 (C23), 169.7 (C16), 204.4 ppm (C21); FTIR
(ATR): 7=3322 (m), 2952 (m), 2869 (m), 1736 (s), 1659 (s), 1616 (vs),
1519 (m), 906 (vs), 746 (vs), 731 (vs), 632cm™" (vs); MS (El): m/z
(%) =446 (100) [M]*, 428 (20) [M—OH, -HI*, 415 (7) [M—CH;0]",
256 (15), 200 (15), 173 (15), 146 (15), 128 (20), 107 (16), 94 (30), 67
(20), 30 (35); HRMS (El): m/z calcd for C3H,N,O4Si: 446.2417;
found: 446.2420 [M]*.

Compound 15b: The title compound was prepared analogously to
15a, from 14b (48 mg, 85.7 umol) in MeCN (2 mL) and HF/H,O
(48%, 100 pL), yield 21 mg (55%); [a]2¥=+20.5 (c=1.00 in MeOH);
'H NMR (500 MHz, CDCl,): =1.20-1.31 (m, 2H; CH,), 1.31-1.35 (m,
1H; CH,), 1.51-1.72 (m, 4H; H2, CH,), 1.70-1.85 (m, 4H; H13, H20),
1.87-1.97 (m, TH; H,3), 2.15-2.28 (m, 2H; H6), 2.52-2.66 (m, 3H;
Hy3, H19), 3.04-3.20 (m, 1H; H12), 3.32 (d, J=14.9 Hz, 1H; H,22),
340 (d, J=14.9Hz, 1H; H,22), 3.72 (s, 3H; CO,Me), 453 (dd, J=
8.3, 3.7 Hz, TH; H15), 4.66 (d, J=4.7 Hz, 1H; OH), 5.19-5.26 (m, 1H;
H18), 5.33-5.38 (m, 1H; H17), 5.74 (d, J=14.8 Hz, TH; H10), 5.90
(ddd, J/=10.6, 10.6, 5.8 Hz, 1H; H7), 6.01 (t, J=5.8 Hz, 1H; NH), 5.99
(t, J=11.1 Hz, 1H; H8), 7.22 (d, J/=8.3 Hz, 1H; NH), 7.43 ppm (dd,
J=14.7, 11.4 Hz, TH; H9); *C NMR (125 MHz, CDCl;): 6=23.6 (C1),
26.0 (C6), 29.6 (C4), 32.2 (C20), 32.9 (C5), 34.3 (C13), 36.0 (C12), 42.5
(C19), 46.3 (C3), 50.0 (C2), 50.8 (C22), 52.5 (CO,Me), 56.5 (C15), 69.5
(C14), 122.7 (C9), 126.1 (C18), 127.8 (C8), 134.4 (C17), 136.9 (C10),
139.7 (C7), 165.3 (C11), 168.4 (C23), 169.9 (C16), 204.2 ppm (C21);
FTIR (ATR): #=3298 (m), 2948 (m), 2866 (m), 1740 (s), 1719 (s),
1653 (s), 1618 (m), 1542 (s), 1437 (m), 1332 (w), 1276 (w), 1204 (w),
1108 (w), 911 (w), 868 (w), 731 (w), 632 cm™" (s); MS (El): m/z (%)=
446 (100) [M]1*, 428 (20) [M—OH, —H]", 415 (7) [M—CH;0]*, 256
(15), 200 (15), 173 (15), 146 (15), 128 (20), 107 (16), 94 (30), 67 (20),
44 (15), 30 (35); HRMS (El): m/z calcd for CoH,N,OSi: 446.2417;
found: 446.2429 [M]*.

10,15-Dihydroxy-1,7,8,9,10,11,12,16,17,19a,20,21,22,22a-tetrade-
cahydro-11,14-methanocyclopenta[m][1,6]diazacyclohenicosine-
6,13,23-triones 4: A solution of NaOMe in MeOH (62 uL,
0.18 mmol, 2.88 molL™") was added to a solution of 15a (16 mg,
35.9 uymol) in MeOH (2 mL), and the mixture was stirred at RT for
1 h. The reaction mixture was adjusted to pH 2-3 with HCI (180 pL
in 10 mL H,0) and extracted with nBuOH. The organic layer was
washed with brine and concentrated under vacuum. The residue
was purified by HPLC (CH;CN/H,O 50:50, 0.05% TFA, flow rate:
1.5mLmin”") to give in the first fraction (tz=>5.13 min) 4a
(6.13 mg, 14.8 umol) and in the second fraction (t;=5.88 min) 4b
(7.66, 18.5 mmol) in 93 % total yield.

4a: [0]X’=+109.3 (c=1.00 in CHCl;); '"H NMR (600 MHz, CD,OD):
0=1.28-1.42 (m, 3H; H2, CH,), 1.44-1.50 (m, T1H; H,13),1.62-1.69
(m, 2H; H,3, CH,), 1.71-1.88 (m, 3H; H,6, H,13, CH,), 1.91-2.03 (m,
2H; CH,), 2.21-2.38 (m, 2H; H19), 2.61-2.72 (m, 1H; H,20), 2.81-
291 (m, TH; Hy6), 2.96-3.09 (m, 1H; H,20), 3.09-3.22 (m, 1H;
H,12), 3.35-3.45 (m, 1H; H,12), 3.87-3.94 (m, 1H; H15), 3.98-4.05
(m, 1H; H14), 5.47 (dd, J=14.5, 7.7 Hz, 1H; H17), 5.52-5.60 (m, TH;
H18), 5.89-5.94 (m, 1H; H7), 5.96 (d, J=15.0 Hz, 1H; H10), 6.13 (t,
J=109Hz, 1H; H8), 743 ppm (dd, J=15.0, 10.7 Hz, 1H; H9);
3CNMR (125 MHz, CD,0D): 6 =24.7 (CH,), 29.4 (C19), 31.0 (C13),
32.6 (CH,), 32.9 (C6), 33.7 (CH,), 36.9 (CH,), 37.7 (C12), 49.0 (C2),
51.0 (C1), 68.8 (C15), 70.5 (C14), 102.5 (C22), 125.2 (C7), 127.6 (C8),
130.0 (C18), 135.7 (C17), 136.2 (C9), 139.4 (C10), 169.5 (C11), 178.1
(C23), 192.9 (C21), 195.2 ppm (C16); FTIR (ATR): #=3260 (m), 2955
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(m), 2937 (s), 2855 (m), 1740 (m), 1658 (m), 1602 (s), 1535 (m), 1478
(m), 1445 (w), 1361 (w), 1331 (w), 1310 (w), 1280 (w), 1206 (s), 1182
(w), 1139 (m), 1084 (w), 1016 (w), 992 (w), 965 (w), 864 (w), 839
(m), 801 (w), 758 (m), 722 cm™' (w); MS (FAB, glycerine): m/z (%)=
867 (7) [2M+K]*, 849 (4) [2M+Na—2H]*, 545 (48) [M+C;Hz05+K]*,
453 (70) [M+K]™*, 437 (25) [M+Nal*, 223 (50), 207 (30), 179 (27),
133 (85) [Cs]™, 115 (100) [C3HgO0;+Nal; HRMS (FAB): m/z calcd for
Cy3H30N,05: 414.2155; found: 459.1888 [M+2Na—H]*.

4b: [0]X=-214 (c=1.00 in CHCl); 'HNMR (500 MHz, CD,OD):
0=1.25-1.39 (m, 3H; H3, H13, CH,), 1.41-1.51 (m, 1H; H2), 1.55-
1.67 (m, 3H; CH,), 1.68-1.81 (m, 1H; CH,), 1.86-2.04 (m, 3H; H,6,
H1, H19), 2.06-2.32 (m, 2H; H19, H20), 2.53-267 (m, 1H; H.6),
2.92-3.06 (m, TH; H20), 3.40-3.49 (m, 2H; H12), 3.58-3.69 (m, 2H;
H15, H14), 5.20-5.35 (m, 1H; H17), 5.39-5.54 (m, 1H; H18), 5.77-
5.97 (m, 2H; H10, H7), 6.05 (dd, J=11.0, 11.0 Hz, 1H; H8), 7.26-
7.42 ppm (m, T1H; H9); *C NMR (150 MHz, CD,0D): 6 =24.7 (CH,),
29.4 (CH,), 30.9 (CH,), 32.6 (CH,), 32.9 (CH,), 33.7 (CH,), 37.6 (C12),
44.7 (C2), 51.0 (C1), 64.9 (C14), 70.5 (C15), 102.5 (C22), 125.3 (C10),
127.6 (C8), 130.0 (C18), 135.7 (C17), 136.2 (C9), 197.3 (C7), 147.1
(Cq), 162.4 (Cq), 169.5 (C21), 195.1 ppm (C16); FTIR (ATR): ¥=3260
(m), 2955 (m), 2926 (s), 2855 (m), 1740 (m), 1647 (s), 1611 (s), 1546
(m), 1473 (m), 1435 (w), 1381 (w), 1361 (w), 1330 (w), 1280 (w),
1257 (m), 1203 (m), 1176 (w), 1122 (m), 1054 (w), 1006 (w), 959 (w),
837 (m), 778 cm™" (m); MS (FAB): m/z (%) =873 (19) 2M+2Na—H]*
, 459 (100) [M4+2Na—H]", 437 (21) [M+Nal*, 381 (10), 264 (20),
172 (40), 91 (37), 73 (80), 41 (70); HRMS (FAB): m/z calcd for
Cy3H3N,05: 414.2155; found: 459.1868 [M+2Na—H]™.

Lactams 4c,d: These were prepared analogously to 4a, b from
15b (17.2 mg, 38.6 umol) and separated by HPLC (CH;CN/H,0,
70:30, 0.05% TFA, flow rate: 0.7 mLmin™") to give 4c (z=
17.88 min) and 4d (t;=21.99 min) (8.35 mg, 20.2 mmol, 52%), dia-
stereomeric ratio: 65:35.

4c: '"HNMR (600 MHz, CD,0D): 6=1.26-1.45 (m, 3H; H,3, CH,),
1.48-1.71 (m, 3H; H2, CH,), 1.71-1.81 (m, 1H; H,13), 1.87-1.98 (m,
3H; H1, Hy3, Hy13), 2.02-2.23 (m, 2H; H,6), 2.24-2.43 (m, 2H; H19),
2.45-2.63 (m, 2H; H,6, H,20), 3.15-3.25 (m, 1H; H,20), 3.36-3.66
(m, 4H; H12, H14, H15), 5.30-5.50 (m, 2H; H17, H18), 5.82-5.95 (m,
2H; H7, H10), 6.12 (dd, J=10.7, 10.7 Hz, 1H; H8), 7.26-7.35 ppm
(m, TH; H9); *C NMR (150 MHz, CD;0D): § =23.0 (CH,), 28.1 (C6),
29.3 (CH,), 30.4 (CH,), 31.9 (C19), 32.6 (CH,), 35.5 (C12), 46.3 (C2),
49.0 (C1), 64.3 (C14), 70.4 (C15), 100.9 (C22), 124.3 (C10), 126.9 (C8),
129.7 (C18), 133.8 (C17), 134.6 (C9), 137.3 (C7), 161.8 (Cq), 168.8
(Cq), 169.3 (C21), 177.9 ppm (Cq); FTIR (ATR): #=3260 (m), 2957
(m), 2923 (s), 2852 (m), 1740 (m), 1659 (m), 1608 (s), 1539 (m), 1483
(m), 1377 (w), 1283 (w), 1206 (s), 1180 (w), 1137 (m), 993 (w), 965
(w), 864 (w), 840 (m), 801 (w), 722 cm™" (w); MS (FAB, glycerine):
m/z (%)=851 (1) [2M+Na]*, 505 (10) [M+CsHgO;—HI*, 437 (5)
[M+Nal*, 258 (10), 207 (18), 171 (20), 75 (75), 73 (100); HRMS
(FAB): m/z caled for C,5H3N,Os: 414.2155; found: 459.1880
[M+42Na—H]".

4d: [0]®=+202.1 (c=1.00 in CHCI;); "H NMR (600 MHz, CD,0D):
0=1.26-1.45 (m, 3H; H2, CH,), 1.53-1.71 (m, 3H; CH,), 1.72-1.87
(m, 3H; CH,), 1.94-2.01 (m, 2H; H1, CH,), 1.98-2.34 (m, 3H; CH,),
2.45-2.52 (m, 1H; H19), 2.51-2.58 (m, 1H; H,6), 2.58-2.73 (m, 1H;
H,6), 2.87-3.01 (m, TH; H12), 3.13-3.27 (m, 2H; H20), 3.41-3.64 (m,
TH; Hy12), 3.98-4.01 (m, 1H; H15), 4.02-4.05 (m, 1H; H14), 5.18-
530 (m, 1H; H17), 531-5.41 (m, 1H; H18), 5.90-6.00 (m, 2H; H7,
H10), 6.23 (dd, J=11.4, 12.2 Hz, 1H; H8), 7.49 ppm (dd, J=12.2,
14.3 Hz, 1H; H9); ®*CNMR (125 MHz, CD,0D): 6 =24.7, 29.4 (CH,),
31.0 (CH,), 32.6 (CH,), 32.9 (C6), 33.7 (CH,), 36.9 (C20), 37.7 (CH,),
49.0 (CH,), 51.0 (C1), 68.8 (C15), 70.5 (C14), 102.5 (C22), 125.2 (C10),

2483

www.chembiochem.org



www.chembiochem.org



BIO

127.6 (C8), 130.0 (C18), 135.7 (C17), 136.2 (C9), 139.4 (C7), 169.5
(C11), 178.1 (C23), 1929 (C21), 195.2 ppm (C16); FTIR (ATR): 7=
3292 (m), 2956 (m), 2923 (s), 2852 (m), 1781 (m), 1680 (m), 1655
(w), 1603 (s), 1548 (w), 1516 (w), 1478 (m), 1377 (w), 1329 (w), 1280
(w), 1207 (s), 1180 (w), 1141 (m), 1012 (m), 967 (w), 889 (w), 838
(m), 801 (w), 757 (w), 722cm~" (w); MS (FAB): m/z (%) =867 (8),
2M+K]*, 545 (10) [M+C3HgO5+KI™, 453 (65) [M+KI™, 397 (20),
179, 102 (100); HRMS (FAB): m/z calcd for CypHsoN,Os: 414.2155;
found: 459.1903 [M+-2Na—H]".

trans-1-(Dimethoxymethyl)-3-(3-iodoprop-2-ynyl)cyclopentane
16: A solution of BulLi in hexane (1.6 M, 0.4 mL, 0.64 mmol) was
added to a solution of 7 (165 mg, 0.64 mmol) in dry THF (1 mL) at
—78°C and the mixture stirred for 30 min. Then a solution of I,
(163 mg, 0.64 mmol) in THF (0.5 mL) was added and the mixture al-
lowed to warm to RT. After addition of Et,O (15 mL), the mixture
was washed with a sat. solution of Na,S,0; (5 mL) and brine, dried
(MgSO,) and concentrated under vacuum to give 16 (194 mg,
98%) as a colourless oil, R, (hexanes/Et,0, 9:1)=0.36; 'H NMR
(500 MHz, CDCl;): 6=1.40-1.63 (m, 4H; CH,), 1.70-1.77 (m, 1H;
CHH), 1.79-1.86 (m, 1H; CHH), 1.87-1.98 (m, 2H; H2, H3), 2.39 (dd,
J=16.7, 7.3 Hz, 1H; He6), 2.58 (dd, J=16.7, 4.6 Hz, 1H; H6), 3.31 (s,
3H; MeO), 3.34 (s, 3H; MeO), 4.15 ppm (d, J=69Hz, 1H; CH-
(OMe),); *C NMR (125 MHz, CDCly): 6 =7.4 (C8), 24.4 (C1), 26.1 (C6),
28.1 (C5), 32.3 (C4), 40.5 (C3), 46.0 (C2), 52.9 (OMe), 54.2 (OMe),
94.1 (C7), 108.1 ppm (CH(OMe),); FTIR (ATR): 7 =2947 (vs), 2869 (s),
2829 (s), 1448 (s), 1382 (m), 1360 (m), 1310 (m), 1189 (m), 1122 (vs),
1051 (vs), 960 (m), 912cm™' (m); MS (NCI): m/z (%)=308 (100)
[M]~, 181 (20), 149 (20), 127 (80) [II"; HRMS (El): m/z calcd for
CyHy6l0,: 307.0195; found: 307.0194 [M—H]*.

trans-1-(Dimethoxymethyl)-2-[(2 Z)-3-iodoprop-2-enylicyclopen-
tane 18: Compound 17 (93 mg, 0.43 mmol) was added to a solu-
tion of 16 (101 mg, 0.33 mmol) and NEt; (69 pL, 0.50 mmol) in
THF/iPrOH (1 mL each) and the mixture stirred in the dark for 16 h.
Further NEt; (25 pL, 0.18 mmol) and 17 (30 mg, 0.097 mmol) were
added, and the mixture was stirred for 30 min. After quenching
with H,O, the mixture was diluted with EtOAc (10 mL), washed
with brine, dried (MgSO,) and concentrated under vacuum to give
18 (95 mg, 0.31 mmol, 93%) as a colourless oil. R; (hexanes/Et,0,
9:1)=0.40; 'H NMR (500 MHz, CD,Cl,): 6=1.23-1.31 (m, 1H; CHH),
1.41-1.60 (m, 3H; CHH, CH,), 1.65-1.76 (m, 2H; CH,), 1.84-1.93 (m,
2H; H2, H3), 2.01-2.09 (m, TH; H6), 2.34-2.41 (m, 1H; H6), 3.27 (s,
3H; OMe), 3.33 (s, 3H; OMe), 4.11 (d, J=6.7 Hz, 1H; CH(OMe),),
6.17-6.25 ppm (m, 2H; H7, H8); *CNMR (125 MHz, CD,Cl,): 0=
24.4 (C1), 27.6 (C5), 32.1 (C4), 40.1 (C3), 40.4 (C6), 46.8 (C2), 52.6
(OMe), 54.2 (OMe), 82.1 (C8), 108.0 (CH(OMe),), 140.7 ppm (C7);
FTIR (ATR): 7=2945 (s), 2868 (s), 2827 (s), 1448 (m), 1381 (m), 1318
(m), 1275 (m), 1189 (m), 1120 (vs), 1054 (vs), 964 (s), 911 (m),
710 cm™" (m); MS (Cl): m/z (%) =311 (1) [M+H]", 309 (2) [M—H]™,
279 (85), 247 (100), 151 (50), 121 (30), 120 (50), 119 (80), 111 (30),
75 (50); HRMS (El): m/z calcd for C;;HglO,: 309.0351; found:
309.0360 [M—H] ™.

trans-Tributyl{(1 Z)-3-[2-(dimethoxymethyl)cyclopentyl]prop-1-

enyl}stannane 10: A solution of tBuLi in pentane (1.5m, 850 pL,
1.27 mmol) was added to a solution of 18 (164 mg, 0.53 mmol) in
dry pentane/Et,O (1:1, 4 mL) at —78°C, and the mixture was stirred
for 1h. Then chlorotributylstannane (200 pL, 0.74 mmol) was
added, and the reaction mixture was warmed to RT over 16 h. The
reaction was terminated with phosphate buffer (pH 7.0), and the
mixture was extracted with Et,0. The organic layer was washed
with brine, dried (MgSO,) and concentrated under vacuum. The
residue was chromatographed on SiO, (hexanes/NEt; 100:1—hex-
anes/Et,0/NEt;, 100:10:1) to give 10 (180 mg, 76 %) as a colourless

2484

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. Laschat, F. Sasse, H. Schwalbe et al.

oil, which was used without further purification. R; (hexanes/Et,0/
NEt; 100:10:1)=0.39; MS (Cl): m/z (%)=473 (0.2) IM—HI*, 471
[M—HI1*, 443 (1), 441 (1), 415 (1.2), 385 (90), 383 (60), 381 (40), 291
(30), 289 (20), 287 (10), 153 (40), 121 (95), 111 (45), 75 (40), 57
(100).

Methyl (2S,35)-2-azido-3-O-[tert-butyl(dimethyl)silyl]-5-{(2E,42)-6-
[2-(dimethoxymethyl)cyclopentyllhexa-2,4-dienyl}lamidopenta-
noate 19: A solution of 8 (250 mg, 0.52 mmol) and 10 (165 mg,
0.35 mmol) in dry DMF (3 mL) was degassed with argon for 5 min.
A solution of bis(benzonitrile)palladium(ll) dichloride (31 mg,
0.08 mmol) in dry DMF (0.5 mL) was added and the reaction was
stirred for 10 min. The reaction was quenched with a sat. solution
of NH,Cl and extracted with Et,0. The organic layer was washed
with H,O and brine, dried (MgSO,) and concentrated under
vacuum. The residue was chromatographed on SiO, (hexanes/
EtOAc, 2:1) to give 19 (95 mg, 51%) as a light-yellow oil. R (hex-
anes/EtOAc, 1:1)=0.61; [a]¥=+13.5 (c¢=1.00 in CHCl); 'HNMR
(300 MHz, CD,Cl,): 6=0.10 (s, 3H; MeSi), 0.11 (s, 3H; MeSi), 0.89 (s,
9H; Me;CSi), 1.15-1.91 (m, 10H; H1, H2, H3, H4, H5, H13), 2.16-2.28
(m, 1H; H6), 2.49-2.60 (m, 1H; H6), 3.28 (s, 3H; OMe), 3.32-3.40
(m, 2H; H12), 3.33 (s, 3H; OMe), 3.75 (s, 3H; CO,Me), 4.09-4.22 (m,
3H; H14, H15, CH(OMe),), 5.82 (d, J=14.8 Hz, 1H; H10), 5.87 (dt,
J=114, 54Hz, 1H; H7), 6.11 (t, J=11.4Hz, 1H; H8), 7.48 ppm
(ddd, J=14.8, 11.4, 0.9 Hz, TH; H9); *C NMR (75 MHz, CD,Cl,): 6=
—5.1 (MeSi), —5.0 (MeSi), 17.6 (Me;CSi), 24.4 (C1), 25.3 (Me;CSi), 27.6
(C5), 32.1 (C4), 32.6 (C13), 33.6 (C3), 35.6 (C12), 41.5 (C6), 46.6 (C2),
52.3 (CO,Me), 52.5 (OMe), 54.1 (OMe), 66.2 (C15), 71.3 (C14), 108.1
(CH(OMe),), 123.8 (C10), 126.7 (C8), 135.4 (C7), 138.9 (C9), 165.6
(C11), 168.4 ppm (C16); FTIR (ATR): ¥=3284 (m), 2951 (vs), 2930
(vs), 2858 (s), 2830 (m), 2108 (vs), 1740 (vs), 1654 (vs), 1621 (vs),
1542 (vs), 1462 (s), 1437 (s), 1410 (m), 1380 (m), 1360 (m), 1327 (m),
1258 (vs), 1201 (s), 1175 (s), 1119 (vs), 1054 (vs), 996 (s), 962 (s), 913
(m), 867 (m), 837 (vs), 778 (vs), 742 (m), 666 cm™' (m); MS (FAB):
m/z (%)=561 (100) [M+Na]*, 518 (5), 507 (35), 481 (4), 441 (60),
149 (20), 111 (20); HRMS (FAB): m/z calcd for CyH,N,NaOgSi:
561.3079; found: 561.3060 [M+Na]*.

Methyl (25,35)-2-azido-3-O-[tert-butyl(dimethyl)silyl]l-5-[((2E,42)-
6-{2-[(1E)-4-(2,2-dimethyl-4-ox0-4H-1,3-dioxin-6-yl)but-1enyl]cy-

clopentyl}hexa-2,4-dienyl)amido]pentanoate 6: The compound
was prepared as described above for 13, a)from 19 (90 mg,
167 umol) in acetone (4 mL), Amberlyst 15 (70 mg) and H,O
(0.3 mL); b) aldehyde from a), 9 (227 mg, 0.60 mmol) in dry DME
(3 mL), NaHMDS (0.65mL, 1M in DME), yield 54 mg (50% over
both steps) as a colourless resin; R; (hexanes/EtOAc, 2:1)=0.2;
[a]¥=+9.0 (c=1.00 in CHCI,); '"H NMR (300 MHz, CDCl,): 6=0.10
(s, 3H; MeSi), 0.11 (s, 3H; MeSi), 0.89 (s, 9H; Me;CSi), 1.12-1.39 (m,
10H; H1, H2, H3, H4, H5, H13), 1.65 (s, 6H; H25), 2.07-2.46 (m, 6H;
H6, H19, H20), 3.30-3.50 (m, 2H; H12), 3.76 (s, 3H; CO,Me), 4.09 (d,
J=4.7 Hz, 1H; H15), 4.16-4.24 (m, 1H; H14), 5.23 (s, 1H; H22), 5.30
(dd, J=149Hz, 4.7 Hz, 2H; H17, H18), 578 (d, J=15.9Hz, 1H;
H10), 5.68-5.83 (m, 1H; H7), 5.97 (brs, 1H; NH), 6.07 (t, J=11.9 Hz,
1H; H8), 7.51 ppm (dd, J=15.1, 11.9 Hz, 1H; H9); *C NMR (75 MHz,
CDCl;): 0=—4.8 (MeSi), —4.6 (MeSi), 17.8 (Me;CSi), 23.3 (C1), 24.9
(C25 A), 25.0 (C25B), 25.5 (Me,CSi), 28.5 (C19), 31.4 (C20), 32.1 (C4),
32.4 (C13), 33.0 (C5), 33.5 (C3), 35.8 (C12), 45.8 (C6), 49.5 (C2), 52.6
(CO,Me), 66.3 (C15), 71.5 (C14), 93.3 (C22), 106.2 (C24), 123.5 (C10),
126.7 (C8), 127.2 (C17), 135.8 (C7), 135.9 (C18), 139.0 (C9), 161.3
(C21), 166.2 (C11), 168.5 (C16), 171.4 ppm (C23); FTIR (ATR): 7=
3308 (m), 2952 (s), 2932 (s), 2858 (m), 2109 (vs), 1731 (vs), 1656 (s),
1630 (s), 1539 (s), 1471 (m), 1462 (m), 1436 (s), 1389 (s), 1376 (s),
1329 (m), 1272 (vs), 1254 (vs), 1204 (vs), 1177 (m), 1115 (s), 1065
(m), 1037 (m), 1012 (s), 966 (m), 837 (vs), 807 (s), 778 (s), 667 cm ™'
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(m); MS (FAB): m/z (%) =667 (10) [M+Na]*, 645 (100) [M+H]*, 602
(5), 587 (40), 530 (8), 171 (20), 73 (55); HRMS (FAB): m/z calcd for
Ca3Hs3N,O,Si: 645.3678; found: 645.3654 [M+H]*.

Methyl  (10S,11S5)-10-{[tert-butyl(dimethyl)silylloxy}-6,13,15-tri-
oxo-1,6,7,8,9,10,11,12,13,14,15,16,17,19a,20,21,22,22a-octadeca-
hydrocyclopenta[m][1,6]diazacyclohenicosin-11-carboxylate 14:
The compound was prepared as described for 5, from 6 (50 mg,
77.6 umol), PPh; (24 mg, 91.0 umol), H,O/THF (30 pL:1 mL), toluene
(160 mL), yield 11 mg (25%) and 13 mg (30%) of the diastereo-
mers.

Antimicrobial assays: Antimicrobial activities were determined by
agar diffusion tests by using paper discs (6 mm diameter) that had
been soaked with a methanolic solution of the test compound
(20 pL, 1 mgmL™"). Microorganisms were from the HZI collection
and grown on standard medium and seeded into liquid agar
medium to a final O.D. of 0.01 (bacteria) or 0.1 (yeasts). Spores of
fungi were seeded according to experience. Plates were incubated
at 30°C and the diameter of the resulting inhibition zones were
measured after one or two days.

Cell lines and culture conditions: Cell lines were obtained from
the German Collection of Microorganisms and Cell Cultures (DSMZ)
or American Type Culture Collection (ATCC) and cultivated in the
media that was recommended by the supplier at 37°C and 10%
CO,. L-R118 is a epothilone-resistant and dependent cell line that
was selected by adding increasing amounts of epothilone A to the
culture medium and was continuously grown in the presence of
epothilone A (40 ngmL™).

Cytotoxicity assay: In most cases MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] was used to measure growth
and viability of cells, which were capable of reducing it to a violet
formazan product. Serial dilutions of the test compounds (60 uL)
were added to aliquots of a cell suspension (120 uL, 50000 mL™")
in 96-well microplates. Blank and solvent controls were incubated
under identical conditions. After five days, MTT in phosphate buf-
fered saline (PBS) (20 uL) were added to a final concentration of
0.5 mgmL~". After 2 h, the precipitate of the formazan crystals was
centrifuged, and the supernatant was discarded. The precipitate
was washed with PBS (100 pL) and dissolved in iPrOH (100 plL) that
contained 0.4% HCI. The microplates were gently shaken for
20 min to ensure a complete dissolution of the formazan, and final-
ly measured at 595 nm by using an ELISA plate reader. All experi-
ments were carried out in two parallel experiments. Activity values
were calculated as the mean with respect to the controls, which
were set to 100%. In the case of U-937 cells, which grow in sus-
pension, we used WST-1 from Roche (4-[3-(4-iodophenyl)-2-(4-ni-
trophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) instead of MTT.
WST-1 was reduced to produce a soluble red colour that could di-
rectly be measured at 450 nm. To check the influence of Ca** and
Mg?", a DME medium with a reduced concentration of these diva-
lent cations was prepared (0.17 mm CaCl,, 0.08 mm MgSO,), and
CaCl, and MgSO, were added as indicated. In this case, L929 cells
were seeded at a density of 24000 in a final volume of 200 uL, and
incubated for 2 d only.

Cell staining: PtK, cells (ATCC CCL-56) were grown in medium
(750 pL) in 4-well plates (Nunc) on glass coverslips, and incubated
with cylindramide 1 (0.5 pgmL™"). For calcium staining, cells were
loaded with Pluronic (16 um) and Fura-2-AM or Fluo-4-AM
(5 ugmL™"; Molecular Probes) after 30 min. For ER staining, cells
were fixed with cold (—20°C) MeOH/acetone (1:1) for 10 min after
18 h, incubated with a primary antibody against GRP-94 (1:1000;
Affinity Bioreagents, Golden, CO, USA), and then with a secondary
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Alexa Fluor 488 goat anti-rat IgG antibody (1 ugmL™"; Molecular
Probes), and mounted in ProLong Antifade Gold (Molecular
Probes), which included DAPI to stain the nuclei.
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Theoretical Study of the Human Bradykinin-Bradykinin B2

Receptor Complex

Artur Gieldon,” Jakob J. Lopez,™ Clemens Glaubitz,™ and Harald Schwalbe*®

The interaction of bradykinin (BK) with the bradykinin B2 recep-
tor (B2R) was analyzed by using molecular modeling (MM) and
molecular dynamics (MD) simulations. A homology model for
B2R has been generated and the recently determined receptor-
bound solid-state NMR spectroscopic structure of BK (Lopez et al.,
Angew. Chem. 2008, 120, 1692-1695; Angew. Chem. Int. Ed.
2008, 47, 1668-1671) has been modeled into the binding pocket
of the receptor to probe the putative ligand-receptor interface.
The experimental hormone structure fitted well into the binding
pocket of the receptor model and remained stable during the MD
simulation. We propose a parallel orientation of the side chains
for Arg1 and Arg9 in BK that is bound to B2R. The MD simulation

Introduction

Bradykinin (BK) (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) is a
nonapeptide autacoid generated from plasma globulins and
synthesized in the liver."? A large variety of biological effects
have been reported for bradykinin. Most of them are mediated
by two G protein-coupled receptors (GPCRs) B1R and B2RE*~
and transduced through interaction with the heterotrimeric G
proteins.”” Vasodilatation and control of vascular tone,” ion
transfer in epithelia,® the prostaglandin-NO cascade,” and
pain"® are mediated by B2R.>" If B2R is inactivated, those
functions can be induced by upregulation of B1R."*"*! BK indu-
ces cell proliferation, proliferation of the breast epithelium,"”
and proliferation of breast cancer."® Bradykinin receptors can
be a target for developing a chronic epilepsy treatment.'”:'®
Bradykinin also plays some role in higher brain functions!?
and has been proposed as a physiological milk ejection stimu-
lant.!

Computational studies have previously been performed to
investigate hormone/ligand-GPCR complex structures at the
molecular level.”"* Two crystal GPCR structures have been
solved: the ground state rhodopsin (Rh) structure®?¥ and the
inactive form of the P,-adrenergic receptor (32ADR).”>?? In
addition, X-ray structural analyses have provided a model for
partially activated rhodopsin (Rh*).?”

It has been demonstrated that solid-state NMR spectroscopy
can be used to derive the conformation of peptide ligands
bound to GPCR receptors reconstituted in a membrane envi-
ronment. Previously, we have reported a model derived from
solid-state NMR spectroscopy of the backbone structure of the
receptor-bound bradykinin, which represented the second
NMR investigation of GPCR-ligand complexes™ after the back-
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study also allows the conformational changes that lead to the
activated form of B2R to be analyzed. The hydrogen bond be-
tween N140 (3.35) and W283 (6.48) is the key interaction that
keeps the receptor in its inactive form. This hydrogen bond is
broken during the MD simulation due to rotation of transmem-
brane helix 3 (TM3) and is replaced by a new hydrogen bond be-
tween W283 (6.48) and N324 (7.45). We propose that this interac-
tion is specific for the activated form of the bradykinin B2 recep-
tor. Additionally, we compared and discussed our putative model
in the context of the structural model of the partially activated
rhodopsin (Rh*) and with the known biochemical and structural
data.

bone structure of neurotensin bound to the neurotensin re-
ceptor was reported by Luca et al.?”

Our previous solid-state NMR investigation of BK provided
information on the backbone conformation only. Here, we use
MD simulations to derive the side-chain conformation of the
receptor-bound BK and to predict the initial conformational
changes of the bradykinin-induced activation. Only one of four
conceivable binding modes was able to induce conformational
changes that were specific to, and in agreement with bio-
chemical data on the activated form of bradykinin B2 receptor
and on the proposed interaction with kallidin, a B1R agonist
that is very similar to BK.2” According to our simulations, the
initial changes in the conformation of the bradykinin receptor
involve a rotation of transmembrane helix 3 (TM3) accompa-
nied by a change of hydrogen bond interactions of W283
(6.48) with N140 (3.35) in the apo form to a hydrogen bond
with N324 (7.45) in the holo form of the receptor.
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Results and Discussion

The ligand-receptor interface

Simulation results: The backbone structure previously deter-
mined by solid-state NMR spectroscopy™® combined with in-
formation on the available conformational space inside the re-
ceptor pocket revealed two possible models for the orientation
of the arginine side chains. In both cases, they are found
within one plane but with parallel (“C" like) or antiparallel (“Z"
like) orientations (Figures 1 and 2). After the backbone imposi-
tion we observed that the planes that were defined by the
arginine side chains in “Z"-like and “C"-like conformations are
rotated by 80° relative to each other. Three different stable
ligand-receptor complexes were built (see Figure 1). The re-
ceptor residues in the ligand vicinity can be classified as being
either involved in direct ligand interactions or as sterically con-
stituting the border of the binding pocket with only weak BK
interactions. Residues found at the BK binding pocket border
are 1117 (2.64), L129 (EL1), V133 (3.28), 1137 (3.32), L141 (3.36),
L188 (4.56), T224 (5.38), L228 (5.42), T294 (EL3), Y322 (7.43). No
border residue is found for TM1, and only a single residue is
found for TM7. Residues L117 (2.64), 1137 (3.32), L141 (3.36),
L228 (5.42) are placed on the bottom of the pocket, whereas
the remaining residues are placed on the “walls”.

The residues that are involved in more direct BK-B2R inter-
actions are summarized in Table 1. As a result of our ligand-

H. Schwalbe et al.

Figure 2. The BK solid-state NMR spectroscopic backbone structure together
with predicted side-chain orientations reveals two possible models with “C”
like (navy) and a “Z" like (red) conformation. In both cases, Arg1 and Arg9
are in plane with the membrane/receptor normal, but with parallel or anti-
parallel side-chain orientation.

docking calculation, the same B2R residues are found to inter-
act with Arg1 in complexes B and D, and with Arg9 in complex
A. After the MD simulation, only a single salt bridge between
E51 and Arg1 (complex B, D) and Arg9 (complex A) remained
as an interaction that was found in all three computed sys-
tems. An additional salt bridge between Arg1 and D311 (7.32),
a hydrogen bond between Arg1 and Q315, and hydrophobic
interactions between Pro2 and W123 (EL1) are found in com-
plexes B and D only. The only
interaction present in all three
complexes A, B, and D is a close

es)

A) B)
D2 3| i E5:>\ D2 3|i
S214 ~D311 S214
-E2217° Dog3 7 -E2217° D2o3
Q315
Arg1 60 Arg9
J Arg9 J
2971 ches  L1jo/ Lea oy B
H 188 1137 H 188
$138 322 Fe8 5138
L1441 L141
T™M5 TM4 TM3 TM6  TM2 TM7 ™1

TM5 TM4 TM3 TM6é  TM2 TM7 T™1 ™5 TM4

Figure 1. Schematic representation of the B2R receptor pocket with bound bradykinin. Conserved and essential
B2R residues used for the docking procedure are labeled. The space occupied by retinal in rhodopsin is highlight-

Mé

side-chain-side-chain contact

D311 g7 between Phe5 and F286 (6.51).
~315k60 - In complex D, Phe5 interacts

Arg1 only with the F286 (6.51) back-

86 L1{0 L64 - bone. In this case, the side chain
1137 322 F68- of Phe5 is directed towards
L129 (EL1) which is placed on

the other site of the pocket. The

interactions that are present in

Mé  TM2 TM7 ™1 complex D are given in Figure 3.

Discussion

The binding pocket in the
context of biochemical data

As summarized in Table 1, four
out of 16 residues identified on
the BK-B2R interface (5138
(3.33), M192 (4.40), F286 (6.51)
and T290 (6.55)) and four out of
™2 TM7 ™1 ten residues identified on the
border of the receptor binding
pocket (1137 (3.32), L141 (3.36),
L228 (5.42) and Y322 (7.43))

ed as an ellipse. A), B), C) and D) correspond to the four possible orientations of the ligand in the receptor binding

pocket. The amino acids of bradykinin are represented by a blue line, and amino acid annotations for the N and
C-terminal amino acids Arg1 and Arg9 are given by using the three-letter code.
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were shown to face the binding
pocket in class A GPCRs."® The
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Table 1. Summary of the residues found on the B2R-BK interface.
Residue Complex A Complex B Complex D
in BR
Arg1 N134 (3.29), S138 E51 (N-term), D311 E51 (N-term),
(3.33), M192 (4.40), (7.32), Q315 (7.36) Q60 (1.35), D311
S214 (EL2), E221 (7.32), Q315
(EL2) (7.36)
Pro2 N225 (5.39) W123 (EL1) W123 (EL1)
Pro3 N225 (5.39), F286 W52 (N-term), S318 A114 (2.61)
(6.51), T290 (6.55) (7.39)
Gly4 1213 (EL2) 1213 (EL2)
Phe5 1213 (EL2), F286 1213 (EL2), F286 (6.51) W123 (EL1),
(6.51) L129 (EL1), F286
(6.51)
Ser6 V133 (3.28) S214 (EL2) N134 (3.29),
F286 (6.51),
T290 (6.55)
Pro7 Q315 (7.36), S318 N225 (5.39), T290 (6.55) N134 (3.29),
(7.39) S$138 (3.33),
F286 (6.51)
Phe8 Q60 (1.35), A114 N134 (3.29), E221 (EL2), N134 (3.29),
(2.61), F319 (7.40) N225 (5.39) S$138 (3.33),
L228 (5.42)
Arg9 E51 (N-term), W123 N134 (3.29), S138 (3.33), M192 (4.60),
(EL1) M192 (4.60), S214 (EL2), 1213 (EL2), S214
F286 (6.51), T290 (6.55) (EL2), E221 (EL2)

mutagenesis data presented in ref. [37] indicate that some of
the border residues identified in our MD simulation (1137
(3.32), L141 (3.36) and Y322 (4.43)) do not affect BK binding.

90°

U
Arg1

Figure 3. All interactions that were observed in complex D.
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The situation is different for residues identified during the MD
simulation to be located at the receptor interface: only M192
(4.60)) has no effect on the BK binding affinity,*™ and three res-
idues (D311 (7.32), Q315 (7.36) and Y322 (7.43)) were shown to
have only a small effect. Four residues (5138 (3.33), F286 (6.51),
T290 (6.55) and D311 (7.32)) were described in ref. [35] to be
crucial for BK binding affinity. S138 (3.33) was postulated to be
involved in the recognition of the binding specificity of pepti-
dic ligands .*”

We also compared our findings with the BIR-DALK (brady-
kinin B1 receptor-([Leu9]DesArg10 Kallidin) KRPPGFSPL-B1R
antagonist) and B1R-DAK (DesArg10 Kallidin) KRPPGFSPF-B1R
agonist) interface, that was obtained by homology modeling
and mutagenesis studies.®*” Mutations of D291, F302 (D311,
Y322 in positions 7.32 and 7.43 in B1R and B2R, respectively)
cause a significant decrease in the affinity both for the antago-
nists and agonists. D311 (7.32) seems to be important because
it interacts with Arg1 in complex B and D (this interaction was
not observed in complex A). The third residue from TM7 in
position 7.35-L294 (in B2R, T314) seems to have a stronger in-
fluence on the binding affinity of agonists than of antagonists,
but we did not observe any interaction in our models. Ha
et al.”” also observed a hydrophobic interaction of the antago-
nist with 1192 from EL2. We found a similar interaction of bra-
dykinin with 1213 at a position that differs by one place. The
other similar identified interactions are 197, 1117 (2.64); N114,
N134 (3.29); A270, T290 (6.55); Y266, F286 (6.51); Q295, Q315
(7.36) in B1R, B2R, respectively.
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Activation of B2R by bradykinin

Simulation results and model selection: We have used the high-
resolution crystal structure of rhodopsin (dark)®?¥ as a tem-
plate for the modeling of the bradykinin receptor (B2R) and for
docking bradykinin (BK). This model corresponds to the inac-
tive state of B2R, but we assume that during the MD simula-
tion, conformational changes in B2R are induced by the bind-
ing of BK that are specific for the activated form of the recep-
tor. We are aware of the fact that 2 ns simulation time is not
sufficient to fully activate the receptor because milliseconds
are required for the full activation trajectories.*”® Nevertheless,
the observed conformational changes can provide some infor-
mation about the initial stage of the activation process.® Our
findings can be discussed in the context of a model for the
partially activated rhodopsin (Rh*; PDB ID: 2i37),?” and based
on experimental data.”**¢"%? The sequence homology be-
tween Rh and B2R and between B2R and 32ADR is similar;
there are approximately 65 identical and 35 similar residues in
both cases. The homology between RH and [32ADR is less,
with 50 identical and 25 similar residues. Therefore, some simi-
larities with the structure of B2ADR should be observed as
well.

After the MD simulation, only small structural changes with
an RMSD (calculated from the starting model and the last
snapshot of the simulation for all C, atoms) of 3.5; 3.3; 2.8 A
for the BK-B2R complexes A, B, and D were observed. For a
detailed comparison of these three models with that of the
partially activated rhodopsin (Rh*), three planes at the top, in
the middle and at the bottom of the receptor were defined.
We have assigned one residue from each helix to each
plane.®¥ By measuring the distances between all Co. atoms of
these residues within one plane, we were able to determine,
which of the three computed models (complexes A, B, and D)
is the most similar to the model of the partially activated rho-
dopsin (Rh*). This comparison also allows us to find the most
likely features of the active bradykinin receptor state.

In all three models, the extracellular side of TM2 moved
slightly away from the receptor core. For example, the distan-
ces between C, atoms of residues 2.64 and 4.61 are found at
18.9; 21.5; 18.1; 22.1; 21.3; 20.8 A, and between residues 2.64
and 7.32 at 15.1; 21.8; 19.2; 17.3; 15.2; 14.1 A in the B2R start-
ing model, in the BK-B2R complexes A, B, D, in the partially
activated rhodopsin model and in the [,-adrenergic receptor
structure, respectively.

Notably, we observe a significant conformational change for
the position of the intracellular part of TM7. In all calculations,
this part moved away from the receptor core. The distance
changes during the MD simulation are small when compared
with the activated form of rhodopsin and large compared to
the inactivated form of 32ADR, and are given as follows: 2.39-
7.53 by 0.8 and 4.3 A; 3.50-7.53 by 0.4 and 3.5 A and between
4.42-7.53 by 0.9 and 3.3 A in Rh* and B2ADR, respectively. We
note that the distances in all the computed systems differ by
no more than 1 A from the B2ADR structure; this makes them
more similar to $2ADR than to the structure of light-activated
Rh*.
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Furthermore, we have performed a detailed analysis of the
rotation of every TM helix in the receptor core as described in
ref. [63]. Models before and after the MD simulation were su-
perimposed (all rotations are described as viewed from the ex-
tracellular side of the receptor). In complex D, TM3 rotates 10°
counterclockwise during the simulation. This rotation of TM3
relative to the starting structure, in which the ligand had been
placed into the binding pocket, makes complex D the best-fit-
ting model to the Rh* model. With a relatively high rotation
energy profile of TM3®¥ it is unlikely that this rotation is coinci-
dental. We did not observe any TM3 rotation in the other com-
puted systems. Additionally, TM4 in the complex D exerts a
small clockwise rotation. The same degree of TM4 rotation can
be observed in 2RH1 [3,-adrenergic receptor in comparison to
the dark-state structure of rhodopsin.

The observation that the hydrogen bond between N(3.35)
and W(6.48) was broken only in complex D provides the most
important evidence to support the MD simulation result of
complex D as the most probable form of the B2R activated
state. This hydrogen bond was reported in refs. [35-37] to be
essential to maintain the inactive form of the receptor. To ana-
lyze the conformational changes during the simulation in more
detail, we analyzed the dynamics of the hydrogen bonding
switch throughout the MD trajectory (Figure 4).

In the starting structure, the distances between N, of W283
(6.48) and Oy of N140 (3.35) and between N, of W283 (6.48)
and O, of N324 (7.45) are both found at 3.1 A. The N, from
W283 (6.48), however, is directed towards N140. In complex A
and B, high fluctuations of this distance between 3 and 7 A
can be observed during the entire simulation. In complex D,
the distance is stabilized at ~6 A after 1.4 ns. This is caused by
the rotation of TM3. In complexes A and B, this rotation is not
observed and any deviations we can observe are caused by
the conformational flexibility of the N140 (3.35) and W283
(6.48) side chains. After the rotation of TM3, N324 (7.45) is the
only partner in the vicinity of W283 (6.48) to build a hydrogen
bond, which in fact remained stable after 1.9 ns with a devia-
tion no more than 1 A. In the complex A and B, the N, W283
(6.48)-0, N324 distance is maintained at ~4 A. (Figure 5)

The MD simulations are in good agreement with a common-
ly accepted hypothesis that GPCRs exist in two forms in the
cellular membrane and that the binding of the ligand shifts
this conformational equilibrium to one form or another®" In
complex D, we can observe a very large increase of the N,
W283 (6.48)-0, of N140 (3.35) distance up to 7.8 A at the be-
ginning of the simulation. After 1.9 ns, this distance is stabi-
lized at the range of ~6 A, while in conformations A and B, the
N, W283 (6.48)-0O, of N140 (3.35) distance changes from ~3 to
~6 A. We conclude that complexes A and B represent “wrong”
models for which receptor activation cannot be observed.

Complex D of the BK/B2R complex corresponds to the
activated state of B2R

In rhodopsin, the transmembrane region is stabilized by a
number of interhelical hydrogen bonds and hydrophobic inter-
actions.”>?¥ During the activation process of rhodopsin, modu-
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Figure 4. Distance plots of the residues essential for the switching process between inactive and activated form of the B2R. The interatomic distance was
measured in the snapshots that were taken every 1 ps. The hydrogen bond between W283 and N140 is essential to maintain the inactive form of B2R. In
complex D, this bond is broken and new bond between W283 and N324 is formed, whiles for complexes A and B, this bond is not broken permanently.

lations of the interaction network are observed for TM5-TM7,
while TM1-TM4 form a core that remains very stable.*”

Our simulation indicated that in the bradykinin receptor, the
interface between TM2 and TM3 is located around Y95 (2.42)
for TM2, and Y142 (3.37) and F147 (3.42) for TM3 forming
three interaction clusters (Figure 6, Table 2).

1) Y95 (2.42) interacts with L150 (3.45), V151 (3.46) and forms
a hydrogen bond with D154 (3.49) from the (E/DRY) motif.

2) Y142 (3.37) interacts with T185 (4.53) and L188 (4.56).

3) F147 (3.42) interacts with L96 (2.43) and L99 (2.46); this trig-
gers the interaction of L96 (2.43) with F82 (1.57).
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Additionally, we found several stable interactions within the
TM1-TM4 core: P61 (1.36)-1115 (2.62), F68 (1.43)-P111 (2.58),
176 (1.51)-L104 (2.51), 194 (2.41)-A174 (4.42), 1105 (2.52)-1136
(3.31), W113 (2.60)-V132 (3.27), L150 (3.45)-Y177 (4.45). Note-
worthy is the stable interaction between N75 (1.50)-D103
(2.50)-N140 (3.35) that has been reported to play a role in the
receptor activation process.*?

TM4 is placed outside the receptor core; this results in a
smaller number of interactions.®® Nikiforovich and Marshall®®
showed for rhodopsin that the energy profile of the rotation
of TM4 is low and flat. This observation is considered to be
true for the entire class A family and implies that the interac-
tions between TM4 and the rest of the helices are weak.
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A)

Phe8

Figure 5. A) The structural ensemble that was derived from solid-state NMR spectroscop-
ic experiments. B) Graphical representation of the activated B2R model. The helices are

H. Schwalbe et al.

T251 in rhodopsin), and participates in a salt bridge
with E265 (IL3), which becomes weaker as a conse-
quence of the drift of the third intracellular loop.
The hydrogen bond between the next amino acid
Y156 (3.51) and Q246 (5.60) that are present in the
dark-state rhodopsin structure is broken at the end
of the simulation.

The data that were presented by Nikiforovich and
Marshall®® show that during the activation process
of rhodopsin, the cytoplasmic parts of TM1 and TM7
move away from each other by 2-4 A. These results
are additionally supported by EPR measurements®®
on rhodopsin that suggested that the distance be-
tween residues in positions 1.56-7.50 should in-
crease by 2.5A. In Rh*, it was increased by 1.1 A,
and in the $2-ADR it decreased by 0.5 A in compari-
son to inactive rhodopsin. In our model, the distance
between residues in positions 1.56-7.50 was in-
creased by 0.2 A. This observation supports the view
that both Rh* and our MD model show the initial

colored as follows: TM1: blue, TM2: cyan, TM3: green, TM4: lime green, TM5: yellow,

TM6: orange, TM7: red. The ligand backbone is dark blue.

Figure 6. The view from the extracellular side of the activated form of B2R.
The most relevant interactions with the highly conserved motifs DRY (154—
156) from TM3 and NPLVY (328-332) from TM7 and the most relevant resi-
dues in the vicinity are presented. The helices were colored as follows: TM1:
blue, TM2: cyan, TM3: green, TM4: lime green, TM5: yellow, TM6: orange,
TM7: red.

Conformational changes in rhodopsin have been experimen-
tally determined by EPR distance measurements,”®® which indi-
cated that during the activation, the intracellular parts of TM3
and TM6 move closer to each other. This movement is very
important, because it is responsible for conformational change
of the E/DRY motif (B2R-DRY 154-156), which is significant for
G protein coupling >

We identified a hydrogen bond between D154 (3.49) and
Y95 (2.42), which remains stable during the simulation. In addi-
tion, the neighboring residue R155 (3.50) is hydrogen bonded
with T269 (6.34) (this corresponds to the hydrogen bond with
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Table 2. Summary of the residues involved in the B2R activation with

homologous rhodopsin residues.

Rhodopsin B2 bradykinin Universal residue Refs.
receptor number=?

N55 N75 1.50 [22,67]

D83 D103 2.50 [35,49]

G120 N140 335 [35,36]

C264 €282 6.47 [69]

W265 W283 6.48 [35,37,49,69]

Y268 F286 6.51 [35]

K296-RET Y322 7.43 [35,37]

5298 N324 745 this paper

N302 N328 7.49 [22,67]

Next, we discuss the conformational changes for TM7 that
are highly relevant, because the most conserved motif (NPXXY,
B2R-NPLVY (328-332)) that is responsible for receptor activa-
tion is located in TM7"” and Y332 (7.53) seems to be the most
important residue from the NPLVY motif, due to direct involve-
ment in signal transduction.

In our starting model, Y332 (7.53) interacts with F82 (1.57)
and L96 (2.43) and is hydrogen bonded to E93 (IL1), which cor-
responds to residue N73 (IL1) in rhodopsin. After the simula-
tion, this hydrogen bond and the hydrophobic interaction with
F82 (1.57) are lost, and the side chain is placed between L96
(2.43) and L271 (6.36). Amino acids L330 (7.51) and V331 (7.52)
are turned outside toward the membrane and P329 (7.50)
probably supports the bending of TM7 into a proper position.
N328 (7.49) forms a hydrogen bond with D103 (2.50)
(Figure 6). During the activation process, contacts between in-
tracellular parts of TM2 and TM7 are broken® in agreement
with our findings. The NPLVY motif is interacts with the inter-
face of TM1 and TM2 and D103 (2.50) is placed in the center of

ChemBioChem 2008, 9, 2487 - 2497
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a large hydrogen-bond network. In our model, D103 (2.50) is
involved in hydrogen bonds with: N75 (1.50), N140 (3.35),
N324 (7.45) and N328 (7.49) from the NPXXY motif.

The hydrogen bond between N140 (3.35) and W283 (6.48)
(see Computational Methods and Figure 7)® plays the key
role in the maintenance of the inactive form of the B2 recep-
tor. As a consequence of the TM3 rotation, the initial hydrogen
bond can no longer be formed and is replaced by a hydrogen
bond between W283 (6.48) and N324 (7.45) (see Figure 7). We
postulate that this hydrogen bond is formed as the replace-
ment for the N140 (3.35)-W283 (6.48) H-bond and plays an im-
portant role in the maintenance of an activated form of the
bradykinin B2 receptor. W283 (6.48) remained in the 1HZX rho-
dopsin-like conformation,?*2*3>%9 with the indole ring directed
to the extracellular side of the receptor. The conformational
change of W283 (6.48) was postulated by Shi et al.® for the
[,-adrenergic receptor activation, during which the distance

A) Starting model - inactive

Figure 7. Inactive (left) and activated (right) B2R model. The residues that
are involved in the receptor activation are summarized in Table 3. The recep-
tor is in the rope representation: TM1: blue, TM2: cyan, TM3: green, TM4:
lime green, TM5: yellow, TM6: orange, TM7: red.
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between C (6.47) and W283 (6.48) is proposed to increase. In
our model, we observed small changes as well. The distances
between the C; atom of cysteine (C282 (6.47)) and the Gy,
atom of tryptophan (W283 (6.48)) increase from 3.96 to 4.49 A
during the simulation. The conformational change described
by Shi etal.® is not possible for B2R because of the steric
clash caused by L141 (3.36). The corresponding valine residue
(V117) in the B,-adrenergic receptor is small enough to allow
for a conformational change. As a consequence, the differen-
ces in position 3.36 between B2R and 32ADR might modulate
the receptor activation mechanism.

F286 (6.51) is another residue that is potentially relevant for
the activation process and is found one helix turn away from
W283 (6.48). According to ref.[35] the interaction of W283
(6.48) with F286 (6.51) is present in the intermediate/active
state of B2R, based on modeling and biochemical data. We
found that F286 (6.51) is crucial for ligand binding (Figure 3),
but according to our model the interaction with W283 (6.48) is
very weak (the distance between closest side-chain atoms is
more than 5A). The other postulated interactions of F286
(6.51) are with residues (N140 (3.35)-D103 (2.50)-Y322 (7.43)).

We observed, however, a hydrogen bond between N140
(3.35) and highly conserved D103 (2.50) only. In the starting
structure, this bond is quite weak and after the simulation the
N140 (3.35)-W283 (6.48) hydrogen bond is lost and N140
(3.35) changes its conformation in the receptor pocket by turn-
ing towards hydrogen bond network with D103 (2.50) in the
center. As a consequence the D103 (2.50)-N140 (3.35) hydro-
gen bond distance decreases (Figure 7).

In the dark-state rhodopsin-like models, Y322 (7.43) cannot
create a hydrogen bond with D103 (2.50) and N140 (3.35) as
postulated in ref. [35] According to the computer mutation of
the rhodopsin structure, the Y322 (7.43) side chain occupies
the place of the original K296 (connected by the Schiff’s base
formation with retinal molecule) and is directed towards the
extracellular side of the receptor. After the simulation, the
Y322 (7.43) side chain becomes directed towards TM1 and
TM2, most probably because of the Pro3 of the bradykinin hor-
mone. However, it is not possible to change it “down” because
this place is already occupied by L106 (2.53). Therefore the
hydrogen-bond network between residues (N140-D103-Y322)
that are postulated in ref. [35] in the dark-state rhodopsin-like
model is not possible.

The conformation of bound Bradykinin (BK)

Our ligand-docking procedure revealed that the experimentally
determined receptor-bound backbone structure of BK can only
be placed in the binding pocket when the side chains for Arg1
and Arg9 are in plane and parallel or antiparallel (Figure 1 “Z"-
like and “C-“like). Four possible models for the ligand-receptor
complex have been suggested (Figure 1) but we restrict our
discussion to the “C"-like complex D because only for D have
hints towards receptor activation upon BK binding been ob-
tained.

During the MD simulation, the backbone structure remained
basically the same, but the side-chain conformations adapted
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to the receptor interface. The largest side-chain variation is
observed for the y, torsion angle of Phe5 (Table 3).

Phe5 interacts with F286 (6.51), which plays an important
role in the receptor activation and is involved in direct interac-
tion with the ligand.®® L129 (EL1) significantly influences the
conformation of Phe5 (see Figure 3). As a result of the docking
procedure, we found a y, angle of —147° in model D for Phe5.
After the MD simulation this angle changed significantly to
—58°. Our data also show that only the “C"-like conformation
with parallel and planar Arg1 and Arg9 side chains was able to
induce the changes in the B2R model that are specific to the
activated form of the receptor.

Earlier simulation studies (Kyle etal)’ or a receptor
mimic”" and experiments in the micelle’? agree with the over-
all twisted S-shape of the bound ligand backbone, but dis-
agree in many details, which is presumably due to the smaller
number of experimental restraints.

Conclusions

The aim of the present study was to characterize and identify
the bradykinin (BK) conformation and bradykinin receptor
(B2R) binding interface by using molecular dynamics (MD) sim-
ulation in an explicit solvent, in combination with solid-state
NMR spectroscopic results. The crystal structure of dark-state
rhodopsin®®?Y (1HZX) was used as a template for the brady-
kinin B2 receptor model building. To date, this experimental
structure is the most widely used choice to model a receptor
of the class A GPCR family.?"*' We successfully identified the
bradykinin (BK) conformation that was bound to the receptor.
The conformation remained stable during the simulation.

We could indicate changes specific for the initial steps in the
activation process. The extracellular part of TM2 and the intra-
cellular part of TM7 moved away from the receptor core. The
most significant conformational change, however, is connected
with the rotation of TM3. The hydrogen bond between N140
(3.35) and W283 (6.48) plays the key role in the maintenance
of the inactive form of the B2 receptor. As a consequence of
the TM3 rotation, this bond is broken and replaced by a hydro-
gen bond between W283 (6.48) and N324 (7.45). From our sim-
ulations, we propose that the hydrogen bond is formed as a
replacement for the N140 (3.35)-W283 (6.48) H-bond and plays
a role in the maintenance of the activated form of the brady-
kinin B2 receptor.

H. Schwalbe et al.

We identified a set of residues that are responsible for the
ligand-receptor interaction. F286 (6.51) is involved in the re-
ceptor-activation process, but mostly it interacts with the
ligand. We identified this interaction in all our models. It is re-
sponsible for the conformational change of the Phe5 ¥, torsion
angle. The experimentally obtained backbone structure during
the simulation remained intact. The highly conserved motifs
such as E/DRY and NPXXY at the receptor-G protein binding
interface allow the class A GPCR family to share a common ac-
tivation mechanism,®"7* the detailed rearrangement at atomic
level will, however, show some differences between different
members of the class A GPCR family. For example during the
activation of the (3,-adrenergic receptor, W (6.48) increases the
distance between C (6.47) by turning towards the receptor
core.”*?

The study shows that the experimentally determined confor-
mation of the complex by solid-state NMR spectroscopy helps
to drive molecular modeling and molecular dynamics studies
of GPCR-ligand complex structures. The identified interactions
are important for future studies: Due to the abundance of the
bradykinin-bradykinin receptors system, the study of the BK-
BR complex that is supported by our recent solid-state NMR
spectroscopic investigation might guide the rational design of
new potent ligands."* 7%

Computational Methods

BK structure determination: The BK backbone structure was ob-
tained from experimental restraints that were derived from solid-
state NMR experiments as previously described. The structural
models for the ligand converged to an average backbone RMSD of
0.4940.16 A

Building a B2R model: Bradykinin receptors B1 and B2 belong to
the class A family of the rhodopsin-like GPCRs.®" In the absence of
a B2R structure, the high-resolution crystal structure of bovine rho-
dopsin®2?¥ (PDB ID: 1HZX) was used as a template for the B2
receptor model building by using homology modeling techniques.
In the first step, a sequence alignment by using the Clustal pro-
gram® was performed. The B2 receptor sequence was taken from
the Swiss-Prot Data Base, entry P30411." The most conserved resi-
dues in every helix were identified as: 1.50-N75, 2.50-D103, 3.50-
R155, 4.50-W182, 5.50-P236, 6.60-P285, 7.50-P329 (the numbers
refer to the universal residue labeling scheme proposed by Balles-
teros and Weinstein®® in which the first number refers to the trans-
membrane helix and the second number relates to the conserva-
tion of that residue in this helix). We superposed the B2R sequence
with the rhodopsin structure by using the conserved residues as

Table 3. Internal angles of the BK.

Arg1 Pro2 Pro3 Gly4 Phe5 Ser6 Pro7 Phe8 Arg9 Phe5 EN
-y ¢ 4 ¢ 4 ¢ Y ¢ Y ¢ Y ¢ y ¢ Y ¢ VAl
NMR - 885 —-751 —-334 -750 —-65 —-643 —-153 —-688 1502 —1213 1658 —-750 —11.7 —-759 -—16.8 493 - - -
D - 1209 —-60.2 —465 —-69.9 —45 —-743 121 —487 1550 —-1263 —-1752 -70.7 -30.1 —-875 —-146 1732 - —-582 —-195.0
L1 - - - - - - - - —125.1 1141 —-1431 1695 —548 686 —-742 —-352 -—1543 - - -
L2 - 1447 —99.2 1571 -983 1556 1703 —1476 —-136.6 —757 1678 1410 —427 -769 —658 —284 —-163.7 - - =325
NMR-SS=NMR structure, D= conformation D, L1, L2=ref. [72] and [70] respectively. EN=BK internal energy [kcalmol™'] calculated by using the AMBER
force field.
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markers, to replace amino acid residues in the proper order. An
initial 3D homology model was built by using the BIOPOLYMER
module from the SYBYL®¥ software package including the follow-
ing modifications: Helix 4 (TM4) was elongated by three residues
from the extracellular side and the second extracellular loop (EL2)
was moved up by one helix turn to fit the B2R sequence to the
rhodopsin structure. It is of interest to note that the new position
of EL2 is consistent with the position of the EL2 in the [3,-adrener-
gic receptor structure (2RH1,%>?%), Helix 3 (TM3) was rotated clock-
wise by 30° along its axis (viewed from the extracellular side) to
generate the hydrogen bond (with initial distance 2.2 A) between
N(3.35) and W(6.48) as reported in refs. [35-37]. The hydrogen
bond between N(3.35) and W(6.48) resembled a key interaction
that kept the receptor in its inactive form. Finally, receptor loops
and missing fragments were built by using the LOOP SEARCH
module from SYBYL4 A disulfide bond between C130 (beginning
of TM3) and C211 (EL2)®¥ and the palmitoyl group (PAL) that is at-
tached to the C351 at the end of H8®? were added. Due to the
high mobility and to decrease the number of water molecules nec-
essary to “cover” the protein, the first 36 and last 33 residues from
the N-terminal and C-terminal part of the receptor were deleted,
respectively. The N-terminal part is involved in the glycosylation
and receptor expression at the cell surface, but it is not required
for ligand binding.*” The C-terminal part of the receptor plays a
crucial role in signal transduction. Data that were collected in
ref. [41] indicated that this part of the receptor contained three in-
tracellular helices that form the G protein-receptor interface. Ac-
cording to ref. [42] palmitoylation of cysteine residues present at
the intracellular side of the protein is important for ligand binding.
In the computed model, one palmitoyl group (PAL) and one intra-
cellular helix (H8) were present. The thus-obtained receptor model
was energy minimized and refined. To maintain the shape of the
core as much as possible during the optimization procedure, posi-
tional constraints on all Co. atoms (except extra- and intracellular
domain) were applied.

Biochemical and biophysical data indicate that GPCRs can form ho-
modimers and heterodimers.*® There is evidence that in the cellu-
lar membrane, rhodopsin can exist as a dimer, tetramer, or even a
hexamer.*¥ According to the data presented in refs. [45-47] the
bradykinin receptor exists as a homodimer and also as a heterodi-
mer with the angiotensin receptor. However, the receptor dimeriza-
tion seems not to be required for G protein activation.*® To de-
crease the number of atoms in the computed system and due to
the lack of sufficient structural characterization of dimeric GPCRs,
in our model B2R was considered to be a monomer.

Building a model for the BK-B2R complex ligand docking: The
ligand peptide was placed inside the receptor pocket to avoid
steric clashes. The receptor pocket is conserved within the class A
GPCR family.*” The diameter of the receptor pocket is approxi-
mately 15 and 21 A in height and width, respectively. These dimen-
sions have to be considered with care because the receptor pocket
height depends strongly on the position of the second extracellu-
lar loop (EL2). We consider our assumptions to be reasonable how-
ever, because further modifications of this region would generate
a model that deviates even more from the original rhodopsin
structure and that would not be consistent with the position of
the EL2 in B,-adrenergic receptor (32ADR) structure. The bottom of
the receptor binding pocket is highly hydrophobic with hydrophilic
residues placed on the three corners (Figure 1).

The hormone has an N-to-C-terminal length of 18 A and widths of
approximately 14 A if the arginine residues are planar. From the
previous NMR spectroscopic data,®® no information about the
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side-chain conformation could be derived because the backbone
conformation was derived based on TALOS angular restraints;®
however, even after taking all sterically allowed side-chain confor-
mations into account, only a very limited number of possibilities
were found that allowed docking of the ligand into the binding
pocket. In particular, a “vertical” placement could be excluded in
which the N and Ctermini of BK are parallel to the membrane
normal. In the solid-state NMR experiments, the backbone confor-
mation was derived based on TALOS angular restraints.”® The side-
chain conformations were derived from the force field that was
applied during the simulated annealing protocol as implemented
in the CYANA program.”™® While the ensemble of structures con-
verged well, the relative side-chain conformations of arginines one
and nine did not. Two possible conformations have been found in
which both arginine side chains lie within one plane but with
either antiparallel (“Z" like) or parallel (“C" like) orientation
(Figure 2). Both ligand models could be docked in two different
ways each, which resulted in four possibilities (Figure 1A-D). With
a lack of hydrophilic residues at the bottom right of the receptor
binding pocket, we assumed that the arginine residue could not
be placed in this area. Due to steric interference we were unable
to build the conformation that is presented in Figure 1C. There-
fore, the three remaining preassembled ligand-receptor complexes
were used for further optimization and energy refinement.

K

Membrane model: The optimized ligand-receptor complexes
were immersed into a fully hydrated ~10 ns equilibrated POPCP"
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine) lipid bilayer.
The membrane was adapted to the bradykinin receptor first. Each
of the three computed systems consisted of 120 lipid molecules,
330 amino acid residues (321 receptor and 9 bradykinin), 8 CI~
counter ions (to neutralize positive charge on the receptor) and
~7000 water molecules; this gave ~31000 atoms total in the peri-
odic rectangular box of approximately 75x65x90 A.

MD simulations: All simulations were performed by using the
AMBER 7.0 force field.®? The computed systems were optimized
by using short (1 ps) and low-temperature (30 K) molecular dynam-
ics (MD) and minimization in cycles. During the optimization proce-
dure, positional constraints were applied to the Ca atoms of the
receptor’s helical domains. In the next step, a MD simulation for all
ligand-receptor-membrane systems was carried out with following
conditions: 1 fs time step, constant pressure (1 atm), periodic
boundary conditions and the SHAKE algorithm® on the hydrogen
atoms were applied. For long-range electrostatic interactions, the
PME (Particle Mesh Ewald) method was employed.*¥ To limit the
direct space sum for PME, a 12 A cutoff was used. Non-bonding in-
teractions were updated every 25 steps. For the protein, hormone,
and membrane, united atom® force field parameters were used,
and for the water molecules, the TIP3P model®® was used. The
total simulation time was 2 ns. During the first 200 ps, the system
temperature was linearly increased from 10 to 300 K, then, molecu-
lar dynamics at 300 K were computed. During the simulation, all
atoms were free to move. An in-house tool was used for the
ligand-receptor interaction analysis. If the distance between the
closest atoms (except hydrogen) from selected residues was less
than 4.1 A in the analyzed snapshot, then the interaction was iden-
tified. In all protein-ligand interface descriptions, the following
convention was used: a three-letter abbreviation for a ligand resi-
due, and a one-letter code for a protein residue.
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Tomato CYP74C3 is a Multifunctional Enzyme not only
Synthesizing Allene Oxide but also Catalyzing its

Hydrolysis and Cyclization

Alexander N. Grechkin,* Lucia S. Mukhtarova,” Larisa R. Latypova,”® Yuri Gogolev,”

Yana Y. Toporkova,® and Mats Hamberg™

The mechanism of the recombinant tomato allene oxide synthase
(LeAOS3, CYP74C3) was studied. Incubations of linoleic acid (9S)-
hydroperoxide with dilute suspensions of LeAOS3 (10-20's, 0°C)
yield mostly the expected allene oxide (12Z7)-9,10-epoxy-10,12-oc-
tadecadienoic acid (9,10-EOD), which was detected as its metha-
nol-trapping product. In contrast, the relative yield of 9,10-EOD
progressively decreased when the incubations were performed
with fourfold, tenfold, or 80-fold larger amounts of LeAOS3, while
a-ketol and the cyclopentenone rac-cis-10-oxo-11-phytoenoic
acid (10-oxo-PEA) became the predominant products. Both the

Introduction

The lipoxygenase pathway and its products, oxylipins play im-
portant physiological roles in aerobic organisms. Allene oxide
synthase (AOS, EC 4.2.1.92) is one of the key enzymes of the
lipoxygenase pathway in plants and corals."™! The primary
products of AOSs are short-lived allene oxides, which are con-
verted in two competing ways: through hydrolysis and cycliza-
tion. Cyclization of the allene oxide (9Z,11E,135,152)-12,13-
epoxy-9,11,15-octadecatrienoic acid (12,13-EOT) occurs both
spontaneously and enzymatically.”* The enzyme allene oxide
cyclase (AOC, EC 5.3.99.6) controls the stereospecific cyclization
of 12,13-EOT into the cyclopentenone (9S,13S,152)-12-oxo-
10,15-phytodienoic acid (12-oxo-PDA)," which is a metabolic
precursor of the phytohormone 7-epi-jasmonic acid.

The majority of plant AOSs that belong to the CYP74A sub-
family of cytochromes P450 produce allene oxides,” but do
not assist in their cyclization. Both spontaneous and AOC-cata-
lyzed cyclization of allene oxides is dependent on the presence
of a double bond in the f,y position to the oxirane ring of
allene oxide.®® Thus, allene oxides that are produced from
linoleate are hydrolyzed, but not cyclized.®” The recently dis-
covered AOS from the potato stolons and the recombinant
tomato AOS (CYP74C subfamily) present an unusual excep-
tion.®¥ These enzymes convert linoleic acid 9-hydroperoxide
(9-HPOD) into substantial amounts of the cyclopentenone cis-
10-oxo-11-phytoenoic acid (10-oxo-PEA) along with a-ketol.®?
This phenomenon has not been explained. To address this
problem and to obtain new insights into the mechanism of
CYP74C subfamily AOSs, we have studied the conversions of 9-
HPOD by recombinant tomato AOS (LeAOS3, CYP74C3). We
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a-ketol and 10-oxo-PEA were also produced when LeAOS3 was
exposed to preformed 9,10-EOD, which was generated by maize
allene oxide synthase (CYP74A). LeAOS3 also converted linoleic
acid (13S)-hydroperoxide into the corresponding allene oxide, but
with about tenfold lower yield of cyclopentenone. The results
indicate that in contrast to the ordinary allene oxide synthases
(CYP74A subfamily), LeAOS3 (CYP74C subfamily) is a multifunc-
tional enzyme, catalyzing not only the synthesis, but also the
hydrolysis and cyclization of allene oxide.

present evidence that LeAOS3 catalyzes not only the synthesis
of allene oxide, but also its hydrolysis and cyclization.

Results
Conversion of 9-HPOD by LeAOS3

9-HPOD (100 pg) was incubated with different amounts of
LeAOS3 at 0°C for 10s, and the products were analyzed as
methyl esters/trimethylsilyl (TMS) derivatives by GC-MS
(Figure 1). Because the expected primary product of LeAOS3
catalysis is the unstable allene oxide (122)-9,10-epoxyoctadeca-
10,12-dienoic acid (9,10-EOD), the incubation products after a
rapid extraction were trapped with methanol. This step effi-
ciently converted 9,10-EOD into the methoxyketone 3a (see
the mass fragmentation of methyl ester 3 in Figure 2B), thus
enabling one to monitor the presence of allene oxide.'”

[a] Prof. A. N. Grechkin, L. S. Mukhtarova, L. R. Latypova, Dr. Yu. V. Gogolev,
Y. Y. Toporkova
Kazan Institute of Biochemistry and Biophysics
Russian Academy of Sciences
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E-mail: grechkin@mail.knc.ru
[b] Prof. M. Hamberg
Division of Physiological Chemistry Il
Department of Medical Biochemistry and Biophysics, Karolinska Institutet
17177 Stockholm (Sweden)

Supporting information for this article is available on the WWW under
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Figure 1 illustrates the analyses data of trapping experiments
with different LeAOS3 concentrations, increasing from the top
(Figure 1A) to the bottom (Figure 1D). As seen in Figure 1A,
the main product detected after incubation of 9-HPOD with a
small amount of LeAOS3 (0.5 ug) was trapping product 3a,
which corresponds to the allene oxide 9,10-EOD. In addition,
the a-ketol appeared due to hydrolysis of 9,10-EOD. The mass
spectrum of the a-ketol methyl ester trimethylsilyl derivative is
presented in Figure 2C. Along with the trapping product 3a
and a-ketol, two more products, 1a and 2a (which were de-
tected as their methyl esters 1 and 2) were observed (Fig-
ure 1A).

When 9-HPOD was incubated under the same conditions
with larger amounts (2, 5 or 40 ug) of LeAOS3, the product
patterns changed significantly (Figures 1B-D, respectively, in
comparison to Figure 1A). The yield of trapping product 3
(corresponding to the remaining allene oxide) progressively
decreased. The stepwise disappearance of 9,10-EOD was ac-
companied by the transient increase of peaks 1 and 2, as well
as the a-ketol peak (Figures 1B-D in comparison to Figure 1A).
After the incubation with a larger amount of LeAOS3, no trap-
ping product was detected (Figure 1D). This indicates that all
9-HPOD was quantitatively converted via 9,10-EOD into a-ketol
and products 1 and 2 within 20s. Thus, the observed 9,10-
EOD turnover rate in the presence of LeAOS3 is significantly
more rapid than one can expect by taking into account the
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Figure 1. Dependence of 9-HPOD conversion on LeAOS3 concentration. Se-
lected ion GC-MS chromatograms (m/z 152, 201 and 259) of methyl esters/
TMS derivatives of products formed upon incubations and methanol trap-
ping. 9-HPOD (100 pg) was incubated for 10 s at 0°C with A) 0.5, B) 2, C) 5,
and D) 40 pg, of LeAOS3. See the Experimental Section for more details.

typical rates of spontaneous decomposition of allene oxide
(the half life is about 30 s at 0°C).%

Compounds 1 and 2 had nearly identical mass spectra, and
the mass spectrum of compound 2 and its fragmentation
scheme (insert) are presented in Figure 2A. The spectrum
matches well with the previously described data for the
methyl ester of 10-oxo-PEA.®*™ Upon mild alkaline treatment,
product 2 turned into product 1; this is in agreement with iso-
merization of a cyclopentenone 2 (having cis-configured side
chains) into a trans-configured cyclopentenone 1.®! On the
basis of these experiments and UV spectroscopy data, com-
pounds 1 and 2 were identified as trans-10-oxo-PEA and cis-
10-oxo-PEA, respectively. '"H NMR spectroscopy data (Figure 3
and Supporting Information) were nearly identical to published
data for cis-10-oxo-PEA,® thus confirming the identification of
compound 2 as a cis-configured 10-oxo-PEA; cis-cyclopente-
none (2) is always the major isomer. It is notable that the cy-
clopentenone with a cis configuration of side chains is an ex-
pected product of antarafacial cyclization of allene oxide in ac-
cordance with the rules of orbital symmetry conservation.®'>'
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Figure 2. The electron impact mass spectra of compounds A) 2, B) 3, C) and

4.

Steric analyses of cis-10-oxophyto-11-enoic acid (compound

2)

9R,13S and 95,13R enantiomers of 10-oxophytonoic acid was

synthesized by starting with commercially available methyl

Compound 2, which was purified by normal-phase HPLC, was
subjected to steric analysis on a Chiralcel ODH column (details
of analyses are described in the Experimental Section). Unex-

pectedly, we found that the enantiomers of compound 2 were
not separated on this column. Analyses were repeated after
the alkaline isomerization of cis-disubstituted cyclopentenone
2 into the corresponding trans isomer 1. The results of steric
HPLC analyses are presented in Figure 4. The data revealed
that the product was fully racemic. Two enantiomers exhibited

(£)-jasmonate as outlined in Scheme 1. This racemate (a refer-

QOH 1 o
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R X R \‘ ~—" ﬂR'
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4 (9,10-EOD)
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Figure 3. The olefinic region of 'H NMR spectrum (400 MHz, CDCls, 296 K) of compound 2. More detailed data are

presented in the Supporting Information.
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Scheme 1. The proposed scheme of the LeAOS3 (CYP74C3) reaction mecha-
nism. See explanations in the text. R=(CH,),CO,Me; R'=(CH,),Me.

ence standard) and compound
1 (obtained by alkaline isomeri-
zation of compound 2) were
reduced with sodium borohy-
dride, and the resulting cyclo-
pentanols (methyl esters) were
converted into (—)-menthoxy-
carbonyl derivatives. Analyses of
these derivatives by GC-MS (see
the Supporting Information)
demonstrated that the synthetic
reference and the biologically
derived 10-oxophytoenoic acid
both provided a pair of fully rac-
emic 10-hydrophytonoates. On

ChemBioChem 2008, 9, 2498 — 2505
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the basis of this result it was concluded that the 10-oxo-PEA
that was generated from 9-HPOD in the presence of LeAOS3
was a racemic mixture of the 95,13S- and 9R,13R enantiomers.
This result is consistent with previously published properties of
10-ox0-PEA, which was synthesized by potato CYP74C3.%¥

Steric analyses of a-ketol (4a) and the methanol trapping
product 3a

a-Ketol (4a) was isolated and purified by normal-phase HPLC
after the incubation of LeAOS3 with 9-HPOD. Pure compound
4a was subjected to steric analysis by chiral-phase HPLC (Fig-

o.-ketol A)
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1
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Figure 5. Products of A) 9-HPOD and B) 13-HPOD conversion by LeAOS3,
and C) 13-HPOD conversion by flaxseed AOS (CYP74A). Selected ion GC-MS
chromatograms of products as their methyl ester TMS derivatives. Hydroper-
oxides were incubated with LeAOS3 or flaxseed AOS for 20 s at 0°C, pH 7.0,
followed by extraction and derivatization. Intensities of selected ion chroma-
tograms in (C) are increased by fourfold compared to the normalized o-
ketol peak. See the Experimental Section for more details.

ure 5A). The same a-ketol 4a that was formed by maize AOS
(ZmAOQS, CYP74A) was used as a reference for steric analyses
(Figure 5B). The obtained data (Figure 5A) demonstrate that
the a-ketol synthesized by LeAOS3 came predominantly from
the 9R enantiomer (92%). a-Ketol produced by ZmAOS pos-
sessed significantly lower optical purity; the 9R and 95 enantio-
mers were present in a ratio of 62:38 (Figure 5B). As found
before, potato StAOS3, an enzyme that is closely related to
LeAOS3, also produces predominantly (9R)-a-ketol.®” Predomi-
nant formation of (9R)-a-ketol in the presence of LeAOS3 and
StAOS3 indicates that allene oxide 9,10-EOD, the primary prod-
uct of these enzymes, is hydrolyzed mostly by the Sy2 mecha-
nism. Unlike the hydrolysis, methanolysis of allene oxide is not
stereospecific (Figure 5C). The ratio of 9R and 9S enantiomers

ChemBioChem 2008, 9, 2498 - 2505
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of the trapping product 3a (Figure 5C) and a-ketol 4a, which
were formed by maize AOS (Figure 5B) was nearly identical;
this suggests a nearly equal contribution of the Sy2 and Sy1
substitution mechanisms to 9,10-EOD methanolysis and hydrol-
ysis, respectively.

Conversion of 13-HPOD by LeAOS3

In agreement with the data of Itoh etal.” we found that
LeAOS3 was also active towards 13-HPOD (Figure 6). However,
the conversion of 13-HPOD afforded predominantly a-ketol
(Figure 6B). The relative yield of cyclopentenone (in relation to
a-ketol) was about ten times smaller than in the case of 9-
HPOD conversion. The main isomer of cyclopentenone (Fig-
ure 6B) that was formed from 13-HPOD was identified as cis-
12-oxo-PEA (data not presented). When 13-HPOD was incubat-
ed with flaxseed AOS (CYP74A), no cyclopentenone formation
was detectable (Figure 6 C).

12,13-EOD

trapping .
cis-12-0x0-PEA
product (5)\ 7) \

e I

o.-ketol
(6) A

M5 — T Il
S \wa
173 — T r r AAN
15.0 16.0 17.0 18.0
timn ——=
12,13-EOD
trapping B)
product (5) —~
m/z
96 A
115 — JASAVAN JA
173 15.0 16.0 17.0 18.0
t/min —>
12,13-EOT (8) cis-12-oxo-PDA c)
trapping (10)
- 15.0 16.0 17.0 18.0

t/mn ———

Figure 6. The methanol trapping of incubation products of LeAOS3 and
ZmAOS with 9- and 13-hydroperoxides. Selected ion GC-MS chromatograms
of product derivatives. The 20 s incubations were performed at 0°C, fol-
lowed by rapid extraction, methanol trapping, and derivatization (conversion
into methyl esters TMS derivatives). A) products of LeAOS3 incubation with
13-HPOD, B) products of ZmAQOS incubation with 13-HPOD, C) products of
ZmAOS incubation with 13-HPOT. See the Experimental Section for more
details.

Methanol trapping of allene oxides synthesized during the
incubations of 13-hydroperoxides with LeAOS3 (CYP74C)
and maize AOS (CYP74A)

A series of methanol-trapping experiments were performed for
further characterization of LeAOS3 specificity of action and its
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comparison to AOSs of the CYP74A subfamily. Incubation of
LeAOS3 with 13-HPOD resulted in trapping product patterns
(Figure 7A) that were similar to those observed after LeAOS3
incubation with 9-HPOD (Figure 1A). The allene oxide (12,13-
EOD) trapping product 5 was detected along with a-ketol 8
(Figure 7 A; their mass spectral data are presented in the Sup-
porting Information).

At the same time, 13-HPOD conversion afforded some
amount of cyclopentenone 7 (Figure 7 A), but significantly less
than in the case of 9-HPOD conversion (products 2 and 1, Fig-
ure 1A). When 13-HPOD was incubated for 20 s with ZmAQS,
only the methanol-trapping product was detectable; neither
the cyclopentenone nor a-ketol were observed. (Figure 7B).
This indicates that ZmAOS generated 12,13-EOD, but this
allene oxide did not undergo hydrolysis or cyclization within
20 s of incubation.

Because 12,13-EOT is capable of cyclizing spontaneously, it
was interesting to reveal how much of its cyclization product
is formed under the trapping conditions, but we observed
poor substrate conversion when LeAOS3 was incubated with

a-ketol
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2 3
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e pp—— : A —
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Figure 7. Generation of allene oxide (9,10-EOD) by ZmAOS and its conver-
sion after in situ addition of LeAOS3. Selected ion GC-MS chromatograms
(m/z 152, 201, and 259) of methyl esters/TMS derivatives of incubations and
methanol-trapping products. Experiments A-C included a 10 s preincubation
of ZmAOS with 100 pg of 9-HPOD, followed by 10 s incubation after the in
situ addition of A) active LeAOS3, B) or boiled LeAOS3, C) or the control pro-
tein preparation from E. coli cells that harbored the empty expression vector.
D) 10 s incubation of ZMmAOS with 9-HPOD. See the Experimental Section for
more details.
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13-HPOT (result not illustrated). In contrast, ZmAOS rapidly
converted 13-HPOT into 12,13-EQT, as seen from its trapping
product 8 appearance (Figure 7C). However, even in this case,
the extent of allene oxide cyclization into 12-oxo-PDA (10)
within 20 s of incubation was not substantial (Figure 7 C). Thus,
the rate of spontaneous cyclization of 12,13-EOT (generated by
ZmAOS, Figure 7C) was considerably smaller than the rate of
9,10-EOD cyclization in the presence of LeAOS3 (Figure 1A).
These results suggest that unlike CYP74A subfamily AOSs,
LeAOS3 catalyzes both cyclization and hydrolysis of 9,10-EOD.

Generation of allene oxide by maize AOS (CYP74A) and its
further conversion after the in situ addition of LeAOS3

The observed dependence of the allene oxide (9,10-EOD) life-
time on the LeAOS3 concentration (Figure 1) suggests that
LeAOS3 controls not only the formation of allene oxide, but its
hydrolysis and cyclization as well. Additional experiments were
performed to substantiate this assumption. These experiments
included the generation of 9,10-EOD by a 10 s incubation of 9-
HPOD with ZmAOS (CYP74A) followed by the in situ addition
of LeAOS3 and incubation for additional 10 s. Incubations were
terminated by extraction, methanol trapping and derivatiza-
tion, as described above. Allene oxide (detected as the metha-
nol trapping product 3) was the predominant product that
was formed by ZmAOS in 10 s (Figure 8D), whereas 9-HPOD
conversion was nearly complete. Continued incubation after
LeAOS3 addition resulted in the conversion of allene oxide
into 10-oxo-PEA, mostly the cis (2) one and a-ketol (Figure 8A).
To confirm the dependence of 9,10-EOD hydrolysis and cycliza-
tion on LeAOS3, two control experiments were performed:
one with boiled LeAOS3 and another with a protein prepara-
tion from E. coli cells that harbored the empty expression
vector pET23-b. In both of these controls allene oxide (de-
tected as trapping product 3) remained unrecovered (Fig-
ure 8B and C, respectively). These results demonstrate that
both hydrolysis and cyclization of 9,10-EOD depend on the
presence of native LeAOS3.

Discussion

The discovery of the CYP74C subfamily AOSs revealed a new
important facet of the plant lipoxygenase pathway.®® The
intriguing capability of CYP74C subfamily AOSs to produce
10-ox0-PEA distinguishes them from the majority of AOSs
(CYP74A), which are unable to produce cyclopentenones from
linoleic acid hydroperoxides.® This capability has not yet
been explained.

As mentioned in the Introduction, the majority of AOSs
(CYP74A subfamily) have a single function: synthesis of un-
stable allene oxide, which is further converted (hydrolyzed or
cyclized) spontaneously." Half lives of allene oxides (27-44 s
at 0°C, pH 7.0) in the presence of CYP74A type AOSs do not
depend on the AOS concentration.'”

In full agreement with literature data,®*® the results of trap-
ping experiments demonstrate that a short-lived allene oxide
is a primary product produced and liberated by LeAOS3. Thus,

[8,9
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the synthesis of allene oxides is the common function of AOSs
of both CYP74A and CYP74C subfamilies. At the same time,
the fate of allene oxide in the presence of LeAOS3 is dramati-
cally different in a few respects. First, allene oxide half life is
strongly dependent on the LeAOS3 concentration. The larger
the LeAOS3 concentration, the shorter is the lifetime of 9,10-
EOD. Second, 9,10-EOD is transiently converted into 10-oxo-
PEA and o-ketol. Third, the a-ketol is formed enantiospecifi-
cally (9R). Finally, when the LeAOS3 concentration achieves a
saturated value, 9-HPOD conversion via 9,10-EOD into 10-oxo-
PEA and a-ketol is complete within 20 s at 0°C, pH 7.0.

The obtained results enable us to propose a mechanistic
scheme of LeAOS3 action (Scheme 1). The data demonstrate
that LeAOS3 is a multifunctional enzyme that catalyzes three
conversions. The first is the synthesis of allene oxide 9,10-EOD
(Scheme 1, reaction 1), which is the primary product that is
synthesized and liberated by LeAOS3. Then LeAOS3 recaptures
9,10-EOD to catalyze two subsequent competing conversions,
namely the hydrolysis and cyclization (Scheme 3, reactions 2
and 3, respectively). The hydrolysis, but not the cyclization,
occurs stereospecifically. The final products of LeAOS3 are (9R)-
a-ketol 4a and the racemic cis-10-oxo-PEA 2a (Scheme 3).

LeAOS3, as well as other CYP74C subfamily enzymes, is
active towards both 9- and 13-hydroperoxides (except 13-
HPOT). We found that LeAOS3 efficiently converts both 9-
HPOD and 13-HPOD into the corresponding allene oxides and
a-ketols. On the other hand, the cyclase activity of LeAOS3
possesses regiospecificity. 12,13-EOD s significantly less effi-
cient as a substrate for cyclopentenone production by LeAOS3
than 9,10-EOD.

The earlier-described enzyme AOC also catalyzes allene
oxide cyclization."'*"" However, AOC is clearly distinct from
LeAOS3 in several respects: 1) unlike LeAOS3, AOC is not a
P450 protein; 2) AOC does not possess AOS activity; 3) AOC
specifically utilizes only 12,13-EOT, but not 9,10-EOT, or allene
oxides formed from linoleic acid; 4) unlike LeAOS3, AOC acts
stereospecifically.

LeAOS3 and the related potato AOS (StAOS3, CYP74C) con-
trol a new route from linoleic acid to cyclopentenones.
LeAOS3 is specifically expressed in tomato roots.”) StAOS3 has
recently been cloned and the specific expression of StAOS3
gene was observed in the underground organs of potato, in-
cluding the sprouting eyes of tubers and roots."® The closely
related gene CYP74C9 is specifically expressed in aging Petunia
inflata petals."® Although the corresponding Petunia CYP74C9
protein has not yet been characterized biochemically, its phy-
logeny enables one to attribute it to the AOSs of CYP74C sub-
family. Taken together these data indicate that the AOSs of
CYP74C subfamily might play specific physiological roles in
some plant tissues.®*'®' Recently we detected a similar
enzyme that uses 13-HPOD and affords a high yield of cis-12-
oxo-10-phytoenoic acid in sunflower roots.?"

Experimental Section

Materials: Linoleic and a-linolenic acids, as well as soybean lipoxy-
genase typeV were purchased from Sigma. Silylating reagents
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were purchased from Fluka (Buchs, Switzerland). 9-HPOD was pre-
pared by incubation of linoleic acid with tomato fruit lipoxygenase
at 0°C, pH 6.0, under continuous oxygen bubbling. 13-HPOD and
13-HPOT were obtained by incubations of linoleic and a-linolenic
acids, respectively, with soybean lipoxygenase type V as described
before. All hydroperoxides were purified by normal-phase HPLC.

Expression of recombinant LeAOS3 (CYP743): The vector for ex-
pression of LeAOS3 was a generous gift from Dr. Gregg A. Howe.
Expression and enzyme preparation was performed as described
before.”

Purification of recombinant LeAOS3: The recombinant LeAOS3
was purified by immobilized metal affinity chromatography IMAC).
All the purification procedures were performed at 4°C. The crude
E. coli lysate (1 mL) was added to TALON CellThru cobalt-based
IMAC resin (0.5 mL, Clontech, Mountain View, CA, USA) that had
been pre-equilibrated with buffer A (50 mm sodium phosphate,
0.3m NaCl, 1.56 mm Emulphogene, pH 7.0). Then the suspension
was gently agitated for 15 min. The resin was applied to a column
(1x10cm) and washed with buffer A (4x10 mL). LeAOS3 was
eluted with buffer A (0.5 mL) that contained 150 mm imidazole.
The eluate was diluted tenfold with 50 mm sodium phosphate
buffer (pH 7.0). Imidazole was removed by ultrafiltration by using
Amicon Ultra 30 kDa molecular mass cutoff centrifugal filter devi-
ces (Millipore). The relative purity of recombinant LeAOS3 was esti-
mated by SDS-polyacrylamide gel electrophoresis and staining of
gels with Coomassie brilliant blue R-250. Protein concentration was
estimated as described previously.”

Incubations of recombinant LeOAS3 with 9-HPOD: The reaction
was initiated by the injection of a solution of (95)-HPOD (100 pg)
in EtOH (10 pL) into suspensions of LeAOS3 (0.5, 2, 5, or 40 pg of
purified protein) in 100 mm phosphate buffer (1 mL), pH 7.0, at
0°C. The mixture was vigorously vortexed for 10-20 s and rapidly
extracted with cold hexane (1.5 mL). The hexane solution was
cooled to about —20°C, concentrated in vacuo by about twofold,
and treated with ethereal diazomethane at —20°C for 3 min. The
solvent was evaporated in vacuo and ice-cold MeOH (3 mL) was
added to the dry residue. After 30 min at 23 °C, solvent was evapo-
rated and the dry residue was treated with a trimethylsilylating
mixture as described before”? Control experiments were per-
formed in the same way with protein preparation from E. coli cells
that had been transformed with an empty pET23-b vector that car-
ried no LeAOS3 cDNA.

Preparation of maize and flax allene oxide synthases: Prepara-
tion of ZmAOS and flax AOS, as well as fatty acid hydroperoxide
incubations with these enzymes were performed as described
before."

Synthesis of allene oxide by maize allene oxide synthase
(CYP74A) and its further conversion after in situ addition of
LeAOS3: For preparation of ZmAOS (CYP74A) maize seed acetone
powder (6 g) was extracted with phosphate buffer (20 mL), pH 7.0
at 0°C for 40 min followed by centrifugation at 15000g for 5 min.
The supernatant (1 mL) was incubated with 9-HPOD (100 ug) for
10 s at 0°C under the vigorous vortexing. Then these incubations
were continued for 10 s longer after the addition of either a) active
LeAOS3 (20 ug), b) the same amount of boiled LeAOS3, c)the
equivalent amount of protein preparation from E. coli cells that
harbored the empty expression vector pET23-b. In separate control
incubations (d) 10 s incubation of 9-HPOD with ZmAQOS was termi-
nated directly with no additions. All incubations were terminated
by extraction, MeOH trapping and derivatization, as described
above.
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Micropreparative incubations: LeAOS3 preparation (20 ug of pro-
tein) was incubated with 9-HPOD (200 pg) at 23°C and pH 7.0 for
5 min and the products were extracted with hexane and methylat-
ed with diazomethane. 12-Oxo-PDA was prepared as described
previously.®

Chromatographic analysis of products: Products were separated
as methyl esters by RP-HPLC on Macherey-Nagel Nucleosil 5 ODS
column (250 4.6 mm) that was eluted with MeOH/H,O (linear gra-
dient from 76:24 to 96:4, v/v) at a flow rate of 0.4 mLmin~'. Prod-
ucts were collected and re-chromatographed by NP-HPLC on two
serially connected Separon SIX columns (150%x3.2 mm; 5 pum)
eluted with hexane/iPrOH (98.2:1.8, v/v), flow rate 0.4 mLmin~".
Enantiomers of purified cis-10-oxo-PEA acid methyl ester were sep-
arated on Chiralcel OD-H column (250%x0.46 mm, 5 um) with
hexane/iPrOH 98:2 (v/v), flow rate 0.4 mLmin~'. Alternatively, cis-
10-oxo-PEA methyl ester (2) was reduced with NaBH, and the
resulting cyclopentanols were converted to the (—)-menthoxycar-
bonyl derivatives as described previously.® These derivatives were
separated by GC-MS.

Synthesis of 10-oxophytonoic acid: The synthetic scheme that
was used was similar to that previously described for the 12-oxo-
phytonoic acid synthesis.”? A racemic mixture of the 9R,13S and
95,13R enantiomers of 10-oxophytonoic acid was synthesized by
starting with commercially available methyl (£)-jasmonate as out-
lined in Scheme 1. The sequence involved NaBH, reduction of
methyl (+)-jasmonate (1 g) into diastereomeric cyclopentanols,
cleavage of the A® double bond by oxidative ozonolysis, and
anodic coupling with tert-butyl hydrogen suberate. Selective re-
moval of the methyl ester protecting group by mild alkaline hy-
drolysis followed by anodic coupling with pentanoic acid, removal
of the tert-butyl protecting group by treatment with trifluoroacetic
acid in CH,Cl,, and oxidation of the ring alcohol group by using
Dess—Martin periodinane afforded the desired 10-oxophytonoic
acid in a yield of 20%.

Steric analysis of 10-oxophytoenoic and 10-oxophytonoic acids:
10-Ox0-PEA (90 pg) was obtained by incubation of 9-HPOD with
LeAOS3 was epimerized into the side-chain trans compound by
treatment with 0.1mM NaOH in 90% aq MeOH at 23°C for 30 min
and subsequently methyl esterified. The resulting material, as well
as the methyl ester of the above-mentioned synthetic 10-oxophy-
tonoic acid, were separately reduced with NaBH, into diastereo-
meric methyl 10-hydroxyphytonoates. Analysis of the correspond-
ing (—)-menthoxycarbonyl derivatives was performed by GC-MS
by using a capillary column of 5% phenylmethylsiloxane (12 m,
0.33 um film thickness, carrier gas, helium) as described before.”?

Steric analyses of a-ketols and the methanol trapping product:
Samples of a-ketols 4a that were obtained after incubations of 9-
HPOD with LeAOS3 and ZmAOS were esterified with diazomethane
and purified by reversed-phase and normal-phase HPLC as de-
scribed above. Pure a-ketol methyl ester samples were subjected
to steric analyses on Chiralcel OB-H column (250x0.46 mm, 5 um),
solvent hexane/iPrOH, 94:6 (v/v), flow rate 0.5 mLmin™".

The methanol-trapping product 3a was prepared by incubation
of LeAOS3 (5upg of protein) with [1-"*C]9-HPOD (37 Bq,
20.7 KBqumol™') in phosphate buffer (15 mL), pH 7.0 at 0°C for
20 s. The reaction was stopped by the addition of ice-cold MeOH
(200 mL) under the vigorous stirring and allowed to stand for
20 min at 0°C. Then most of the MeOH was evacuated in vacuo,
and the rest was extracted with hexane/ethyl acetate 1:1 (v/v). The
extracted products were methylated with diazomethane and sepa-
rated by the RP-HPLC as described above. The methanol-trapping
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product methyl ester 3 was finally purified by NP-HPLC generally
as described above, but under elution by solvent mixture hexane/
iPrOH 99:1 (v/v), flow rate 0.4 mLmin~'. The steric analysis of com-
pound 3 was performed by using a Chiralcel OB-H column (250 %
0.46 mm, 5 um), hexane/iPrOH 94:6 (by volume), and a flow rate of
0.5 mLmin™".

Spectral studies: The UV spectra of compounds that were purified
by HPLC were recorded on-line by using an SPD-M20 A diode array
detector (Shimadzu). Alternatively, the UV spectra were recorded
off-line with a Perkin-Elmer Lambda 25 spectrophotometer. Prod-
ucts were analyzed as methyl esters or methyl esters/TMS deriva-
tives by GC-MS as described before.”” GC-MS analyses were per-
formed by using a Shimadzu QP5050A mass spectrometer that
was connected to Shimadzu GC-17A gas chromatograph that was
equipped with an MDN-5S (5% phenyl 95% methylpolysiloxane)
fused capillary column (length, 30 m; ID 0.25 mm; film thickness,
0.25 um). Helium at a flow rate of 30 cm/s was used as the carrier
gas. Injections were made in the split-mode by using an initial
column temperature of 120°C. The temperature was raised at
10°Cmin~" until 240°C. Full-scan or selected-ion monitoring (SIM)
analyses were both performed by using the electron impact ioniza-
tion (70 eV). The 'H NMR and 2D-COSY spectra were recorded with
a Bruker Avance 400 instrument (400 MHz, CDCl;, 296 K). The ho-
monuclear 'H double resonance experiments were performed with
the same instrument.
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(9Z,11E,135,152)-12,13-epoxyoctadeca-9,11,15-trienoic acid; 10-oxo-
PEA, 10-oxo-11-phytoenoic acid; 12-oxo-PDA, (152)-12-oxophyto-
10,15-dienoic acid; 12-oxo-PEA, 12-oxo-10-phytoenoic acid; TMS,
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The in vitro Characterization of Polyene
Glycosyltransferases AmphDI and NysDI

Changsheng Zhang, Rocco Moretti, Jiging Jiang, and Jon S. Thorson*®

The overproduction, purification, and in vitro characterization of
the polyene glycosyltransferases (GTs) AmphDI and NysDI are re-
ported. A novel nucleotidyltransferase mutant (RmIAQ83D) for
the chemoenzymatic synthesis of unnatural GDP-sugar donors in
conjunction with polyene GT-catalyzed sugar exchange/reverse
reactions allowed the donor and acceptor specificities of these

Introduction

Polyene macrolide antibiotics are a family of diverse natural
products primarily produced by Streptomyces and closely relat-
ed bacteria.""! As exemplified by amphotericin B (AmB, 1), ny-
statin A1 (2), candicidin or FRO08 (3), pimaricin (4), rimocidin
(5), and filipin Il (6; Scheme 1), a polyhydroxylated, polyunsa-
turated macrolactone ring core is the structural signature of
family members, and most are decorated with the unique de-
oxyaminosugar mycosamine.” While polyene macrolide antibi-
otics are most noted for their antifungal properties, these me-
tabolites also display antiviral, antiprotozoal, and even antipri-
on activity.*® Their primary mechanism of action is derived
from the unique interactions that occur between polyene mol-
ecules and specific sterol-containing membranes; these inter-
actions generate lethal transmembrane channels. Furthermore,
the selectivity of polyene macrolide antibiotics stems from
their preference for ergosterol-containing membranes.*”®
Remarkably, even after a half century of clinical use of 1, the
development of resistance to polyenes has been sparse.”’
However, the clinical utility of polyenes remains severely re-
stricted by compound insolubility and dose-dependent side ef-
fects, most notably nephrotoxicity.** Thus, the development
of formulations and/or analogues to reduce unwanted side ef-
fects and/or improve selectivity remains an active area of re-
search.™®

Toward this goal, the most common synthetic strategy for
polyene derivatization has relied upon semisynthetic derivati-
zation of the natural product core scaffold carboxyl (e.g., C41
of 1) and/or the C3’ amine of the appended aminosugar (e.g.,
mycosamine in 1)."°2% In addition to providing analogues with
altered antifungal properties, such studies have also chal-
lenged the dogma pertaining to the intramolecular interaction
between the C3’ protonated amine and C41 carboxylate in
channel assemblage."®'”! As an alternative to synthesis, the ge-
netic loci encoding for pimaricin (4),%"*? nystatin (2),”* AmB
(1),2Y and candicidin/FR-008 (3)*%" have been partially or
fully characterized.®?® This has enabled both the elucidation
of key post-PKS modification steps in polyene biosyntheses
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novel enzymes to be probed. The evaluation of polyene GT agly-
con and GDP-sugar donor specificity revealed some tolerance to
aglycon structural diversity, but stringent sugar specificity, and
culminated in new polyene analogues in which L-gulose or b-
mannose replace the native sugar b-mycosamine.

and the directed engineering of unique polyene analogues.?’~>

The cumulative SAR based upon this diverse array of semisyn-
thetic and engineered polyene derivatives has also clearly illu-
minated the critical role of the amino-sugar moiety for antifun-
gal activity.'*1>32

The growing appreciation of the importance of natural prod-
uct sugar moieties has spurred the development of methods
for natural product glycosylation and glycodiversification—
ranging from new synthetic methodologies to enzyme-inten-
sive approaches.”**? While a C35-mycarosyl-substituted nysta-
tin analogue with improved antifungal potency exists," there
are few reported examples in which the natural polyene my-
cosamine has been successfully replaced by an alternative
sugar.?? In addition, although the functions of enzymes that
catalyze the attachment to polyenes (glycosyltransferases or
GTs, Scheme 1) have been inferred with in vivo genetic studies,
they have evaded in vitro biochemical characterization in part
due to the lack of sugar nucleotide substrate availabili-
ty.27:323538 Ynlike most natural product GTs, which utilize pyri-
midine-base sugar nucleotides, bioinformatics and biochemical
characterization of the early steps in mycosamine biosynthesis
imply that polyene GTs utilize GDP-based sugar nucleo-
tides.””>3® Herein, we report the first in vitro characterization of
two polyene GTs, AmphDI and NysDI. The aglycon and sugar
nucleotide substrate specificity of these model polyene GTs
were probed with a set of unique GDP-b- and L-sugars. These
studies revealed that AmphDI and NysDI have some tolerance

[a] Dr. C. Zhang, R. Moretti, Dr. J. Jiang, Prof. J. S. Thorson

Laboratory for Biosynthetic Chemistry, Pharmaceutical Sciences Division
School of Pharmacy, UW-National Cooperative Drug Discovery Group
Program
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Fax: (+1)608-262-5345
E-mail: jsthorson@pharmacy.wisc.edu
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rimocidin (5)

NH
2 pimaricin (4) OH

OH

OH OH OH OH OH OH

filipin 111 (6)

Scheme 1. Naturally occurring polyene macrolides. Amphotericin B (1), nystatin A1 (2), candicidin/FR-008 (3), pimaricin (4), rimocidin (5), and filipin Ill (6) are
all produced by Streptomyces strains, and genetic loci for 1-5 have been characterized. The corresponding mycosaminyltransferases (AmphDI, NysDI, FscMI,
PimK, and RimE, respectively) responsible for glycoside formation are highlighted.

to aglycon structural diversity, but are stringent when it comes
to GDP-sugar specificity. This study notably highlights the utili-
ty of a recently engineered nucleotidyltransferase variant to
synthesize novel GDP-sugars and the application of these re-
agents,** in conjunction with the reversibility of GT-cata-
lyzed reactions, ™ to study purine sugar nucleotide-depen-
dent GTs.

Results
Over-production and purification of polyene GTs

The polyene GTs (AmphDI, NysDI, FscMI, PimK, and RimE for 1-
5, respectively, Scheme 1) share very high sequence (over 65%
identity, Figure S1 in the Supporting Information) and function-
al (mycosaminyl transfer, based upon in vivo gene inactiva-
tion)?*¥ similarities. In an effort to study these novel catalysts
in vitro, the genes of two polyene GTs, amphDI and nysDI,?>?¥
were PCR amplified from genomic DNA of the amphotericin
producer Streptomyces nodosus (ATCC 14899) and the nystatin
producer Streptomyces noursei (ATCC 11455), respectively. Het-
erologous expression of N-Hise-tagged AmphDI or NysDI in
E. coli by using a pET28a-based system provided only small
amounts of the desired recombinant GTs (<0.5 mgL™" culture
under optimized conditions) after affinity chromatography. The
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alignment of AmphDI and NysDI with three other polyene GTs
(PimK,®? RimE,*® and FscMI®") surprisingly revealed an extend-
ed N-terminal sequence that lacks the predicted structure
(http://bioinf.cs.ucl.ac.uk/psipred/; Figure S1). Expression of the
two truncated GTs, designated AmphDI-T2 and NysDI-T2 (start-
ing from the ‘common’ methionine residue M21 for AmphDI
and M44 for NysDI, Figure S1) under identical conditions led to
10-12 mg of the desired N-His,-tagged AmphDI-T2 and NysDI-
T2 per liter of E. coli culture (Figure S2).

Reversibility of polyene GT-catalyzed reactions

Given the difficulty to access polyene GT substrates (both the
polyene aglycon acceptor and putative sugar nucleotide
donor),"”*" we first investigated the reversibility of polyene
GT-catalyzed reactions as recently described for other natural
product GTs.**™*¥ Specifically, polyene natural products were
incubated with GTs in the presence of NDPs and the loss of
mycosamine was assessed by using HPLC (Figures 1A and B).
For example, incubation of 20 um AmB (1) with 5 um AmphDI-
T2 revealed a new product only in the presence of 2 mm GDP
or dGDP at 30°C for 6 h (Figure 1C, vi and vii), while no reac-
tion was observed in the absence of NDPs (Figure 1C, i) or
enzyme, or in the presence of alternative NDPs (ADP, CDP, UDP,
and TDP, Figure 1C, ii-v). LC-MS of the new species was consis-
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Figure 1. Polyene GT-catalyzed reverse reactions. A) Schematic representation of polyene GT-catalyzed conversion of 1, 2, or 4 to deglycosylated products 7,
8, or 9, respectively. B) Schematic representation of polyene GT-catalyzed conversion of candicidin complex (3-I, 3-1I, 3, and 3-1V) to deglycosylated complex
(12-1, 12411, 12, and 12-IV). C) HPLC analyses of AmphDI-T2 NDP-specificity in GT-catalyzed reverse reactions. In this example, AmB (1, 20 um) was incubated
with AmphDI-T2 (5 um): i) without NDP or in the presence of 1 mw, i) ADP, iii) CDP, iv) UDP, v) TDP, vi) GDP, or vii) dGDP at 30 °C, overnight. D) HPLC analyses
of polyene GT-catalyzed reverse reactions with AmB (1) and different polyene GTs. For this study, AmB (1, 20 pum) was incubated with GDP (1 mm) in the pres-
ence of 5 um: i) AmphDI, i) AmphDI-T2, iii) NysDl, iv) NysDI-T2, or v) without GT at 30 °C, overnight. E) HPLC analyses of AmphDI-T2 aglycon specificity in GT-
catalyzed reverse reactions. In this study, nystatin (2, 20 pm), pimaricin (4, 50 um), or candicidin complex (31, 3-I, 3, and 3-IV, 20 um) was incubated with GDP
(1 mm) in the absence or presence of AmphDI-T2 (5 um): i) 2, no enzyme (control), ij) 2, AmphDI-T2, iii) 4, no enzyme (control), iv) 4, AmphDI-T2, v) candicidin
complex (3-1, 3-1l, 3, and 3-1V), no enzyme (control), vi) candicidin complex (3-1, 3-l, 3, and 3-1V), AmphDI-T2.
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tent with deglycosylated 1 aglycon, amphoteronolide B (7, Fig-
ure 1A, caled 778.4; found [M—H]~ 777.5, [M+Nal* 801.5).
Also, consistent with a GT-catalyzed reverse reaction, the paral-
lel formation of GDP-p-mycosamine (10) was verified with
anion exchange HPLC chromatography and ESI-MS/MS analysis
(10, calcd 588.1, found [M—H]~ 587.0; Figure S3). In a similar
manner, reaction reversibility assessed in the presence of
AmphDI, NysDI, and NysDI-T2 revealed an absolute depend-
ence upon GDP/dGDP (Figure 1D, i-iv), and enzyme (Fig-
ure 1D, v).

To probe aglycon tolerance, several other polyene macro-
lides were subjected to the same AmphDI, AmphDI-T2, NysDI,
and NysDI-T2 assay conditions. In this study, reaction reversibil-
ity was observed with both nystatin (2) and, to a lesser extent,
pimaricin (4), by all four GTs tested (AmphDI, AmphDI-T2,
NysDI, and NysDI-T2) only in the presence of GDP or dGDP to
provide nystatinolide (8, Figure 1A and 1E, calcd 780.4; found
[M—H]~ 779.4, [M+Na]* 803.5) or pimaricin aglycon (9, Fig-
ure 1A and 1E, iv, caled 520.2; found [M—H]~ 519.2, [M+Na]*
543.3), respectively. In a similar manner, reaction reversibility
was also established in the presence of GDP by using commer-
cially available candicidin (a complex that consists of at least
four major compounds—3-I, 3-ll, 3, and 3-IV, Figure 1B and
1E, v)!*” to provide the corresponding aglycons (12-1, 12-l, 12,
and 12-1V, Figure 1B and 1E, vi), the mass ions of which were
detectable by LC-MS (12-I: calcd 965.5, found [M—H]~ 964.5;
12-1l: caled 963.5, found [M—H]~ 962.4; 12: calcd 963.5, found
[M—H]~ 962.4; 12-IV: calcd 947.5, found [M—H]~ 946.3). Finally,
the activities of AmphDI, AmphDI-T2, NysDI, and NysDI-T2
toward different polyene macrolides were compared under
presteady-state conditions (20 um polyene glycoside, 0.5 um
GT, 2mm GDP, 30°C, up to 1 h). As summarized in Figure S4,
the truncated GTs outperformed their original ‘extended’ coun-
terparts, the magnitude of which varied depending upon the
polyene substrate employed.

Synthesis of GDP-sugars

Consistent with previous postulations,®3® the specific require-
ment of GDP (or dGDP) for the reversibility of AmphDI/NysDI-
catalyzed reactions is consistent with GDP-mycosamine as the
requisite sugar donor. To further probe the sugar nucleotide
donor substrate flexibility of polyene GTs, a small set of GDP-
sugars was subsequently generated by using both chemical
and enzymatic methods (Scheme 2). Together with three com-
mercially available GDP-sugars (GDP-a-bp-glucose, 21; GDP-a-
p-mannose, 22; and GDP-3-L-fucose, 23) the combination of
chemical and enzymatic strategies, which are summarized in
the next two paragraphs, provided a set of 21 putative GDP-
sugar donors (17-37, Scheme 2 C) for this study.

A conventional morpholidate-dependent coupling strategy
was applied for the chemical synthesis of several GDP-sugars
(Scheme 2A).5*%¥ Syntheses of the required a-p-altrose-1-
phosphate, a-b-talose-1-phosphate, and p-L-mannose-1-phos-
phate precursors have been previously reported.”**”" Follow-
ing an identical strategy, peracylated B-L-gulose (13) was con-
verted to the protected sugar phosphate (14) in two steps
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(55% vyield), the deprotection of which led to a triethylammo-
nium sugar phosphate (15; 85% yield). Coupling the target
sugar-1-phosphates with the guanosine 5-monophosphomor-
pholidate (1.6 equiv) provided the desired GDP-sugars (17-20)
in 45-65% yield. Following this route, four sugar nucleotides,
GDP-B-L-gulose (17), GDP-a-p-altrose (18), GDP-a-p-talose (19),
and GDP-f3-L.-mannose (20) were generated for this study.

A recently described nucleotidyltransferase  mutant
(RmIAQ83D)*? with enhanced activity toward GTP was also
employed in the synthesis of GDP-sugars for this study
(Scheme 2B). Following the established protocol,”® incubation
of sugar 1-phosphates with GTP and purified RmIAQ83D at
37°C, overnight, provided fourteen additional unique GDP-
sugars (Scheme 2C, Figure S5, 24-37). Among them, ten sugar
nucleotides (24-32) were produced in good yields (ranging
from 23-96%, Table ST and Figure S5), while less than 10%
conversion was observed for the remaining four sugar-1-phos-
phates (33-37, Table S1 and Figure S5). All GDP-sugar nucleo-
tide products were confirmed by LC-MS and ESI MS/MS; spec-
trometry also confirmed typical secondary fragment ions for
[GDP—H]~ (442) and [GMP—H]~ (362) for all reaction products
Table S1).

Polyene GT-catalyzed sugar exchange and glycoside forma-
tion

GT-mediated sugar exchange enables the exchange of the
native sugar within a native natural product glycoside with
exogenous carbohydrates, that have been supplied as NDP-
sugars.”>*) Following this same protocol, the donor substrate
flexibility of polyene GTs was probed through a sugar-ex-
change reaction (Figure 2A) by using the putative GDP-sugar
donors described in the previous section. Specifically, 20 um
AmB (1) and 5um AmphDI-T2 were incubated individually
with GDP-sugar donors (2 mm for 17-23, 30-300 um for 24-
33, <30 um for 34-37, Scheme 2C) at 30°C, overnight. Analy-
sis of the reactions by RP-HPLC revealed new products only in
the presence of GDP-a-b-mannose (22, Figure 2B, vii) or GDP-
B-L-gulose (17, Figure 2B, iii), the identities of which were con-
firmed by LC-MS to be 1a (calcd 940.5, found 939.4 [M—H]~
and 963.4 [M+Na]*) and 1b (calcd 940.5, found 939.5 [M—H]~
and 963.5 [M+Na]*; Figure 2 A), respectively.

To assess the activity in a more conventional GT-catalyzed
assay, a small amount of the acceptor amphoteronolide (7,
0.1 mg, 0.128 pmol, 12.8% overall yield), was partially purified
from a 10 mL preparative AmphDI-T2 catalyzed reverse reac-
tion (with 20 pum of 1). This is an advance over chemical routes
for the preparation of 7—for example, a recent chemical ap-
proach provided a 10.8% overall yield of 7 in eight steps from
1.7 Subsequently, 4 um of the isolated aglycon (7) was incu-
bated with 5 um AmphDI-T2 and various GDP-sugar donors
(2 mm for 17-23, 30-300 pum for 24-33, <30 um for 34-37).
Under these conditions, substantial amounts of 1a and 1b
(almost 100% conversion, Figure S6) were produced from
sugars 17 and 22 while, consistent with ‘sugar-exchange’
assays, all other donors (18-21, 23-37) failed to provide glyco-
side variants. Interestingly, in a prior study, disruption of my-
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nose, but not GDP-Glc, sup-
ports the potential in vivo pro-
duction of mannosyl-
amphoteronolide A but refutes
the possibility of glucoside for-
mation. When GDP-bp-mannose
was replaced by TDP-b-man-
nose (chemoenzymatically pre-
pared from a RmlA reac-
tion)***? in the assay with 7
and AmphDI-T2, no products
were detectable, which is con-
sistent with GDP-sugar specific-
ity. In a similar manner, only 17
and 23 were identified as
NysDI-T2 donor substrates to
afford 1a and 1b.

Bn i)

DP Discussion

Unlike the two-component GTs
associated with the biosynthesis
of many glycosaminyl-modified
polyketides first described by
Liu and co-workers,*5¢"
AmphD1 and NysD1 do not re-
quire an auxiliary protein for in
vitro activity. Consistent with
prior bioinformatics®*'*® and
the recent biochemical charac-
terization of a GDP-b-mannose
4,6-dehydratase  (NysDIll) en-
coded by the nystatin biosyn-
thetic gene cluster,®® this study
unequivocally confirms polyene
GTs to be (d)GDP-sugar specific.
Enabled by a recently reported
RmIA mutant engineered to
provide the ability to generate
a repertoire of unnatural GDP-
sugar donors,”? the highlighted
polyene GT-catalyzed sugar ex-
change and glycoside formation
reactions required GDP-sugar
donors. While it is typical for
the forward and reverse reac-
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(EtsNH™); i) GDP-morpholidate (16) and 1H-tetrazole/pyridine. B) The chemoenzymatic synthesis of GDP-sugars.

Generally, chemically synthesized sugar-1-phosphate (6 mm) was incubated with GTP (8 mm) in the presence of

RmIA mutant Q83D (20 pm). C) GDP-sugars employed in this work. GDP-b-mycos
through reverse GT catalysis, GDP-b-glucose (18), GDP-p-mannose (19), and GDP-

available, GDP-L-gulose (17), GDP-p-altrose (20), GDP-p-talose (21), and GDP-L-mannose (23) were chemically syn-

thesized (A) and GDP-sugars 24-35 were enzymatically synthesized (B).

cosamine biosynthesis in S. nodosus led to a minor shunt me-
tabolite with a mass consistent with a hexosyl-amphoterono-
lide A, which was proposed to be mannosyl- or glucosyl-am-
photeronolide.’” The ability of AmphDI to accept GDP-man-
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tions to utilize the same nucleo-
tide,*® one exception now
exists; a recent study with the
calicheamicin GT CalG3 revealed
that nucleotide specificity of the
reverse reaction differs from the
forward reaction.”? Attempts
toward differentially-glycosylated variants by pathway engi-
neering have led to only a few polyene sugar variations to
date, specifically, the replacement of p-mycosamine with 6-
deoxy-p-Man, 3-keto-6-deoxy-b-Man polyenes, and an unchar-

amine (10) was generated
L-fucose (22) were commercially
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Figure 2. Polyene GT-catalyzed sugar-exchange reactions. A) Schematic representation of polyene GT-catalyzed sugar-exchange reaction. B) HPLC analyses of
AmphDI-T2 catalyzed sugar-exchange reactions. In this study, AmB (1, 20 um) was coincubated with AmphDI-T2 (5 um) in the presence of 1 mm of: i) GDP-a-
p-altrose (18), i) GDP-a-p-talose (19), i) GDP-B-L-gulose (17), iv) GDP-B-L-mannose (20), v) GDP-a-p-glucose (21), vi) GDP-B-L-glucose (23), vii) GDP-a-p-man-

nose (22).

acterized hexose (putatively Man or Glc).?*%32 While the cur-
rent study led to two new polyene sugar appendages (L-
gulose and p-Man), it also suggests that the stringent sugar
nucleotide specificity of the polyene GTs might, in part, restrict
the generation of variant glycosides by in vivo engineering or
in vitro chemoenzymatic methods. However, the recent suc-
cess of expanding the substrate promiscuity of natural product
GTs by directed evolution/engineering could present exciting
new avenues to circumvent the sugar nucleotide stringency of
polyene GTs and thereby further enhance their synthetic utili-
t)/‘[152,63]

In contrast to their sugar nucleotide stringency, the demon-
strated ability of Amph/NysDI to utilize AmB (1), nystatin A1
(2), candicidin members (Figure 1B), and pimaricin (4,
Scheme 1), positions these polyene GTs among a growing list
of natural product GTs with promiscuity toward aglycon ac-
ceptors, exemplified by GTs such as OleD®*%" or VinC.1*":%>5¢
Related to this, previous polyene in vivo and in vitro biosyn-
thetic studies established that oxidative tailoring (e.g., 8-hy-
droxylation by AmphL in 1 and 10-hydroxylation by NysL in 2)
occurs after mycosaminylation,®**’38 while the present study
revealed hydroxylated aglycons (e.g., 7 and 8) to be substrates

ChemBioChem 2008, 9, 2506 - 2514

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of AmphDI and NysDI in vitro. Thus, the ultimate order of bio-
synthetic events (hydroxylation and mycosaminylation) in vivo
might be dictated by the substrate specificity of the oxidases
AmphL and NysL.

Significance

This study extends the fundamental understanding of polyene
biosynthesis and the potential for chemoenzymatic diversifica-
tion of polyene-based antifungal drugs. In the context of bio-
synthesis, the first in vitro characterization of representative
polyene GTs unequivocally confirmed that these enzymes are
GDP-sugar dependent and also revealed the correct start
codons for the previously identified amphDI and nysDI genes.
In addition, the demonstrated aglycon flexibility of polyene
GTs in vitro suggests the order of final tailoring steps implicat-
ed from in vivo studies (glycosylation followed by oxidation)
must be dictated by oxidase, not GT, specificity. With respect
to polyene diversification, this study highlights the utility of
the recently engineered nucleotidyltransferase (RmlA) variant
to synthesize novel GDP-sugars and the application of these
reagents in conjunction with the reversibility of GT-catalyzed
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reactions to study purine sugar nucleotide-dependent GTs. By
using these reagents, the evaluation of polyene GT aglycon
and sugar nucleotide substrate specificity revealed some toler-
ance to aglycon structural diversity, but stringent sugar specif-
icity, and culminated in new polyene analogues in which L-
gulose or b-mannose replace the native sugar b-mycosamine.

Experimental Section

Materials and general methods: E. coli DH5a and BL21(DE3) com-
petent cells were purchased from Invitrogen (Carlsbad, CA, USA).
Streptomyces nodosus ATCC 14899 and Streptomyces noursei
ATCC 11455 were purchased from the American Type Culture Col-
lection (ATCC; Manassas, VA, USA). The pET-28a E. coli expression
vector was purchased from Novagen (Madison, WI, USA). Primers
were ordered from Integrated DNA Technology (Coralville, 1A, USA).
Pfu DNA polymerase was purchased from Stratagene (La Jolla, CA,
USA). Restriction enzymes and T4 DNA ligase were purchased from
New England Biolabs (Ipswich, MA, USA). Candicidin was pur-
chased from U.S. Pharmacopeia (Rockville, MD, USA). Other poly-
ene macrolide antibiotics, such as amphotericin B (1), nystatin A1
(2), pimaricin (4), filipin Il (6), and sugar nucleotides GDP-b-glucose
(21), GDP-b-mannose (22), and GDP-L-fucose (23), were purchased
from Sigma.

For chemical syntheses, all moisture-sensitive reactions were per-
formed in flame-dried glassware under an atmosphere of argon.
Reactions were generally concentrated under reduced pressure by
using a Bichi rotary evaporator at water aspirator pressure
(< 20 torr) followed by removal of residual volatile materials under
high vacuum (via a standard belt-drive oil pump, <1 torr). Analyti-
cal thin layer chromatography (TLC) was performed with E. Merck
TLC plates precoated with silica gel 60 F254 (250 um thick);
column chromatography (FCC) was performed with Silicycle silica
gel (40-60 um, 60 A pore size). All reagents were purchased from
Aldrich (Milwaukee, WI, USA), Sigma (St. Louis, MO, USA), or Fisher
Scientific (Pittsburg, PA, USA) and were used without further purifi-
cation.

Analytical HPLC was performed by using a Varian Prostar 210/216
system connected to a Prostar 330 photodiode array detector
(Varian, Walnut Creek, CA, USA). Mass spectra (MS) were obtained
by using electrospray ionization with an Agilent 1100 HPLC-MSD
SL quadrupole mass spectometer (Agilent Technologies, Palo Alto,
CA, USA) connected to a UV/Vis diode array detector. Proton nucle-
ar magnetic resonance ("H NMR) and carbon NMR ("*C NMR) spec-
tra were recorded by using Varian “NTINOVA 400 MHz and
500 MHz spectrometers in deuterated solvents. Chemical shifts are
reported in parts per million (ppm, d) relative to residual solvent
peaks (CHCl: 'H: 6 7.26, *C: 6 77.0; H,0: 'H: 0 4.78).

Cloning, expression, and purification of polyene GTs: Genomic
DNA was isolated from the amphotericin producer S. nodosus
ATCC 14899 and the nystatin producer S. noursei ATCC 11455
strains by following a literature procedure.®” The amphDI and
nysDI genes were amplified from genomic DNA of the correspond-
ing producers with Pfu DNA polymerase, by using the following
primer pairs: 5-CGACTTCATATGGGTGGACGCGAGGCG-3' (amphDI_
F, forward, Ndel) and 5-GGACATCCTAGATCTCCTCGGT-
CAGTCGTTTGC-3" (@amphDI_R, reverse, Bglll) for amphDI (1.45 kb),
5'-GTGCCGGCATATGACCCTTCCTTCCGG-3’ (nysDI_F, forward, Ndel)
and 5'-GGGTTTTGGATCCTCCTCGGTCAGTCGGTT-3" (nysDI_R, re-
verse, BamHI) for nysDI (1.52 kb). PCR products were digested with
Ndel/Bglll (for amphDI) or Ndel/BamHI (for nysDl) and ligated into
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the pET28a expression vector (Ndel/BamHI) to give plasmids
pCST551 (NysDI) and pCST571 (AmphDI). For the truncated NysDlI,
a 1.39 kb nysDI-T2 DNA fragment was PCR amplified from pCST551
by using the following primer pairs: 5-GTGTTGCATATGGGCGC-
GAATCGGCG-3' (nysDI-T2_F, forward, Ndel) and 5'-
GGGTTTTGGATCCTCCTCGGTCAGTCGGTT-3"  (nysDI-T2_R, reverse,
BamHI). Similarly, a truncated 1.39 kb amphDI-T2 DNA fragment
was PCR amplified from pCST571 by using the following primer
pairs: 5'-GTGTTGCATATGGGCGCGCACAGG-3' (amphDI-T2_F, for-
ward, Ndel) and 5-GGACATCCTAGATCTCCTCGGTCAGTCGTTTGC-3’
(amphDI-T2_R, reverse, Bglll). Subsequently, PCR products were di-
gested with Ndel/BamHI (for nysDI-T2) or Ndel/Bglll (for amphDI-
T2) and ligated into the pET28a expression vector (Ndel/BamHlI) to
give plasmids pCST556 (NysDI-T2) and pCST576 (AmphDI-T2).

For AmphDI production, a single transformant of E. coli BL21(DE3)/
pCST571 was inoculated into LB medium (4 mL) supplemented
with kanamycin (50 ugmL™") and grown by being shaken at 37°C,
overnight. The precultures were used to inoculate LB medium (1 L)
containing kanamycin (50 ugmL™"); this culture was grown by
being shaken at 18°C to an ODgy of 0.5-0.7. Protein expression
was induced with the addition of isopropyl-p-b-thiogalactopyrano-
side (IPTG, 0.3 mwm), followed by growth for an additional 20 h. The
cells obtained from 1L of culture were washed twice with buffer A
(20 mm NaH,PO,, pH 7.5, 500 mm NaCl, 10 mm imidazole) and re-
suspended in buffer A (30 mL) supplemented with lysozyme
(1 mgmL™"). After a 10 min incubation on ice, the cells were lysed
by three rounds of French-press (1200 psi, Thermo IEC), and the in-
soluble material was removed by centrifugation at 30000 g for 1 h
(4°C). The supernatants were loaded onto a HisTrap HT column
(1 mL, GE Healthcare) and the N-(His),o-tagged AmphDI was eluted
with a linear gradient of imidazole (10-500 mm) in buffer A by
using a FPLC system (GE Healthcare). The purified protein was de-
salted through a PD-10 column (GE Healthcare) and stored in a
buffer containing Tris-HCI (50 mm, pH 8.0) and glycerol (10%) until
use. Protein concentration was measured by using the Bradford
assay. The N-(His);-tagged NysDI, NysDI-T2, and AmphDI-T2 were
produced and purified by following the same protocol from E. coli
BL21(DE3) strains harboring pCST551, pCST556, and pCST576, re-
spectively.

Chemical synthesis of sugar phosphates (Scheme 2A): The syn-
theses for the required a-p-altrose-1-phosphate, a-b-talose-1-phos-
phate, and pB-L-mannose-1-phosphate precursors have been previ-
ously reported.”**"

Dibenzyl-(2,3,4,6-tetra-O-acetyl-B-L-gulopyranosyl)phosphate (14):
Peracylated p-L-gulose (13, 351 mg, 0.9 mmol) was dissolved in
acetic acid (2 mL) and 33% HBr in acetic acid (1 mL) was added
drop-wise at 0°C. The reaction was allowed to warm to room tem-
perature by being stirred for 2 h, diluted with cold CHCl; (100 mL),
and washed successively with cold saturated NaHCO; solution (3 x
20 mL), H,O (20 mL), and brine (20 mL). The organics were dried
over anhydrous Na,SO, and concentrated. The crude gulopyranosyl
bromide was used directly. A mixture of dibenzyl phosphate
(300 mg, 1.08 mmol), silver trifilate (300 mg, 1.17 mmol), 2,4,6-colli-
dine (0.23 mL, 1.74mmol), and activated 4 A molecular sieves
(400 mg) in dry CH,Cl, (10 mL) was stirred at room temperature
under argon in the absence of light for 1 h. The mixture was then
cooled to —40°C and a solution of crude protected pyranosyl bro-
mide in dry CH,Cl, (5 mL) was added drop-wise. The reaction mix-
ture was kept at —40°C for 2 h and then allowed to warm to room
temperature by being stirred, overnight. The filtrate was diluted
with CH,Cl, (100 mL) and washed with saturated CuSO, (2x30 mL),
H,O (20 mL), and brine (20 mL). The organics were dried over

ChemBioChem 2008, 9, 2506 - 2514



www.chembiochem.org



In vitro Characterization of AmphDI and NysDI

Na,SO,, concentrated and purified by silica gel chromatography
(hexane/EtOAc, 1:1-1:1.5) to give 14 (300 mg, 55% for two steps).
[alp=1.5 (c=1, CHCl); "HNMR (CDCl;) 7.30-7.22 (m, 10H), 5.59
(dd, J=7.2, 83 Hz, 1H), 535 (m, 1H), 5.06 (m, 3H), 4.97(d,
J=7.2Hz, 2H), 492 (m, 1H), 429 (t, J=5.7Hz, 1H), 412 (dd, J=
11.5, 5.6 Hz, 1H), 4.03 (dd, J=7.3, 11.5 Hz, 1H), 2.11 (s, 3H), 2.08 (s,
3H), 1.90 (s, 3H), 1.81 (s, 3H); *P NMR (CDCl;) 2.17; MS: calcd
C,gH330,5PNa 631.2, found m/z 631.3 [M+Na].

Triethylammonium-(f3-L-gulopyranosyl)phosphate  (15): Compound
14 (260 mg, 0.43 mmol) was dissolved in a solution of MeOH
(5mL) and NaHCO; (1N, 1.2mL) and 10% Pd/C was added
(90 mq). After being stirred, overnight, at room temperature under
a hydrogen atmosphere, (1 atm), the catalyst was removed by fil-
tration and the filtrate concentrated to approximately 3 mL
volume. The solution was cooled to 0°C and NaOH (1N, 2.5 mL)
was added drop-wise while being stirred. The mixture was stirred
for an additional 2 h and neutralized with HOAc (1 N). The resulting
solution was then submitted to anion-exchange chromatography
(Dowex 1x8, 1.2x12cm) and eluted successively with H,O
(100 mL), NH,HCO, (0.1m, 100 mL), NH,HCO, (0.2m, 100 mL), and
NH,HCO; (0.3 ™, 100 mL). The product-containing fractions, which
eluted with NH,HCO; (0.2 M), were pooled and coevaporated with
EtOH several times to remove residual NH,HCO;. The resulting
sugar phosphate sodium salt was transformed into a triethylamine
salt by being passed through an AG 50W-X8 cation-exchange
column (Et;NHT type, 1.5x 10 cm) eluted with ddH,0. The product-
containing fractions (5x20 mL) were pooled and lyophilized to
give product (135 mg, 87% vyield). '"H NMR (D,0) 5.16 (t, J=7.8 Hz,
1H), 4.04 (m, 2H), 3.79 (m, 2H), 3.68 (m, 2H), 3.17 (q, J/=7.2 Hz,
10H), 1.25 (t, J=7.2 Hz, 15H); ®CNMR (D,0) 95.72, 74.80, 71.10,
69.50 (x2), 61.64, 46.93, 8.54; *'P NMR (D,0) 2.64; MS: calcd for
C¢H,,04P: 259.0 [M+H] ", found m/z 258.7.

Chemical synthesis of GDP-sugars (Scheme 2A): A mixture of
triethylammonium sugar phosphate (e.g., 15) and 4-morpholine-
N,N'-dicyclohexylcarboxamidinium guanosine 5-monophospho-
morpholidate (1.6 equiv) was coevaporated with dry pyridine
(3 mL) three times, after which 1H-tetrazole (3 equiv) and dry pyri-
dine (3 mL) were added, and the solution was stirred at room tem-
perature. After three days, the mixture was diluted with water,
evaporated, and purified by using a Bio-Gel P-2 column (1.5
150 cm, 1 mLmin™"), eluted with NH,HCO; (0.05m). The product-
containing fractions, which eluted between 160-180 mL, were col-
lected and lyophilized to afford the desired product. The typical
yield of this procedure ranged from 46-65 %.

Guanosine 5'-f-L-gulopyranosyl diphosphate (17): By using the gen-
eral procedure, triethylammonium-f-L-gulopyranosyl phosphate 15
(50 mg, 0.14 mmol) gave 40 mg of the desired product 17 (46 %).
'HNMR (D,0) 8.10 (s, TH), 5.93 (dd, 1H, J=1.6, 6.2 Hz), 5.28 (dt,
1H, J=1.7, 8.1 Hz), 453 (m, 1H), 4.23 (m, 3H), 407 (m, 2H), 3.82
(m, 2H), 3.73 (m, 2H); 3'P NMR (D,0) —12.1, —13.5; *C NMR (D,0)
160.0, 155.0, 153.0, 136.7, 115.3, 95.7, 87.9, 84.9, 75.7, 74.8, 71.9,
71.5, 70.1, 69.7, 66.4, 62.3; HRMS: calcd for C,sH,4N;0,4P,: 604.0693
[M+H]*, found 604.0708.

Guanosine 5'-a-p-altropyranosyl diphosphate (Scheme 2C, 18). By
using the general procedure, triethylammonium-a-p-altropyranosyl
phosphate (25 mg, 0.07 mmol) gave 26.5 mg of the desired prod-
uct 18 (61.5%). 'H NMR (D,0) 8.09 (s, 1H), 591 (d, 1H, J=6.2 Hz),
5.40 (d, TH, J=8.2 Hz), 4.51 (dd, 1H, J=3.3, 5.1 Hz), 433 (m, 1H),
4.20 (dd, 2H, J=3.3, 5.2 Hz), 3.99 (dd, 2H, J=2.0, 40 Hz), 3.94 (t,
TH, J=3.7 Hz), 3.83 (m, 2H), 3.74 (dd, 1H, J=5.5, 12.4 Hz); *'P NMR
(D,0) —10.5, —12.9; *C NMR (D,0) 159.6, 154.6, 152.4, 138.2, 116.9,
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96.9, 87.6, 84.4, 74.5, 71.1, 70.8, 70.6, 66.0, 64.8, 61.6; HRMS: calcd
for CgH,4Ns0,P,: 604.0693 [M+H] ", found 604.0710.

Guanosine 5'-a-p-talopyranosyl diphosphate (Scheme2C, 19): By
using the general procedure, triethylammonium-a-p-talopyranosyl
phosphate (50 mg, 0.14 mmol) gave 56 mg of the desired product
19 (65%). '"H NMR (D,0) 8.09 (s, 1H), 5.92 (d, 1H, J=6.0 Hz), 5.60
(d, 1H, J=7.9Hz), 450 (m, 1H), 4.34 (dd, 1H, J=2.0, 3.1 Hz), 4.20
(m, 2H), 4.10 (m, 2H), 3.95 (m, 2H), 3.89 (s, 2H), 3.80 (dd, 1H, J=
7.7, 120 Hz), 3.72 (dd, 1H, J=4.7, 12.0 Hz); *'P NMR(D,0) —10.6,
13.0; *CNMR (D,0) 158.0, 153.0, 150.9, 136.7, 115.3, 96.1, 86.0,
829, 729, 71.7, 69.5, 69.5, 68.5, 64.5, 63.8, 60.5; HRMS: calcd for
Ci6H24N50;6P, 604.0693 [M+H] ", found 604.0700.

Chemoenzymatic synthesis of GDP-sugars (Scheme 2B): A set of
GDP-sugars were generated following protocols previously de-
scribed for dTDP/UDP-sugars.®**%7 The reaction was carried out
in Tris-HCI buffer (50 mm, pH 8.0) containing MgCl, (5 mm), inor-
ganic pyrophosphatase (1U), purified RmIAQ83D (10 um),** sugar-
1-phosphate (8 mm), and GTP (6 mm), and incubated at 37°C for
2 h. The formation of sugar nucleotides (24-37, Scheme 2C) was
analyzed by HPLC with an anion-exchange column (SphereClone
SAX, 5 um, 250x4.60 mm, H,O with a 0-100% 600 mm ammonium
formate gradient over 25 min, 1 mLmin~', A,,).

Polyene GT assays

Reverse or sugar-exchange assays with polyene GTs (AmphDI, NysD|,
AmphDI-T2, and NysDI-T2): Assays were performed in a total
volume of 100 pL containing polyene glycosides (20-50 um, 1-4)
and NDPs (2 mm) or various GDP-sugar donors (2 mm for 17-23,
and 30-300 pm for 24-33, less than 30 pm for 34-37, Scheme 2C),
and incubated at 30°C, overnight, in the presence of polyene GTs
(5 um; AmphDI, NysDI, AmphDI-T2, and NysDI-T2) in Tris-HCI buffer
(50 mm, pH 8.0) containing MgCI2 (1 mwm).

Forward assays: Partially purified acceptor amphoteronolide (7,
4 um) was incubated with AmphDI-T2 (5 um) and various GDP-
sugar donors (2 mm for 17-23, 30-300 um for 24-33, <30 pum for
34-37).

For all assays, mixtures without polyene GTs served as controls.
The reactions were subsequently quenched by the addition of
MeOH (100 pL) and were centrifuged to remove proteins. The for-
mation of new products was monitored by reverse phase HPLC
(Phenomenex Luna C18, 5 um, 250x4.6 mm, 0.1% TFA (A) and 10-
100% CH,CN (B) over 30 min, 1 mLmin~', 370 or 305 nm). The con-
version rate was calculated by dividing the integrated area of gly-
cosylated product with the sum of integrated area of product and
the remaining substrate. The newly-formed products were ana-
lyzed by LC-MS (ESI) in negative (—) mode.
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Nacre Calcification in the Freshwater Mussel Unio
pictorum: Carbonic Anhydrase Activity and Purification of
a 95 kDa Calcium-Binding Glycoprotein

Benjamin Marie,*™ Gilles Luquet,*™ Laurent Bédouet,”™ Christian Milet,™
Nathalie Guichard,” Davorin Medakovic,'” and Frédéric Marin*™

The formation of the molluscan shell is finely tuned by macromo-
lecules of the shell organic matrix. Previous results have shown
that the acid-soluble fraction of the nacre matrix of the freshwa-
ter paleoheterodont bivalve Unio pictorum shell displays a
number of remarkable properties, such as calcium-binding activi-
ty, the presence of extensive glycosylations and the capacity to
interfere at low concentration with in vitro calcium carbonate
precipitation. Here we have found that the nacre-soluble matrix
exhibits a carbonic anhydrase activity, an important function in
calcification processes. This matrix is composed of three main
proteinaceous discrete fractions. The one with the highest appar-
ent molecular weight is a 95 kDa glycoprotein that is specific to

Introduction

The molluscan shell is a classical biomineralisation product,
composed of one or two polymorphs of calcium carbonate—
calcite and aragonite—generally assembled in superimposed
layers of different textures. One of them, the nacre or mother-
of-pearl, is a fascinating example of a functional inorganic/or-
ganic composite, made of 95-99% aragonite and of 1-5% or-
ganic matrix."? Nacre can be described as the compact juxta-
position of 0.5 um-thick mineral tablets, surrounded by a thin
organic layer” Although the organic matrix is quantitatively a
minor component, it plays an important role for the elabora-
tion of nacre.”” This matrix, a complex amalgamate of proteins,
glycoproteins, lipids and polysaccharides including chitin, is se-
creted by the calcifying epithelium of the mantle, as are the
mineral precursor ions.”! The matrix macromolecules are in-
volved in critical functions such as the arrangement of a spa-
tially ordered scaffold, the nucleation, the orientation and
growth of calcium carbonate biominerals and the inhibition of
their growth.” Furthermore, the nacre matrix controls the cal-
cium carbonate polymorph”’ and exhibits cell-signalling prop-
erties.” Finally, in one case it has been reported that the
matrix exhibits a carbonic anhydrase activity,” an important
function for converting carbon dioxide into bicarbonate ions,
one of the two reagents for the synthesis of calcium
carbonate.

Numerous studies on mollusc shell have characterised the
primary structures of proteins associated with nacre matrix (for
recent reviews, see refs. [10],[11]). The nacre proteins often ex-
hibit modular structures, composed of different functional do-
mains.”'?7'¥ To date, about 15 complete sequences of effective
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the nacreous layer. P95, as it is provisionally named, is enriched
in Gly, GIx and Asx and exhibits an apparent pl value of ~4, or
~7 when chemically deglycosylated. Furthermore, its glycosyl
moiety, consisting of sulfated polysaccharides, is involved in calci-
um binding. Purified fractions of the three main proteins were di-
gested with trypsin, and the resulting peptides were analysed by
mass spectrometry. Our results suggest that identical peptides
are constitutive domains of the different proteins. Partial primary
structures were obtained by de novo sequencing and compared
with known sequences from other mollusc shell proteins. Our re-
sults are discussed from an evolutionary viewpoint.

or putative proteins associated with nacre tissues have been
described, but this number can be increased considerably if
EST or proteomic approaches are used.”>?*! In spite of the in-
creasing amount of molecular data, it remains difficult to
sketch the outline of the different protein families and do-
mains involved in nacre formation, for a simple reason: all the
data have been obtained from only four mollusc genera. It is
unlikely that this sampling gives an accurate picture of the
whole diversity of proteins associated with nacre.

On consideration of the huge size of the phylum Mollusca,
and in view of the diversity of shell textures* one major
question that arises involves the determination of the extent
to which similar shell textures, present in different taxa, are
produced by homologous sets of proteins. Bivalve nacre is par-
ticularly suitable for such an issue, because the nacreous tex-
ture is known in representatives belonging to four distinct sub-
classes: namely the Palaeotaxodonta, the Pteriomorphia, the

[a] Dr. B. Marie, Dr. G. Luquet, N. Guichard, Dr. F. Marin
UMR CNRS 5561 Biogéosciences, Université de Bourgogne
6, Bd. Gabriel, 21000 Dijon (France)
Fax: (+ 33) 3-80-39-63-87
E-mail: benjamin.marie@u-bourgogne.fr
gilles.luquet@u-bourgogne.fr
frederic. marin@u-bourgogne.fr
[b] Dr. L. Bédouet, Dr. C. Milet
UMR CNRS 5178, Biologie des Organismes Marins et Ecosystémes
MNHN, 75231 Paris (France)
[c] Dr. D. Medakovic
Center for Marine Research Rovinj
52210 Rovinj (Croatia)

PWILEY .
) InterScience*

2515






BIO

Palaeoheterodonta and the Anomalodesmata.”>2® However, all
the available molecular data have been retrieved only from the
Pteriomorphia (Pinctada and Pinna genera), and no data for
the three other subclasses have been published so far. This
paper consequently represents a first step in characterizing the
proteins associated with nacre in one Palaeoheterodont bi-
valve, in order to compare the nacre proteins of both groups.
To this end we selected the freshwater unionoid bivalve Unio
pictorum, which has an entirely aragonitic nacro-prismatic
shell. In a recent paper we characterised the whole organic
acid-soluble matrix (ASM) of the nacreous layer of U. pic-
torum.”” In this paper we use the combination of biochemistry
and proteomics for further characterisation of the shell matrix.
In particular, we report the presence of a noteworthy carbonic
anhydrase activity within the ASM matrix and we biochemically
characterise P95, a nacre-specific glycoprotein capable of bind-
ing calcium ions. Finally, we have obtained a set of partial se-
quences of nacre mollusc shell proteins by mass spectrometry.

Results
Shell matrix characterisation on gels

Figures 1A and B show the two microstructures that make up
the shell layers of U. pictorum—the nacre (Figure 1A) and the
outer prisms (Figure 1B), respectively—and from which their
corresponding ASMs were extracted. Figure 1C shows the elec-
trophoretic patterns of the two ASMs, stained with Coomassie

C) Silver nitrate CBB
kDa 1 2 kDa 1 2
116+ Sl |
97— 95+

65

45—

. . -50_

y - . F20-

Figure 1. The shell of U. pictorum and associated skeletal matrices. A) SEM
micrograph of a cross-section of the nacreous layer. B) SEM micrograph of
the transition zone between the prisms (on the left, outer shell layer) and
nacre tablets (on the right, internal shell layer), observed on the internal
shell surface. C) Electrophoresis analysis of the acid-soluble matrices (ASMs)
of the nacreous and the prismatic layers (wells 1 and 2, respectively) on
12% SDS-PAGE stained with silver nitrate and CBB.

brilliant blue (CBB, right) and with silver nitrate (left). The two
extracts are characterised by a few prominent discrete bands,
in addition to a smear, particularly visible on CBB staining. Two
bands, at about 50 and 29 kDa, are present in the two matri-
ces. On the other hand, a protein migrating at 95 kDa, provi-
sionally called P95, is observed exclusively in the nacreous
layer, whatever the staining procedure used. We noticed that
the electrophoretic pattern depends on the freshness of the
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shells; the intensity of the P95 band tends to decrease, for ex-
ample, in extracts from “old” shells (collected years after the
death of the animal), which also have a different appearance
(not shown).

Carbonic anhydrase activity of the nacre ASM

Since a carbonic anhydrase (CA) activity had previously been
detected in the nacre of one pteriomorphid bivalve (Pincta-
da sp.), we investigated the CA activity in the nacre ASM of
U. pictorum, by using Maren’s phenol red colorimetric test.”®
The histogram in Figure 2 shows that the ASM extract exhibits

3
g 25
g\
2E 2
=
Q
g 815
o >
£33
U:\i
0.5
0

CA CA CA CA ASM ASM ASM ASM
(0.2yg/mL) (I1pg/mL) (lug/ml) (lug/mL) (5 mg/mL) (3 mg/mL)(3 mg/mL) (3 mg/mL)
+AZ heat- +AZ heat-

(10 mg/L) inactivated (10 mg/L) inactivated

Figure 2. Carbonic anhydrase activity of the nacre ASM of U. pictorum.
Commercial carbonic anhydrase (CA) from bovine erythrocytes was used as
a positive control, and acetozolamide (AZ) was used as specific inhibitor of
carbonic anhydrase activity. Each value is the average of three
measurements.

a notable CA activity, as in the case of the bovine erythrocyte
CA control. The ASM extract indeed exhibits an activity of
2.1 unitsmL™" of CA for a 5mgmL™" concentration and of
1.2 unitsmL™' for a 3 mgmL™' concentration. This corresponds
to a mean specific activity of 0.4 units per mg of matrix. The
activities both of the control and of the ASM are dose-depen-
dent. Furthermore, they are sensitive to acetazolamide inhibi-
tor and to heat denaturation, which in the nacre of U. pictorum
corresponds to true enzymatic activity. In the case of the heat
denaturation of the ASM, however, we noticed that a residual
activity, representing one third of the activity of the untreated
extract at the same concentration, could still be seen after
10 min at 100°C. One explanation might be that some enzy-
matic sites may remain sterically protected even after heat
treatment.

P95 characterisation

P95 was found to be specific to the nacreous layer. It was con-
sequently investigated further. Fractionation of the nacre ASM
by preparative electrophoresis resulted in the effective one-
step purification of P95. The purity of the P95 extract was
checked by 1D gel electrophoresis with silver nitrate staining
(Figure 3 A, lane 2). A polyclonal antibody raised against puri-

ChemBioChem 2008, 9, 2515 -2523
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Figure 3. Purification and characterisation of P95, a nacre-specific ASM protein. A) 12% SDS-PAGE of the nacre ASM (lane 1) and of the purified P95 (lane 2),

stained with silver nitrate. The same extracts were tested on Western blot incubated with the anti-P95 polyclonal antibodies. Note that the antibodies cross-
react with the other discrete components of the ASM. B) Amino acid composition of the purified P95. Asx=Asn + Asp; GIx=GIn + Glu; tryptophan residues

are destroyed during the hydrolysis. C) Two-dimensional gels of purified P95 and TFMS-deglycosylated P95 (deg-P95), stained with CBB. D) 10% minigels of

P95 (lane 1) and deg-P95 (lane 2), stained with silver nitrate, PAS, Alcian blue and Stains-All, and PVDF membrane revealed by autoradiography with *Ca.

fied P95 was tested against P95 and against the ASM. The re-
sults, shown besides the silver nitrate staining (Figure 3 A) indi-
cate a strong cross-reactivity of the antibody preparation with
all the discrete components of the ASM. The antibody staining
is slightly more discriminatory than the silver nitrate: the thick
band at 50 kDa is indeed not homogeneous, but dissociates
into two bands of close apparent molecular weight. The cross-
reactivity of the antibodies may be explained by P95 and the
other discrete components having oligosaccharidic or protein
epitopes in common.

The extract was analysed further for amino acid composi-
tion. Figure 3B shows that the four dominant amino acid resi-
dues are Gly (17.6%), GlIx (13.5%), Asx (10.5%) and Pro (8.9%).
In comparison with the amino acid composition of the bulk
matrix,”*”! P95 is enriched in Glx and Pro residues, but depleted
in Ala and Asx residues. The sum of aliphatic residues is above
37%. The high level of aliphatic residues, on one hand, and of
the sum of aspartate and glutamate residues, on the other, is
the signature of several molluscan shell proteins. Interestingly,
a search based on similarity of amino acid composition (AA-
Compldent, http://expasy.org/tools/aacomp/) identified several
C-type lectins. From previous works, it is known that C-type
lectins may be constituents of calcifying matrices.!'*'¥

Periodic acid-Schiff (PAS) and Alcian blue staining on SDS-
PAGE suggest that P95 is an acidic glycoprotein (Figure 3C). In
addition, Stains-All staining of P95 in blue and **Ca overlay test
both demonstrate that P95 binds calcium ions. To characterise
its glycosyl moieties further, P95 was chemically deglycosylated

ChemBioChem 2008, 9, 2515 - 2523
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with trifluoromethanesulfonic acid (TFMS) at 0°C, and the result-
ing extract was called deg-P95. When run on a gel, deg-P95
shows a significant shift of about 25 kDa (from 95 to 70 kDa of
apparent molecular weight). This shift is primarily the result of
the loss of covalently bound polysaccharides. It may also, secon-
darily, be the result of a difference in the amount of negative
charges (due to SDS) surrounding the denatured P95 and deg-
P95. The removal of linked polysaccharides is characterised by a
drastic reduction in the PAS staining and by the complete disap-
pearance of the Alcian blue staining. Because we had used
Alcian blue under low pH conditions, this clearly suggests that
the sugar moieties of P95 are sulfated. Furthermore, deg-P95
stains red with Stains-All and does not bind calcium ions in the
“*Ca overlay test. This clearly demonstrates that the calcium-
binding ability of P95 is a property of its glycosyl moieties.

The 2D gel shows that the P95 band is acidic with at least
six or seven isoforms clustered around pl values ranging from
3.5 to 4.3 (Figure 3D, top). After the chemical deglycosylation,
deg-P95 is focussed as a single spot at a pl value between 6.5
and 7 (Figure 3D, bottom). This suggests that the P95 extract
is a single protein, which exhibits different glycosylation pat-
terns, carrying different negative charges. Calculation of the
theoretical pl of the protein core (http://www.expasy.ch/tools/
pi_tool.html) from its amino acid composition indicates a pl
between 4 and 10, depending on whether the Asx and Glx res-
idues are in their acidic or amine forms. Since deg-P95 has a
neutral pl, our computer simulation estimates that half of the
Asx+ Glx residues of P95 are in their acidic forms.
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Figure 4. SEM micrographs of synthetic calcium carbonate crystals grown in vitro: B-D) with nacre ASM, and E-H) with purified P95, at concentrations ranging
from 0.1 to 10 pgmL~". A) Negative control. B) ASM (0.5 ugmL™"). C) ASM (2 ugmL ). D) ASM (10 pgmL™"). E) P95 (0.5 pgmL™"). F) Detail of (E). G) P95

(2 pgmL™"). H) P95 (10 pgmL ™).

CaCO; precipitation interaction test

The CaCO; precipitation interaction test is commonly per-
formed with macromolecules associated with calcitic or arago-
nitic structures to investigate their effect in calcium carbonate
precipitation.'®%-3 To estimate the effects of P95 on the mor-
phology of calcium carbonate crystals, we examined crystals
obtained in the presence of P95 by SEM and compared the re-
sults with those of a positive control experiment performed
with the whole nacre ASM (Figure 4). Negative control experi-
ments produced the typical calcite rhombohedrons (Fig-
ure 4A). In the presence of increasing amount of nacre ASM
(0.5-10 uygmL™"; Figure 4B-D), the produced precipitates
appear mostly as polycrystalline aggregates (60-80 pm diame-
ter). At 10 pgmL~" ASM, crystals exhibit foliation with micro-
steps and rounded corners (Figure 4D). At the highest concen-
tration (20 ugmL~' ASM), the precipitation of calcium carbon-
ate starts to be inhibited, which results in the production of
small-sized crystals (not shown). Similar effects were found
with shell nacre matrices.®"

In the presence of P95, we do not observe any polycrystal-
line aggregates. Furthermore, the overall morphology of
monocrystals grown in the presence of P95 develops with nu-
merous supernumerary faces organised in microsteps (Fig-
ure 4E-H). Even at the highest concentrations of P95 (up to
20 ugmL™"), no inhibition of precipitation occurs. We note that
the effect on crystal morphology is smaller with P95 alone
than with the complete ASM; this suggests a synergistic effect
of the different ASM components in interacting with the pre-
cipitation of carbonate crystal, as proposed by Matsushiro
et al.??
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Proteomics analysis

In a first approach, we investigated the primary structure of
U. pictorum shell proteins by N-terminal sequencing of purified
proteins with preparative electrophoresis, but unfortunately no
peptidic sequence was obtained, as the proteins appeared to
be a mixture of isoforms of the same masses or were N-termi-
nally blocked. Subsequently, we performed two-dimensional
electrophoresis (2DE) separation followed by internal sequenc-
ing. Two-dimensional electrophoresis of nacre ASM gave satis-
factory resolution for the separation of proteins,”” and five
main spots were unambiguously excised from the gel for de
novo sequencing (Figure 5). All the protein spots digested with
trypsin were firstly analysed by MALDI-TOF/TOF in MS and
MS/MS modes. No hit was found by peptide mass fingerprint
(PMF) search with the MASCOT tool of the Expasy server, indi-
cating that the obtained peptides do not correspond to al-
ready known sequences from the databases. Because of the

3 IEF 10
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-] U1
9171.2— wam Q5= o

"y
W

65—
45— . —50— | é‘l " ‘Uz
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Figure 5. Proteomic analysis of U. pictorum nacre proteins. A) Separation of
nacre ASM by 2D electrophoresis and coloration with CBB. Spots analysed
by MS after trypsin digestion were named U1-U5.
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absence of genomic data on freshwater mussels and in view of
the diversity of the already sequenced mollusc shell proteins, it
is not surprising that PMF searching cannot provide a reliable
result for identifying proteins. On the other hand, the m/z
values of these peptides indicate that the different spot pro-
teins share numerous peptides of the same m/z, especially the
spots U2 and U5 (Table 1), suggesting that different proteins of
the nacre ASM may share similar peptide sequences. This was
confirmed by analysis of the most abundant peptides in the
MS/MS mode for de novo sequencing: peptides of the same
m/z, such as 1313.7 from spots U2 and U5, share the same
spectrum pattern. This indicates that some of the protein
spots analysed on MS have amino acid sequences in common.
It is important to note that, in spite of these similarities, the U2
and U5 digest patterns exhibit several non-common peptides
(Table 1). This precludes the possibility of contamination be-
tween these two spots. We can also exclude the possibility
that P95 and/or P50 are the results of polymerisation of P29
monomers, because they exhibit very different charges. How-
ever, this does not rule out the eventuality that the higher mo-
lecular weight proteins may be preferentially cleaved into
smaller fragments: P29 (spot U5), for example, could be a
cleavage product of P50 (spot U2).

As the digestion of the U1 spot (corresponding to P95) gave
very few peptides, due to the insufficient amount of protein
material present in a spot, purified P95 was also similarly ana-
lysed. We observed that the intensive digestion of P95 with
trypsin yielded 28 to 33 peptides (Table 1), which is less than
expected (about 70) from the size of deglycosylated P95 and
its basic amino acid residue (Arg+Lys) composition. This sug-
gests that some cleavage sites may be masked by the glycosyl
moieties of P95.

Sequence analysis and homology search

Partial sequences of the ASM nacre proteins were obtained by
interpretation of a MS/MS spectrum for de novo sequencing
(Figure 6). The analysis of mass differences between ions was
assisted by the Rapid De Novo software and all obtained se-
quences were further manually confirmed. We only consider
amino acid positions that were definitely determined. Uncer-
tain amino acids are mentioned in brackets. We obtained full
or partial peptide sequences only for the U2 and U5 spots or
the P95 purified proteins by MALDI-TOF/TOF analysis (Table 2).
Few peptides analysed in MS/MS mode could be fractionated
or gave good MS/MS spectra for amino acid sequence inter-
pretations. It is likely that some of the trypsin digests bear gly-
cosyl moieties or other post-translational modifications, which
restrain the MS/MS fractionation and spectra interpretation.

A homology search was performed with the WU-BLASTP
program against the Swiss-Prot protein nonredundant data-
base, but no relevant similarity was obtained. A complementa-
ry SIM analysis was performed with each obtained sequence
aligned two-by-two with those of the known molluscan shell
proteins."” We observed that the newly obtained sequences of
Unio nacre ASM do not exhibit homology with other mollusc
shell proteins, except for the Gly-repeat of the 1457.57 m/z
peptide of the P95, which partly matches (five aa residues)
with several short motifs of the acidic proteins: MSI31
[002401], MSI60 [002402] and MSI7 [Q7YWADS]. These similari-
ties may be fortuitous, and may or may not have any phyloge-
netic implications.

Discussion

One of the challenges for understanding molluscan shell bio-
mineralisation is the thorough biochemical and functional
characterisation of the matrix macromolecules associated with

trypsin. The data were obtained by MALDI-TOF/TOF.

Table 1. m/z values of the main peptides from excised 2DE spots U1-U5 (see Figure 5) or from the purified P95 (Figure 3 A, lane 2) after digestion with

Protein m/z values (singly charged ions)

name

P95/spot 2029.98, 2057.00, 2069.99, 2084.04, 2812.02

u1

P50/spot 1002.35, 1003.37, 1073.45, 1086.47, 1097.26, 1113.44, 1127.45, 1130.48%, 1162.47, 1256.64, 1269.65, 1286.32, 1313.68*%, 1329.66, 1335.64,

U2 1345.67*%, 1351.64%, 1363.69*, 1379.69%, 1408.91, 1531.56, 1550.65%, 1603.70, 1647.71%, 1685.66, 1694.03, 1701.57, 1704.72*, 1718.75, 1724.57,
1748.81%, 1759.83, 1761.81%, 1787.79, 1804.84%, 1805.84*, 1842.92%, 1862.85%, 1881.73%, 1900.91, 1933.89, 1987.90, 2030.84*, 2079.90%,
2176.95%, 2488.24*, 2536.23, 2637.11, 2664.32, 2809.18, 3137.45, 3162.28, 3209.44, 3271.40, 3289.37, 3339.44

2421.17, 2828.03, 3312.25

P50/spot 1130.47*, 1144.50, 1196.05, 1313.67%, 1326.04, 1363.70%, 1379.70%, 1493.70%, 1742.05, 1765.74%, 1804.85*, 1805.82%, 1843.92, 2810.17*

U3

P29/spot 1130.48*, 1235.17, 1268.55, 1313.69*%, 1363.71%, 1638.88*, 1647.73*, 1804.87*, 1805.86*, 1829.81, 1838.96, 1842.93*, 1862.87%, 2116.93, 2399.00,

U4 2810.18*

P29/spot 1197.22, 1269.66, 1313.69%, 1329.66, 1345.63%, 1351.61%*, 1363.68%, 1375.57, 1379.68%, 1550.63*, 1638.84*, 1647,69%, 1661, 71, 1704.74*%,

us 1708.80, 1748.75%, 1761.81%, 1765.73*, 1804.80*, 1805.83%, 1819.84, 1842.91*, 1862.83%, 1867.74, 1881.73%, 2079.85%, 2176.93%, 2383.95%,
2488.23%, 2501.21, 2504.23, 2705.13

P95 1025.59, 1100.57, 1114.57, 1179,61, 1242.66, 1300.54, 1326.65, 1328.64, 1344.68, 1357.64, 1386.67, 1405.68, 1457.72, 1475.77, 1493.72%,

1657.75, 1670.79, 1687.83, 1709.79, 1732.77, 1765.71%, 2028.58, 2069.98, 2085.99, 2192.14, 2271.13, 2293.09, 2309.06, 2383.92*%, 2399.22,

tra. Underlined: peptide analysed in MS/MS mode.

*) Peptides of the same m/z common in different purified proteins. In bold: peptides that gave internal full or partial sequence by analysis of MS/MS spec-

ChemBioChem 2008, 9, 2515 - 2523
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A)
Search Parameter: Charge=, MS Tol.:0.2 Da, MSMS Tol.:0.3 Da, RapiDeNovo
Tree hierarchy Calc. MH+ Meas. Mr Calc. Mr Dev.(Da) Score Sequence
MSMS 1 1687.913 1686.812 1686.905 -0.093 2074 KSKLLDVDNY(HTV)R
512121
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Figure 6. Example of de novo sequencing of a peptide obtained by trypsin digestion of purified matrix protein from U. pictorum. A) RapiDeNovo data with
m/z 1687.83 from P95 trypsin hydrolysis. B) MS/MS spectrum acquired on MALDI-TOF/TOF. The de novo sequencing was performed by considering precise

mass differences between adjacent b and y ions. In this example, the determi

nation of the last four amino acids (-HTVR, in y4-y1 positions) was uncertain.

Consequently, only the unambiguous sequence was considered further. The protein sequence data reported in the paper will appear in the UniProt knowl-

edgebase under the accession numbers P85508-P85510.

Table 2. Full or partial (dash) de novo peptide sequences obtained after
the tryptic digestion of purified ASM proteins of Unio pictorum. Sequen-
ces are deduced from MS/MS spectra.

Protein name m/z Charge  Mass  Partial or full Accession

(spot) [M4+H]"  sequence no.

P95 14577 17 1458.7 -TSHGGGKAG- P85508
1687.8 17 1688.8  KSKLLDVNY-

P50 (U2) 13137 17 1314.7 KDALEHTGFAPK P85509
16477 17 1648.7 KDGEEHVEWNYN-

P29 (U5) 13137 17 1314.7 KDALEHTGFAPK P85510

the biominerals. Nacre, widespread in shell-bearing molluscs, is
one of the best studied shell structures. Furthermore, it is con-
sidered an ancestral shell texture,®® constituting a fascinating
model for understanding the long-term evolution of molluscan
mineralised tissues. In this paper we have characterised the
matrix extracted from the nacreous layer of the freshwater bi-
valve U. pictorum. We detected a carbonic anhydrase enzymat-
ic activity of the ASM and have described a novel, nacreous
layer-specific, acidic glycoprotein, P95. In addition, we have
used a proteomic approach for obtaining partial sequences, in
order to compare the nacre proteins of this paleoheterodont
bivalve with those previously published from pteriomorphia.
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Carbonic anhydrase (CA) is a ubiquitous metalloenzyme, ob-
served in animals, plants and bacteria, that reversibly catalyses
the hydration of carbon dioxide, according to the equation
CO,+H,072HCO; +H™. When intracellular or associated with
the cytoplasm membranes, it displays an essential function for
cytoplasmic acid/base balance and for transport mechanisms
of CO, and carbonate ions.* In addition, CA is essential in cal-
cification processes,®™ since it has been identified in several
calcifying epithelia.**>® One peculiarity of biomineralisation is
the occurrence of CA activity in the extracellular skeletal
matrix. This has been reported in only a few biological metazo-
an models: the cnidarian exoskeleton,®**% crustacean calcium
storage concretions,”” the fish otolith®? and the molluscan
shell.”*? The role of CA in an extracellular calcifying matrix is
far from being elucidated. According to the mainstream hy-
pothesis, CA catalyses the production of bicarbonate ions,
which subsequently react with calcium to precipitate calcium
carbonate. Alternately, it is also possible that in extracellular
matrices, CA works in a different way, by catalysing the pro-
duction of protons, which subsequently induce the dissolution
of calcium carbonate.? It is also possible that the CA activity
is integrated in a multi-domain protein, such as nacrein, a shell
protein that exhibits both CA activity and structural function,®
suggesting two successive spatio-temporal functions. Clearly,
supplementary characterisations are needed before we can
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draw conclusions on the significance of CA activity in the ma-
trices associated to molluscan shells.

Among the proteins extracted from the shell of U. pictorum,
P95 is a major component, specific to the nacre ASM. It is
absent from the prismatic layer, unlike the other discrete com-
ponents. This suggests that P95 might play an important func-
tion in controlling, inter alia, the building of nacre during shell
formation. P95 is a glycoprotein, the acidity of which is entirely
conveyed by its glycosyl moieties, consisting of acidic and sul-
fated polysaccharides. In its amino acid composition, P95 pres-
ents the “signature” of an acidic protein, because of its high
Asx and GlIx residue content.™ However, its deglycosylated
protein core exhibits an experimentally determined pl of about
6.5-7, which classifies it as, at most, a moderately acidic pro-
tein. Such a value may appear surprising but is consistent with
the distribution of the theoretical pl values (deduced from pri-
mary structures) of most of the molluscan shell proteins associ-
ated with nacre, which as a general rule are far less acidic than
those extracted from calcitic shell layers."” Another remarkable
feature of P95 is its ability to bind calcium ions. Here again,
this property is fully conveyed by the post-translational modifi-
cations of P95, in particular by the negatively charged sulfated
sugars, and not by acidic amino acids. The presence of sulfated
sugars in CaCO; biomineralisation products has been known
for a long time,*! but their role is still unclear. In mollusc
nacre, two putative functions have been proposed for them:
concentration of calcium ions in the vicinity of the nucleating
site by an ionotropic effect®*”’ and mineral nucleation
Recent in situ experiments directed towards localizing sulfate
groups at the surfaces of nacre tablets”” suggest that their
function may be more diversified than expected, because they
are not localised similarly in sheet (bivalvian) and columnar
(cephalopod) nacres. Differential immunostaining of P95 and
of deg-P95 directly on nacre, with more specific antibodies,
may bring a more definitive answer.

In a given shell, what is the degree of similarity of the differ-
ent proteins of the shell matrix? This question has only been
touched upon, due to the fact that most of the published
works characterise molluscan shell proteins individually. Recent
studies have identified some “families”, such as the nacrein,
N14/16, asprich, shematrin, or KRMP" So far, most of these
families have been retrieved at the transcriptional level, and it
is not clear yet whether all the members of a family are pres-
ent together, because they have not been identified directly in
the shell matrix. Our proteomic analysis of trypsin-digested
2DE spots and purified P95 shows that several peptides share
the same m/z value. The MS/MS analysis of several of these
peptides unambiguously demonstrates that some of them are
identical. In one case, the similarity of these peptides is fully
confirmed by the interpretation of fragmentation spectra for
de novo sequencing. Our data demonstrate that short protein
motifs can be used as “functional blocks” by different shell
matrix proteins of clearly identified molecular mass. In a previ-
ous paper,”® we evoked this eventuality. These data tend to
validate this hypothesis. Besides the possibility of cross-reactiv-
ity due to shared saccharidic epitopes, our proteomic data
may also explain why strong cross-reactivity is recorded be-
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tween an antibody raised against a single protein and other
matrix components. These combined data have evolutionary
implications and suggest that molluscan shell proteins were
assembled, like “Meccano”, by the tandem positioning of short
functional modules, some of which are almost identical from
one protein to another one. The genetic mechanism that un-
derlies the process is unknown, but might be related to exon-
shuffling."" As we have pointed out, the alternative hypothesis
involves a preferential cleavage of matrix proteins of high mo-
lecular weight into smaller fragments of determined mass
during shell maturation, in a manner similar to that observed
for tooth matrix proteins.®? Clearly, these two scenarios require
further testing.

Experimental Section

Shell preparation and matrix extraction: Living Unio pictorum of
70-100 mm in length were collected in the Canal de Bourgogne
(Dijon, France). For direct microscopic observation, cleaned, freshly
fragmented shells were carbon-sputtered and observed in the sec-
ondary electron mode with a JEOL 6400 scanning electron micro-
scope. The shell acid-soluble matrices (ASMs) of prismatic and nac-
reous layers were prepared as described previously.””

One-dimensional SDS-PAGE: The separation of matrix compo-
nents was performed under denaturing conditions by 1D SDS-
PAGE in polyacrylamide gels (MiniProtean 3, 12%, Bio-Rad) as de-
scribed by Laemmli.®¥ ASM (50 pg) was loaded into each well. Gels
were stained with silver nitrate®™ or with Coomassie Blue (Bio-Safe
Coomassie, Bio-Rad). A protocol developed for staining unusually
acidic proteins®™ was also tested but produced blurred bands, and
was not used further. To check the reproducibility of our extraction
procedure, we performed several decalcifications from single
shells, or from different batches of shells.

Carbonic anhydrase activity: The colorimetric method developed
by Maren®™ was performed to measure the carbonic anhydrase
(CA) activity of the nacre ASM. The experiment was carried out
under a stabilised flow of CO, in an ice-containing vessel. Phenol
red (400 pL, 125 mgL™" in 2.6 mm NaHCO,) was mixed with water
(200 pL) and sample (100 pL). The reaction was initiated by addi-
tion of freshly made carbonate buffer (0.6m Na,CO; 0.412m
NaHCO;, 100 uL), and the time interval until the colour change
from red to yellow was monitored. This colour change characteris-
es the pH drop of the solution (from 8.2 to 7.3) resulting from the
production of protons during the reaction catalysed by the CA
(CO,+H,0—HCO;™ +H™). The enzyme unit (EU) activity was calcu-
lated according to the following equation: activity units (EU)=
(To—T)/T, where T and T, are the reaction times required for the pH
change with and without a catalyst, respectively. Acetozolamide
was used as a specific inhibitor of the reaction. Heat inactivation of
CA was performed by boiling the samples at 100 °C for 10 min.

Purification of proteins by preparative SDS-PAGE: The nacre ASM
was fractionated on a preparative SDS polyacrylamide gel (8%)
under denaturing conditions as described by Marin et al.*® Eighty
fractions (5 mL each) were eluted from the preparative gel. Ali-
quots (100 pL) of each of them were tested by the dot-blotting
technique (Bio-Dot apparatus, Bio-Rad) on PVDF membranes. The
membranes were subsequently incubated with an antibody raised
against the acid-soluble matrix of Pinna nobilis nacre. In previous
experiments we had found that this polyclonal antibody cross-
reacts with several molluscan matrices,”” including paleohetero-
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dont bivalves such as Unio and Anodonta sp. Fractions of the same
proteins were pooled, thoroughly dialysed for several days against
MilliQ water at 4°C and freeze-dried. The purity of the fractions
was assessed on a mini-SDS-PAGE stained with silver nitrate.

Polyclonal antibodies against P95 and Western blot: Polyclonal
antibodies raised against P95 were obtained by subcutaneous im-
munisation (100 ug P95 per injection) of a female New Zealand
white rabbit by a standard procedure (Covalab, Lyon, France), at
days 1, 14 and 28. The blood was collected at days 1 (preserum, 4—
5 mL), 39 (first bleeding, 12-15 mL) and 56 (final bleeding, 4-5 mL).
The serum containing the antibodies was used for Western blots.
Briefly, the ASM and the purified P95 were run on SDS-PAGE, then
blotted (120 mA, 90 min, Mini Trans Blot module, Bio-Rad) on a
PVDF membrane. The membrane was treated as previously de-
scribed,®® with a solution containing anti-P95 serum diluted 5000
times as the primary antibody.

For the animal experiments performed by the Covalab society, per-
mission was obtained from the District Direction of the Veterinary
Services (Burgundy, France; accreditation number A21231006).

Amino acid composition of P95: The amino acid composition of
the purified fraction of P95 was determined by Eurosequence, Co.
(Groningen, the Netherlands). After hydrolysis with HCl (5.7N, 1.5 h
at 150°C), the resulting amino acids were analysed on an HP 1090
Aminoquant instrument by an automated two-step precolumn de-
rivatisation with o-phthalaldehyde for primary and N-(9-fluorenyl)-
methoxycarbonyl for secondary amino acids. Cysteine residues
were quantified after oxidation.

Deglycosylation of P95: Chemical deglycosylation of P95 (1 mg)
was performed in TFMS/anisole (2:1, v/v, 1.5 mL) at 0°C for 3 h
under N,, with constant stirring as described by Edge et al.*® After
neutralisation with cold pyridine (50%, 2 mL), the aqueous phase
was extracted twice with diethyl ether and extensively dialysed
against water (5 days) before being lyophilised. Fetuin was used as
a positive control.

Polysaccharide staining and calcium-binding ability on gels: The
glycosylation of P95 was studied qualitatively on denaturing mini-
gels and on blots. In particular, saccharide moieties were investi-
gated on minigels by use of Alcian Blue 8GX"®® at pH 1 in order
specifically to stain sulfated sugars,*® and by staining with PAS,
which stains most carbohydrate residues.®” The calcium-binding
ability of P95 and deglycosylated-P95 (deg-95) was tested by two
procedures: “Stains-All” staining on mini gels® and *“Ca overlay
test on blots.””?

Growth of calcite crystals in the presence of ASM and purified
P95: CaCO; precipitation was performed in vitro by slow diffusion
of ammonium carbonate vapour in a calcium chloride solution.’¥
The test was adapted as follows: CaCl, (7.5 mm ,500 L) containing
different amounts of nacre ASM or purified P95 (0.1 pgmL™' to
20 pgmL~") was introduced onto eight-well culture slides (BD Fal-
con). Blank controls were performed without any sample. The cul-
ture slides were incubated 48 h at 4°C in a closed desiccator con-
taining crystals of ammonium bicarbonate. They were gently dried,
carbon-sputtered and observed at 15 keV by scanning electron mi-
croscopy (JEOL 6400).

Separation of ASM proteins by 2DE: The nacre ASM was fractio-
nated by 2DE. IEF was carried out with a Protean IEF cell (Bio-Rad).
Precast 7 cm linear pH 3-10 immobilised pH gradient (IPG) strips
were rehydrated, overnight, at 50V (25°C) with buffer (150 pL)
containing ASM (80 ug) in urea (6m), thiourea (2m), 3-[(3-chol-
amidopropyl)dimethylammoniol-1-propanesulfonate (CHAPS; 4%,
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w/v), dithiothreitol (DTT; 20 mwm), ampholytes (0.1%) and bromo-
phenol blue (0.001%). Immediately afterwards, focalisation was
performed at 250 V for 15 min. The voltage was then set at 8000 V
until it reached 10000 Vh. The IPG strips were subsequently incu-
bated for 10 min in 2 mL equilibration buffer (6 m urea, 2% SDS,
375mm Tris/HCl pH 8.8, 20% glycerol, 2 mL) containing DTT
(130 mm), and then incubated for a further 10 min in the same
buffer containing iodoacetamide (135 mm). Strips were rinsed in
TGS (25 mm Tris, 192 mm glycine and 0.1% SDS), placed on top of
precast NUPAGE® BisTris Novex SDS-PAGE (4-10%) and fixed with
an overlay layer of agarose/TGS (0.5%, w/v). Electrophoresis was
performed at 200 V for 40 min.

Protein digestion and MALDI-TOF/TOF analysis: After electropho-
resis, gels were stained with Coomassie Blue before spot excision.
Excised spots were washed for 10 min in NH,HCO; (100 mwm), and
the supernatant was discarded. After incubation in ACN (100%,
20 pL) for 10 min, with gentle stirring, the supernatant was discard-
ed, and samples were subsequently reduced with DTT (20 mm,
30 min, 56°C in 0.1 M NH,HCO;) and alkylated with iodoacetamide
(0.1 ™M, 20 min, 25°C in 0.1 m NH,HCO,). Proteins were digested in
gel with trypsin (10 ugmL~", 20 L, ROCHE, France) in TFA (0.01%,
30 min at 4°C), after which supernatant (17 uL) was discarded and
pieces of gels were covered with NH,HCO; solution (25 mm, 7 pul)
for incubation (2 h, 37 °C). Peptide-containing liquid fractions were
extracted by addition of TFA (0.5%, 1 pL), and the supernatant
(around 11 pL) was recovered. The gel spots were rinsed with ACN
(8 uL), and the supernatants were pooled. Digests were analysed
with the MS and the MS/MS mode on a MALDI-TOF/TOF Ultraflex Il
instrument (Brucker Daltonics) with an a-cyano-4-hydroxycinnamic
acid (HCCA) matrix. Purified P95 protein was similarly analysed on
MS and MS/MS after trypsin digestion.

Mass spectrometry data and database searching: The mass spec-
tra data were searched against the NCBI non-redundant database
(October 2007), with the MASCOT search engine (http://www.
matrixscience.com). The mass tolerance was 50 ppm for MALDI-
TOF MS and 0.2 Da for MS/MS experiment with one missed cleav-
age. Other search parameters were carbamidomethyl as fixed
modification and oxidation of methionine as variable modification.
As no identification was achieved by MASCOT searching, MS/MS
spectra were analysed and interpreted de novo manually with the
assistance of the Rapid de Novo software. All the candidate se-
quences were merged into a MS BLAST search and were compared
and aligned one by one with the other sequences of mollusc shell
proteins, by use of the SIM tool from the Expasy server (http://
www.expasy.ch/tools/sim.html).
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Biosynthesis of the Vitamin E Compound 0-Tocotrienol in
Recombinant Escherichia coli Cells

Christoph Albermann,*® Shashank Ghanegaonkar,”® Karin Lemuth,”® Tobias Vallon,"®’
Matthias Reuss,” Wolfgang Armbruster,” and Georg A. Sprenger®

The biosynthesis of natural products in a fast growing and easy
to manipulate heterologous host system, such as Escherichia
coli, is of increasing interest in biotechnology. This procedure
allows the investigation of complex natural product biosynthesis
and facilitates the engineering of pathways. Here we describe the
cloning and the heterologous expression of tocochromanol (vita-
min E) biosynthesis genes in E. coli. Tocochromanols are synthe-
sized solely in photosynthetic organisms (cyanobacteria, algae,
and higher green plants). For recombinant tocochromanol bio-
synthesis, the genes encoding hydroxyphenylpyruvate dioxygen-
ase (hpd), geranylgeranylpyrophosphate synthase (crtE), geranyl-
geranylpyrophosphate reductase (ggh), homogentisate phytyl-
transferase (hpt), and tocopherol-cyclase (cyc) were cloned in a

Introduction

Vitamin E is a generic term that describes a group of eight lip-
ophilic compounds: the tocochromanols (four tocopherols and
four tocotrienols).™ Tocochromanols each consist of a polar ar-
omatic head group derived from homogentisate (chromanol
moiety), linked to a lipophilic isoprenoid-derived hydrocarbon
tail. Depending on the state of saturation in the isoprenoid
side chain and the methylation state of the aromatic ring, they
are referred to as a-d-tocopherol and a-d-tocotrienol, respec-
tively.! The tocotrienol side chain includes three trans double
bonds. Tocochromanols are exclusively produced by photosyn-
thetic organisms (eukaryotic algae and green plants, some pro-
karyotic cyanobacteria, such as Synechocystis)® and are potent
antioxidants that protect the photosynthetic organism against
reactive oxygen species.’! The biopotency of tocochromanols
for animals and humans is expressed as vitamin E activity;
(R,R,R)-a-tocopherol was found to have the highest vitamin E
activity in vivo.”>* Besides their vitamin E activity, tocochro-
manols are also associated with numerous additional condi-
tions in humans, including immune response, cellular signaling,
reproduction, anticancer activity, and cardiovascular bene-
fits."** Tocotrienols have been receiving increased attention
since reports of biological activities distinct from those of a-to-
copherol in health and disease (neuroprotective, antioxidant,
anticancer, and cholesterol-lowering properties).”!

Chemical synthesis of vitamin E mainly yields all-rac a-toco-
pherol.”? Although the asymmetric synthesis of the natural to-
copherol and tocotrienol isomers has been achieved,® current-
ly the enantiomerically pure vitamin E compounds—for use as,
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stepwise fashion and expressed in E.coli. Recombinant E. coli
cells were cultivated and analyzed for tocochromanol com-
pounds and their biosynthesis precursors. The expression of only
hpd from Pseudomonas putida or crtE from Pantoea ananatis
resulted in the accumulation of 336 mgL™' homogentisate and
84 ugl™" geranylgeranylpyrophosphate in E. coli cultures. Simul-
taneous expression of hpd, crtE, and hpt from Synechocystis sp.
under the control of single tac-promoter resulted in the produc-
tion of methyl-6-geranylgeranyl-benzoquinol (67.9 ugg~'). Addi-
tional expression of the tocopherol cyclase gene vtel from Arabi-
dopsis thaliana resulted in the novel formation of a vitamin E
compound—o-tocotrienol (15 g g~')—in E. coli.

for example, food additives—are extracted and isolated from
natural sources.

The biosynthesis pathway of tocochromanols in green
plants and cyanobacteria has largely been determined by anal-
ysis of mutant organisms and by in vitro characterization of
the biosynthesis enzymes.”” The precursor for the chromanol
head is homogentisate, which is derived from tyrosine (or gen-
erally from the shikimate pathway) through p-hydroxyphenyl-
pyruvate (HPP), which is oxidized to homogentisate (HGA) by
p-hydroxyphenylpyruvate dioxygenase (HPD)."” The other vita-
min E precursor, geranylgeranylpyrophosphate (GGPP), is syn-
thesized by the 1-deoxy-p-xylulose-5-phosphate (DXP) path-
way® " (Scheme 1). The final step in the formation of GGPP re-
quires the condensation of farnesylpyrophosphate (FPP) and
isoprenylpyrophosphate (IPP) by geranylgeranylpyrophosphate
synthase (CrtE).'” GGPP is either used directly for synthesis of
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Scheme 1. Proposed pathway for d-tocochromanol biosynthesis in recombinant Escherichia coli. Steps of the existing DXP and shikimate pathways are shown
until the horizontal dotted line. Enzymes catalyzing the individual novel steps are denoted by bold letters. Pathway intermediates are denoted as FPP (farne-
sylpyrophosphate), p-HPP (p-hydroxyphenyl-pyruvate), GGPP (geranylgeranylpyrophosphate), PPP (phytylpyrophosphate), HGA (homogentisic acid), MPBQ (2-
methyl-6-phytyl-benzoquinol), and MGGBQ (2-methyl-6-geranylgeranyl-benzoquinol). GGPP and PPP combine with HGA through condensation and decarbox-

ylation to produce MGGBQ and MPBQ, respectively. Cyclization of these intermediates then yields d-tocotrienol and d-tocopherol, respectively.

tocotrienols or is further reduced by a geranylgeranylpyro-
phosphate reductase (GGH)" to phytylpyrophosphate (PPP).
In plants, the transfer of PPP or GGPP to HGA is catalyzed by a
homogentisate-phytyltransferase (HPT) or by a homogentisate-
geranylgeranyltransferase (HGGT, in monocots)." In contrast,
the cyanobacterium Synechocystis contains only one transfer-
ase enzyme (HPT, alias SLR1736), which is able to combine PPP
and GGPP with HGA, PPP being the preferred substrate.!'*>'*d
The resulting benzoquinol compounds—2-methyl-6-geranyl-

ChemBioChem 2008, 9, 2524 - 2533
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geranyl-benzoquinol (MGGBQ) and 2-methyl-6-phytyl-benzo-
quinol (MPBQ), respectively—are then methylated by a prenyl-
benzoquinol methyltransferase to yield the tocochromanols.”
Cyclization of the dimethyl compound by tocopherol/tocotrie-
nol-cyclase leads to the formation of y-tocochromanol, and the
cyclization of MGGBQ and MPBQ to d-tocochromanol, respec-
tively."” Methylation of y- or &-tocochromanol by the toco-
pherol/tocotrienol-methyltransferase finally results in the for-
mation of a- or B-tocochromanol, respectively.”
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There are many examples of the heterologous synthesis of
rare natural products, such as polyketides, isoprenoids, alka-
loids, and flavonoids, in microorganisms, of which E. coli has
been shown to be a good host organism because it is geneti-
cally well characterized, fast growing, and is easy to manipu-
late genetically.™ So far, biosynthesis of tocochromanols in a
nonphotosynthetic organism has not been reported. Here we
present the heterologous expression of tocochromanol biosyn-
thesis genes in the non-photosynthetic bacterium E. coli K-12,
which lacks the necessary gene functions past the precursor
molecules FPP and HPP'® We have cloned the biosynthesis
genes for the production of d-tocotrienol in E. coli and show
that the joint expression of the genes hpd, crtE, hpt, and cyc
leads to the heterologous biosynthesis of a vitamin E com-
pound in a non-photosynthetic host organism (Scheme 1). This
opens up the opportunity for further metabolic engineering of
tocochromanol pathways in E. coli cells.

Results
In vivo synthesis of the vitamin E precursors HGA and GGPP

In order to produce the precursor homogentisate in E. coli we
cloned the corresponding gene (hpd) for a p-hydroxyphenyl-
pyruvate-dioxygenase from Pseudomonas putida KT2440 into
the expression vector pJF119AN (pCAS2JF, Table 1) under the
control of the IPTG-inducible tac promoter. After induction,
E. coli strain DH5a/pCAS2JF formed HGA as major compound
in supernatants or in the cell pellets (Figure 1). HGA was found
in both growth media: LB or minimal medium produced 2 mm
or 0.2 mm of HGA, respectively. Addition of tyrosine to the
minimal medium led to an increase in HGA formation in the
supernatant to about 2 mm. After prolonged incubation
(>40 h) the concentration of free HGA had decreased due to
the formation of brown ochronotic pigment, which is due to
the spontaneous oxidation and polymerization of HGA."” No
HGA was found in the control strain E. coli DH5a/pJF119AN.
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Figure 1. HPLC chromatogram illustrating HGA formation in recombinant
E. coli shown on the left side. HGA released into the supernatant of the
growth medium was injected for HPLC analysis. Peak 1 shows HGA pro-
duced during cultivation of strain E. coli DH5a carrying plasmid pCAS2JF.
The product peak 1 has the same retention time and the same maximum
UV absorption (290 nm) as the standard HGA. The maximum UV absorption
is shown as inset.
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Table 1. Strains and plasmids used in this work.

Strain or plasmid Relevant properties or genotype Source

Strains

E. coli DH5a F~, ¢80d, lacZAM15, endA1, recA1, hsdR17- [a]
(ry"my"), supE44, thi-1, gyrA96, relA1, AllacZYA-
argF)u169

E. coli M15 F~, lacZAM15, thi-1, lac™, mtl~, recA* , Km® [a]

[PREP4]

Pseudomonas type strain [b]

putida KT2440

Synechocystis sp.  type strain [c]

PCC 6803

Plasmids

pCAR16 B-carotene biosynthesis gene cluster from 127
Pantoea ananatis in pUC19, Amp®

pJF119EH cloning vector, tac-promoter, IPTG inducible,
AmpF

pJF119AN cloning vector, RBS, tac-promoter, IPTG induci- this
ble, Amp® study

pAW229 cloning vector, RBS, rha-promoter, L-thamnose
inducible, Cm*?

PQE31-VTE1 tocopherol-cyclase (vte1) from Arabidopsis h8al
thaliana in pQE31, IPTG inducible, Amp®

pCAS2JF 1.2 kb EcoRI/BamHI PCR fragment hpd in this
pJF119EH study

pCAS8 1.1 kb Ndel/BamHI PCR fragment ggh in this
pJF119AN study

pCAS11 0.9 kb Bglll/BamHI PCR fragment crtE in pCAS8 this

study

pCAS12 1.0 kb Bglll/BamHI PCR fragment hpt in this
pCAS11 study

pCAS15 1.2 kb Ndel/BamHI PCR fragment hpd in this
pAW229 study

pCAS18 1.2 kb Bglll/BamHI PCR fragment hpd in this
pCAS11 study

pCAS19 1.0 kb Ndel/BamHI PCR fragment hpt in this
pAW229 study

pCAS23 1.0 kb Ndel/BamHI PCR fragment hpt in this
pJF119AN study

pCAS24 0.9 kb Ndel/BamHI PCR fragment crtE in this
pCAS23 study

pCAS27 1.1 kb Ndel/BamHI PCR fragment cyc-sy in this
pAW229 study

pCAS29 1.2 kb Bglll/BamHI PCR fragment hpd in this
pCAS18 study

pCAS30 0.9 kb Ndel/BamHI PCR fragment crtE in this
pJF119AN study

pCAS37 1.2 kb Bglll/BamHI PCR fragment hpd in this
pCAS24 study

pCAS47 1.3 kb Bglll PCR fragment vtel in pCAS29 this

study

[a] Commercial strain. [b] Deutsche Sammlung von Mikroorganismen und

Zellkulturen (DSMZ). [c] A kind gift from Prof. Forchhammer, Universitat-

GieBBen (Germany).

For the production of the isoprenoid precursor GGPP, the
gene crtE encoding geranylgeranylpyrophosphate synthase
from Pantoea ananatis was subcloned (Table 1). E. coli DH5a/
pCAS30 (pJF119AN+-crtE) was analyzed for the formation of
FPP and GGPP after cultivation and induction in LB medium
containing 2% glycerol. Cells were extracted, pyrophosphate
compounds were dephosphorylated with alkaline phosphatase,
and the corresponding alcohols were extracted in situ by use

ChemBioChem 2008, 9, 2524 - 2533
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of a two-phase system. The dephosphorylation products—far-
nesol and geranylgeraniol, respectively—were identified and
quantified by GC-MS. Cells of E. coli DH5a/pCAS30 had accu-
mulated 188+ 14 nm (84.4 ugL™") GGPP after 52 h of cultiva-
tion (Figure 2). FPP was not detected in these cells. No GGPP
was detected in control strains with the empty vector,
pJF119AN, whereas FPP was found in these cells (up to 32+
4nmor 122 pugl™).

51 2501
— [GGPP]/ nm
‘ N T 200] —* ODsoonm[]
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Figure 2. Growth curve of—and GGPP production by—E. coli DH5a. strain
carrying plasmid pCAS30 in LB medium supplemented with glycerol (2%,
v/v) and ampicillin (100 mgL™"). The black filled circles represent the optical
density at 500 nm. GGPP extracted from cells is represented by bars.

Gene cassette assembly and in vivo production of MGGBQ

Having shown that both HGA and GGPP were formed in re-
combinant E. coli cells, we combined the genes hpd and crtE
with the genes hpt and chIP (=ggh) from Synechocystis sp.
PCC6803. The genes were cloned into the expression vector
pJF119AN in a stepwise manner so that each gene has its own
Shine-Dalgarno sequence (GAAGGA) eight nucleotides up-
stream of the corresponding start codon (Table 1 and Support-
ing Information). The resulting plasmid pCAS29 was trans-
formed and expressed in E. coli DH5a. Cell-free culture broth
and cell pellets of cultures (LB-glycerol medium, induction
times from 4 to 72 h) were extracted into organic solvents and
analyzed by HPLC. As control, E. coli DH5a transformed with
vector pCAS18 (encoding chlP, crtE, and hpd, but lacking hpt)
was cultivated under the same conditions. Comparison of both
cell extracts by HPLC analysis revealed an additional peak, with
an absorption maximum at 290 nm, in the extracts of E. coli
DH5a/pCAS29 (Figure 3). LC-MS analysis revealed a product
mass of 397 [M+HI*, 414 [M+NH,]*, which corresponds to the
mass of MGGBQ (see the Supporting Information). After oxida-
tion with silver oxide (Ag,0), the extract containing the benzo-
quinol compound MGGBQ displayed complete conversion into
its benzoquinone form, showing a characteristic shift of the ab-
sorption maximum to 253 nm. MS analysis of the oxidized
MGGBQ gave the expected masses of 395 [M-+H]*, 412
[M+NH,* (Supporting Information). The proportion of the oxi-
dized MGGBQ form in the extracts of E. coli DH5a/pCAS29 was

ChemBioChem 2008, 9, 2524 - 2533
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Figure 3. HPLC analysis of MGGBQ-containing extracts from recombinant

E. coli. The chromatograms shown in this figure are only qualitative repre-
sentations of the samples. The y-axis represents the UV signal in mAU min,
the x-axis represents the retention time in min. A) HPLC chromatogram for
extract from E. coli DH5a carrying plasmid pCAS18. No MGGBQ either in
reduced or oxidized form was observed. B) HPLC chromatogram for extract
from E. coli DH5a. carrying plasmid pCAS29. Peak 1 represents MGGBQ in its
reduced form and peak 2 represents MGGBQ in its oxidized form, shown on
left hand side. On the right hand side the maximum UV absorbance for each
individual peak is shown, with the y-axis being the absorption in % and the
x-axis being the wavelength in nm. The reduced form of MGGBQ has a maxi-
mum absorbance at 290 nm and the oxidized form at 253 nm.

low, less than 5%. MPBQ, however, which we had expected to
find, was not detectable in the extracts of E.coli DH5a/
pCAS29, so the activity of the chlP (=ggh) gene product gera-
nylgeranylpyrophosphate reductase was in doubt. However,
we confirmed that all four recombinant genes in pCAS29 had
been transcribed (transcript analysis by RT real-time PCR) and
that recombinant proteins of the expected size were formed
(SDS-PAGE and 2D gel electrophoresis; data not shown).

In further cultivations of E. coli containing hpd, crtE, and hpt
(pCAS15+pCAS24, or pCAS37) the same product MGGBQ was
extracted from the cell pellet. Again, the isolation of
phytylpyrophosphate (PPP) after cultivation and induction of
E. coli DH5a/pCAS11 (expressing crtE and ggh alias chlP) failed,
only GGPP was detected in these cultures (data not shown).
We concluded that the in vivo enzyme activity of GGH/ChIP in
E. coli might be insufficient for production of PPP.

2527

www.chembiochem.org



www.chembiochem.org



BIO

Cloning of a tocopherol/tocotrienol-cyclase and in vivo
production of d-tocotrienol

The biosynthesis of tocochromanols requires the intramolecu-
lar cyclization of the corresponding benzoquinol. We therefore
wanted to complete the biosynthesis pathway in E. coli
through the addition of a cyclase gene to the artificial gene
cassette of plasmid pCAS29. As the cyc gene of Synechocystis
did not lead to the formation of d-tocotrienol in vivo (only
MGGBQ was found in the pellet fraction; data not shown), we
turned to the cloning of the recently described vtel gene from
Arabidopsis thaliana."® The VTE1 enzyme had been shown by
in vitro assays to convert MPBQ and DMGGBQ into the corre-
sponding tocochromanol compounds.'® The protein shows
41% amino acid identity to the Cyc protein from Synechocys-
tis.'® Because activity with the substrate MGGBQ had not yet
been shown, we first tested the activity of the recombinant
enzyme in vitro.

With MGGBQ, isolated from E. coli DH5a/pCAS29 cultures,
and purified His-tagged VTE1, up to 90% of the substrate was
converted into d-tocotrienol in vitro within 35 h (Figure 4). The
product was identified by LC-MS and by HPLC co-injection of
the d-tocotrienol standard. In the control experiments, without
addition of recombinant VTE1, no conversion of MGGBQ was
detectable by HPLC analysis.

We integrated the vtel gene into the gene cassette on plas-
mid pCAS29 (Table 1). E. coli cells containing plasmid pCAS47
yielded d-tocotrienol after induction by IPTG (HPLC analysis in
Figure 5 and LC-MS in the Supporting Information). The maxi-
mum of MGGBQ concentration (332.14+14.2 ugg™' cellular dry
weight (CDW)) was achieved 18 h after the start of the induc-
tion, with small quantities of &-tocotrienol (2.64+0.2 ugg™'
CDW) being detectable. Over time, the MGGBQ concentration
slowly decreased, with a concomitant increase in d-tocotrienol
concentration. Cultures had reached the stationary phase
(ODgyo Of 2.4) 30 h after induction. Maximal d-tocotrienol pro-
duction was seen during the stationary phase (up to 15.0+
1.1 ugg~' CDW after 48 h of induction), with MGGBQ concen-
tration levels dropping to 87.3+1.8 ugg~' CDW (Figure 6). The
control strain E. coli DH5a/pCAS29 was cultivated in parallel
and showed a maximum concentration of MGGBQ (67.9+
22 ugg”' CDW) after 24 h of induction with a subsequent

Figure 4. In vitro d-tocotrienol assay. A) HPLC chromatograms of different
samples from in vitro 8-tocotrienol assay. The chromatograms shown in this
figure are only qualitative representations of the samples. Purified MGGBQ
was the substrate used in this activity assay (a—d). a) Control reaction carried
out without proteins. Unreacted MGGBQ represented by peak 1, with no
new peak after 35 h of incubation. b) Reaction carried out with purified His-
Tag TC proteins (10 ug; see the Experimental Section for details). MGGBQ
represented by peak 1 after 0 h of incubation. c) Reaction products after

11 h of incubation showing unreacted MGGBQ and a new peak (d-tocotri-
enol; peak 2). d) Reaction products after 35 h of incubation: 90% of the
MGGBQ had been consumed, and 0.405 pug of d-tocotrienol, represented by
peak 2, had been produced. e) d-Tocotrienol HPLC standard. f) Reaction
product after 11 h of incubation (i.e., c), co-injected with d-tocotrienol stan-
dard. B) Graph showing maximum UV absorption for each peak. Peak 1 rep-
resents the MGGBQ in reduced form, which has a maximum UV absorption
at 290 nm. Peak 2 represents the d-tocotrienol, which has a maximum UV
absorption at 296 nm
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Figure 5. -Tocotrienol from recombinant E. coli cells (HPLC analysis). The
chromatograms shown in this figure are only qualitative representations of
the samples. The y-axis represents the UV signal in mAUmin, the x-axis rep-
resents the retention time in minutes. A) HPLC chromatogram for extracts
from E. coli DH5a carrying plasmid pCAS29. Peak 1 represents MGGBQ in its
reduced form. No signal for d-tocotrienol was detected. B) HPLC chromato-
gram for extracts from E. coli DH5a carrying plasmid pCAS47. Peak 1 repre-
sents MGGBQ (reduced form) and peak 2 represents d-tocotrienol. C) HPLC
chromatogram for extracts from E. coli DH50. carrying plasmid pCAS47—that
is, (B)—coinjected with standard d-tocotrienol. D) HPLC chromatogram of
standard d-tocotrienol represented by peak 2. Peak 2 has the same retention
time as that of peak 2 shown in (B) The maximum UV absorption for peak 1
(MGGBQ in reduced form) is 290 nm and that of peak 2 (d-tocotrienol) is
296 nm, the same as shown in Figure 4B.2. The oxidized form of MGGBQ,
which has a maximum absorption at 253 nm, was also detected in (a) and
(b). This cannot be seen in chromatograms (a) and (b) because these chro-
matograms are measured at UV wavelength of 290 nm.

gradual decrease thereafter (data not shown). We noted that
this culture reached a higher optical density (ODgy nm Of 5.5,
60 h after induction) than the culture with the cyc (vtel) gene.
This points to possible growth inhibition of strain DH50/pCAS
47.

Discussion

The biosynthesis of tocochromanols in plants and in cyanobac-
teria has been revealed in previous works."™

In our approach we cloned and expressed the genes for to-
cochromanol biosynthesis in E. coli in a stepwise fashion and
analyzed the novel heterologous products. Because the vita-
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Figure 6. Growth curve of E. coli cells and their MGGBQ and d-tocotrienol
production. Growth curve represented by optical density measured at

600 nm (ODg,, ®) for d-tocotrienol-producing strain E. coli DH5a carrying
plasmid pCAS47 during a shaking flask experiment in LB medium supple-
mented with glycerol (2%, v/v) and ampicillin (100 pgmL”). Concentrations
of extracted MGGBQ and d-tocotrienol from cells, produced during cultiva-
tion. These are shown in the form of bar charts, empty bar charts represent-
ing MGGBQ (reduced form) concentrations and the black filled bar charts
representing d-tocotrienol concentrations. E. coli cells carrying plasmid
pCAS29 were cultivated as a control strain in the same medium and under
similar cultivation conditions. Only MGGBQ was detected in the cell extracts
of the samples analyzed by HPLC. No d-tocotrienol was detected in these
samples. Data not shown.

min E biosynthesis genes in the native vitamin E-producing or-
ganisms are not organized in one operon, we constructed an
artificial gene cluster containing all genes believed to be in-
volved in the biosynthesis of d-tocotrienol and 6-tocopherol.
The first two genes, which are needed for the formation of
geranylgeranylpyrophosphate and homogentisate, respectively,
in E. coli, are not specific for the biosynthesis of vitamin E.
These genes are also found in, for example, the carotenoid bio-
synthesis pathway (in the case of crtE) and the tyrosine degra-
dation pathway (in the case of hpd). In order to create the arti-
ficial vitamin E biosynthesis gene cluster we have used the
known biosynthesis genes crtE (P. ananatis) and hpd (P. putida),
because the expression and functionality of these genes had
already been shown in E. coli in vivo experiments."®? 2 Fyr-
thermore, the use of these genes demonstrates the general
enzyme functionality that is needed for the vitamin E biosyn-
thesis pathway. The more vitamin E-specific biosynthesis genes
ggh, hpt, and cyc were first amplified and cloned from Synecho-
cystis. As cyc from Synechocystis was functionally not active in
the in vivo approach, the tocopherol-cyclase gene from Arabi-
dopsis was used.

We found that the entire engineered pathway is functional
in E. coli, with the sole exception of the geranylgeranylpyro-
phosphate reductase from Synechocystis PCC6803 (ChIP), which
had been shown earlier to be essential for the formation of to-
copherol in Synechocystis.'*®

The tocochromanol synthesis requires the combination of
two anabolic pathways: the shikimate and the isoprenoid
pathway. Therefore, a recombinant host strain should be able
to deliver compounds such as FPP and HPP. The expression of
the hpd gene from P, putida in E. coli allowed the conversion of
endogenous p-hydroxyphenylpyruvate into HGA with molecu-
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lar oxygen. p-Hydroxyphenylpyruvate was generated from the
shikimate pathway when cells were cultivated in minimal
medium, even without addition of tyrosine. When L-tyrosine
was added to the minimal medium, or when tyrosine-rich LB
medium was used, cultures of E. coli DH50/pCAS2JF showed
increased formation of HGA (up to 2 mm) in the culture super-
natant. This was already an indication that E. coli expressing
hpd produces sufficient homogentisate as precursor for the in
vivo tocochromanol synthesis. Because HGA in the medium is
easily oxidized and polymerized,"” the actual productivity
might be even higher. Recombinant CrtE in E. coli cells led to
the formation of the second vitamin E precursor—GGPP—from
FPP (188 nm GGPP in the culture), it being found almost exclu-
sively inside the cells. The limited supply of isoprenylpyrophos-
phate compounds by E. coli has been described in other heter-
ologous syntheses of, for example, lycopene or [3-carote-
noids."™ The availability of FPP could be increased by the com-
bined enhanced expression of the key enzymes DXS, IDI, and
IspA,®™ or by the utilization of a recombinant mevalonate
pathway.?" We are currently examining whether this strategy
is also successful in the case of tocochromanol biosynthesis in
E. coli.

The assembly of the biosynthesis genes into an expression
plasmid pJF119AN mimics gene cassettes of other natural
products in which the anabolic genes are clustered or organ-
ized in operons in prokaryotic microorganisms to ensure a si-
multaneous expression of all cloned genes.

When the genes crtE and hpd were expressed in E. coli to-
gether with the genes chlP (ggh) and hpt from Synechocystis,
we expected to detect MPBQ. Instead, we identified MGGBQ in
the cell extracts. This suggests that GGH is not active under
the given conditions, although we could detect the mRNA
transcript and the recombinant protein. Alternatively, the
prenyl-transfer reaction catalyzed by HPT on GGPP might be
faster than the GGH/ChIP reaction on the common substrate
GGPP. Indeed, HPT from Synechocystis has been described to
accept PPP and—with lower efficiency—GGPP as prenyl donor
substrate.™ Synechocystis mutants with a deletion of ch/P had
shown an increased tocotrienol content."*? Furthermore, in re-
combinant Synechocystis cells expressing the hpd gene from
Arabidopsis, the tocotrienol amount could be increased from
less than 2% to up to 20% of the total tocochromanol produc-
tion. This points to a severe limitation of tocotrienol produc-
tion by the homogentisate supply in Synechocystis.*® Similarly,
in recombinant tobacco plants, an increased supply of p-hy-
droxyphenylpyruvate and homogentisate had led to the for-
mation of tocotrienols.”® In our case, HGA was present abun-
dantly in recombinant E. coli cells. This could be an explanation
for the predominant synthesis of MGGBQ by the Synechocystis
HPT enzyme in our cultivations.

ChlIP has been shown to be a multifunctional geranylgeranyl
reductase that reduces both GGPP and geranylgeranyl-chloro-
phylla in Synechocystis.'* ChIP shows 67% amino acid se-
quence identity to the mature GGH from Arabidopsis thalia-
na." Our attempts to identify the product, PPP, in cell pellets
or in supernatants from a strain expressing only crtE and chlP
failed.
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Through the expression of the tocopherol/tocotrienol cy-
clase from Arabidopsis (vte1)'® in conjunction with the genes
for MGGBQ production, we were able to detect the in vivo pro-
duction of a tocochromanol (&-tocotrienol) in E. coli cells for
the first time. We observed that both MGGBQ and also d-toco-
trienol were found almost exclusively in the cell pellet. The li-
pophilic tails of both molecules are presumably located in the
cell membranes. MGGBQ concentrations were about 15 times
as high as those of d-tocotrienol (in cultures of DH50/pCAS47),
pointing to a limitation of the tocopherol cyclase step in this
in vivo approach. In vitro experiments, in contrast, showed
almost complete conversion of MGGBQ by VTE1 (Figure 4); this
adds MGGBQ to the substrate list of recombinant VTE1, which
had earlier been shown to cyclize the dimethylated phytyl-
and geranylgeranylhydroquinones."'® The stronger decrease in
the MGGBQ concentration in comparison with the increase in
that of d-tocotrienol in prolonged cultivation of E. coli DH5a/
pCAS47 is presumably caused by its tendency to be oxidized
by molecular oxygen and the subsequent polymerization of
MGGBQ, as observed for its structural analogue, HGA.'” One
reason for the low yield of d-tocotrienol in vivo could be the
partial localization of the produced MGGBQ in the outer mem-
brane of the cell, where it would be inaccessible to the cyto-
solic VTE1 enzyme. Furthermore, the periplasm and the outer
membrane present oxidizing environments, which might sup-
port the oxidation and polymerization of MGGBQ.

In this report we show the production of d-tocotrienol in
nonphotosynthetic microorganisms—in recombinant E. coli
cells, for example—for the first time. 8-Tocochromanol was not
focused on simply because the pathway requires only four or
five additional enzymatic steps in E. coli. The formation of d-to-
cotrienol takes place without a methyltransferase reaction,
which is required in the biosynthesis of a-, 3-, and y-tocochro-
manols. The d-tocochromanols are by far the rarest natural vit-
amin E compounds and show biological activity that differs in
some cases from that of the abundant a-tocopherol.’”

Furthermore, we have identified the product of each enzy-
matic step from the precursors p-HPP and FPP towards &-toco-
trienol by in vivo experiments and have thereby reconfirmed
the biosynthetic tocochromanol pathway that has been eluci-
dated in Synechocystis and Arabidopsis.™™

These results offer the opportunity for further expansion of
the pathway towards a-tocochromanol compounds through
the additional expression of the MGGBQ- and the tocotrienol-
methyltransferases. For high-level production of vitamin E in
E. coli, more precise adjustment of the gene expression and
the enzyme activities are needed in order to avoid the accu-
mulation of pathway intermediates, as well as an increased
supply of precursor molecules, in particular FPP. In addition,
the described results set the stage for in vitro evolution pro-
cesses to optimize enzyme activities for increased production
of vitamin E in engineered plants.

Experimental Section

Chemicals: Homogentisic acid was purchased from Fluka. Geranyl-
geranyl pyrophosphate and oO-tocopherol was purchased from
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Sigma-Aldrich. d-Tocotrienol was purchased from Davos Life Sci-
ence Pte Ltd. (Singapore). All the solvents used in this study were
HPLC grade and were purchased from Carl Roth, GmbH & Co. KG
(Karlsruhe, Germany) or from VWR International (Leuven, Germany)

Media and culture conditions: Luria-Bertani (LB) medium (10 gL'
tryptone, 5 gL' yeast extract, 10 gL' NaCl) was used in cultiva-
tion experiments for HGA production. In some experiments for
HGA production, minimal medium (MM) was used; this contained
KH,PO, 3 gL ™), K,HPO, (12 gL™"), (NH,),SO, (5 gL™") MgS0O,7H,0
(03gL™"), CaCl,2H,0 (0.015gL™"), NaCl (0.1 gL™"), glucose mono-
hydrate (5gL"), FeSO,7 H,0/sodium citrate [15 mLL™"; from a so-
lution of FeSO,x7H,0 (7.5gL™") and sodium citrate (100 gL™)],
thiamine, trace elements® (33 mLL")', optionally supplemented
with L-tyrosine (0.25 gL™"). LB medium supplemented with glycerol
(2%, v/v) and ampicillin (100 pgmL™") was used for cultivation of
MGGBQ and &-tocotrienol production. For growth curve experi-
ments for MGGBQ and d-tocotrienol production, medium (600 mL)
in a 3 L Erlenmeyer flask without baffles was inoculated with over-
night culture. The overnight culture (1%, v/v) was used as inocu-
lum. Each strain was cultivated in two parallel flasks. Cells were
grown at 30°C with shaking at 100 rpm. Cultures were induced
with isopropyl -b-thiogalactopyranoside (IPTG, final concentration
at 1 mm) at an ODg, of 0.8.

Cloning of the biosynthesis genes in E. coli: In order to create an
artificial gene cluster (tocochromanol gene cassette) for expression
in E. coli DH5a (Invitrogen, Karlsruhe, Germany), the following clon-
ing strategy was used. Genes were cloned after appropriate PCR
amplification into the expression vector pJF119AN. pJF119AN was
constructed from pJF119EH,” by elimination of the Ndel site (by
Ndel restriction, treatment with Klenow fragment, and religation)
and concomitant (subsequent) insertion of an artificial Shine-Dal-
garno sequence and a downstream Ndel restriction site. Modified
PCR primers were used to create a Bglll and an Ndel restriction site
upstream of the start codon of the gene, plus an artificial RBS and
a BamHI or a Bglll site downstream of the stop codon. Pwol DNA
polymerase (Genaxxon, Biberach, Germany) was used for amplifica-
tion. The resulting PCR products were digested by the restriction
enzymes Ndel and BamHI and ligated with Ndel plus BamHI hydro-
lyzed expression vectors (pJF119AN or pAW229),%>% or were hy-
drolyzed with Bglll plus BamHI and ligated into the BamHI hydro-
lyzed expression vector (pJF119AN or pAW229). The hpd gene was
amplified from chromosomal DNA of Pseudomonas putida KT2440
(Genbank accession no. AAN69035) with use of the following pri-
mers (upstream Bglll and Ndel and downstream BamHI or Bglll en-
gineered restriction sites are underlined): CGC TGC AGA TGA GAG
ATC TCA TAT GGC TGA TAT C and ATG GGA TCC TCC TTC TCA GTC
TGT GCT CAG CAC GC. crtE was amplified from plasmid pCAR16%”
by using the primers CCG TTT ATA AGG AGA TCT CAT ATG ACG
GTC TGC GC and ATG GGA TCC TCC TTC TTA ACT GAC GGC AGC
GAG TTT. ggh (chlP, alias sIL1091) was amplified from chromosomal
DNA of Synechocystis PCC6803 (Genbank accession no. BA000022)
by using the primers GAA ATT TAG GAG ATC TCA TAT GGT ATT ACG
GGT AGC AGT CGT TGG and ATG GGA TCC TCC TTC TTA AGG GGC
TAA AGC GTT ACC CCG GAG C. hpt (alias sIr1736)"%" was ampli-
fied from chromosomal DNA of Synechocystis PCC6803 (Genbank
accession no. BA000022) by using the primers CTT TAA GAA GGA
AGA TCT CAT ATG GCA ACT ATC CAA GC and ACC TAA TTT TTC
TAA TAC TAT TTT TTA GGA AGG AGG ATC CCAT. cyc was amplified
from chromosomal DNA of Synechocystis PCC6803 (Genbank acces-
sion no. BA000022) by using the primers CAT AAA TTC TCA GAT
CTC ATA TGA AAT TTC CGC CC and GGC GGA TCC TCC TTC TCA
GAA TGG CAC TGT TTT TT. vtel from Arabidopsis thaliana was am-
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plified from plasmid pQE31-vte1"® by using the primers GGT GGA
TAG ATC TCA TAT GAG AGG ATC TCA CCA TCA CC and CCT AGA
TCT TCC TTC TTA CAG ACC CGG TGG CTT GAA G. The PCR product
of vtel was digested with Bglll and ligated into BamHI-digested
pCAS29. Restriction digestions and DNA sequencing were per-
formed for all constructs to verify the orientations and sequences
of the cloned biosynthesis genes.

Extraction and analysis of MGGBQ and tocotrienol from E. coli
cultures: Samples (50 mL) were withdrawn from cultures, and cells
were harvested by centrifugation at 2200 g for 30 min at 4°C. The
cell pellet was suspended in analytical grade acetone (35 mL), and
the mixture was shaken vigorously at room temperature overnight.
This suspension was centrifuged at 2200g for 30 min at 4°C. Ace-
tone in the clear supernatant containing the lipophilic compounds
was evaporated in a vacuum rotary evaporator, and the residue
was dissolved in acetonitrile (1 mL). This dissolved residue was in-
jected into HPLC for quantification of MGGBQ and d-tocotrienol.
HPLC analyses were performed on a Dionex HPLC Instrument, Ger-
many, fitted with Chromeleon Software, Gina autosampler, P580
pumps, and a detector with a UV lamp. Products were analyzed by
loading the samples onto a RP18 Lichrospher100 (5 pm particle
size) analytical column (250x4.6 mm, Merck, Darmstadt, Germany)
attached to a guard column containing a matrix of the same mate-
rial as the column. A solvent flow rate of 0.8 mLmin~' was used.
The solvents used were Solvent A, consisting of doubly distilled
water with trifluoroacetic acid (TFA, 0.1%, v/v), and Solvent B, con-
sisting of acetonitrile with TFA (0.1%, v/v). A total of 200 uL of
cleared extract in hexane was analyzed under the following gradi-
ent conditions: equilibration conditions at 80% A/20% B; 0 to
10 min linear gradient from 80% A/20% B to 10% A/90% B; 10 to
30 min linear gradient from 10% A/90% B to 0% A/100% B; 30 to
50 min isocratic conditions 0% A/100% B; 50 min to 51 min linear
gradient from 0% A/100% B to 80% A/20% B; isocratic conditions
to equilibrate the column at 80% A/20% B.

Shaking flask cultivation of MGGBQ and d-tocotrienol: Nine Er-
lenmeyer flasks of 3L volume, each containing LB medium
(400 mL) supplemented with glycerol (2%, v/v) and ampicillin
(100 pugmL "), were inoculated with overnight culture at 30°C. Cul-
tures were incubated at 30°C, 100 rpm. Cultures were harvested
50 h after induction. Cells were extracted for MGGBQ and &-toco-
trienol as described above.

Purification of MGGBQ by preparative HPLC: The cell extracts in
acetonitrile containing MGGBQ and &-tocotrienol were loaded in
excess onto a RP18 Lichrosphere 100 (10 um particle size) prepara-
tive column (250 % 10 mm, LICHROCART, Merck, Darmstadt, Germa-
ny) attached to a guard column. A solvent flow rate of
1.2 mLmin~" was used with isocratic conditions at 15% A/85% B
as mobile phase. Solvent A consisted of doubly distilled water, and
solvent B consisted of methanol. MGGBQ and &-tocotrienol peaks
were collected separately, and fractions collected after many load-
ings were pooled together. The pooled fractions were dried with
the aid of a vacuum rotary evaporator, and the residue was dis-
solved and washed with methanol (20 mL) and again dried with a
vacuum rotary evaporator. Finally, the residue was concentrated by
dissolving it in methanol (1 mL). Half of the purified MGGBQ
sample was used for the preparation of MGGBQ-cyclodextrin com-
plex substrate used during the in vitro enzyme activity test of
VTE1.[28]

Liquid chromatography-mass spectroscopy (LC-MS): LC-MS was
performed on an API-ES (Agilent 1100 Series, USA). Mass fragmen-
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tation spectra of the extracted samples and 6-tocotrienol standard
were monitored over a mass range (m/z) of 200 to 800.

Analysis of the precursor molecules HGA, FPP, and GGPP: HGA
produced during cultivation was released into the medium. Culture
(1 mL) was withdrawn as a sample at different time intervals
during cultivation. The sample was centrifuged at 14000g for
10 min. The clear supernatant was injected onto HPLC for HGA
analysis. The same solvent system as used for MGGBQ and d-toco-
trienol analysis was used. The following HPLC flow gradient was
used: 0 to 5 min equilibration conditions at 100% A/0% B; 5 to
30 min linear gradient from 100% A/0% B to 70% A/30% B; 30 to
31 min linear gradient from 70% A/30% B to 0% A/100% B; 31 to
38 min isocratic conditions 0% A/100% B; 38 min to 39 min linear
gradient from 0% A/100% B to 100% A/0% B; isocratic conditions
to equilibrate the column at 100% A/0% B.

Isoprenoid compounds FPP and GGPP, being highly lipophilic, are
not released into the medium during cultivation. Extraction, de-
phosphorylation, and quantification of farnesol and geranylgeraniol
by a sensitive non-radioactive analytical method was carried out as
described elsewhere.”

Formulation of MGGBQ/methyl-B-cyclodextrin complex:?® Puri-
fied MGGBQ in methanol (50 uL) after preparative HPLC (described
above) was dried under nitrogen gas. The residue was mixed with
cyclodextrin (2.25 mm, 1 mL), which was prepared in potassium
phosphate buffer (50 mm, pH 7.0). This mixture was incubated at
40°C for 15min on a shaker. Then 0.5mL of ascorbic acid
(500 mm) and potassium phosphate buffer (50 mm, pH 7.0) was
added. This mixture was incubated at 30°C for 15 min with con-
stant shaking. The substrate-cyclodextrin mixture was ready, and
aliquots of 100 uL each were stored at —20°C.

Enzyme assay of y-TC with MGGBQ: Purified His-Tag TC proteins
were used for in vitro TC activity assay. E. coli M15 cells harboring
repressor plasmid pREP4 (Qiagen, Hilden, Germany) were trans-
formed with plasmid pVTE1 (pQE31 vector carrying vtel from Ara-
bidopsis thaliana). As control, E. coli M15/pREP4 cells were trans-
formed with plasmid pQE31 (control vector). The two resulting re-
combinant strains were each cultivated in LB medium in the pres-
ence of ampicillin (100 mgL™") and kanamycin (25 mgL™"). Cultures
were induced at an ODgy, of 0.8 with IPTG (final concentration
1 mm) and incubated at room temperature for another 12 h. Cul-
tures were then put on ice for 1 h and harvested at 2200g for
15 min. Cells were suspended in lysis buffer, lysozyme (30 ugmL™")
was added, and the system was incubated for 15 min on ice. Cells
were sonicated with an ultrasonic disintegrator for six periods of
15 s, with intermediate cooling on ice/water for 15, and at 50%
amplitude. Further purification steps were carried out as described
by Qiagen (Hilden, Germany) in Qiagen Expressionist, 5th edition in
protocol 9 for preparation of clear E. coli lysate under native condi-
tions. His-tag purification was carried out as described in proto-
col 16. The flow-through fraction, washed fraction, and eluted frac-
tion were loaded on SDS-PAGE to check the protein purity.

Purified TC protein solutions (100 ulL, containing 10 pg protein)
were assayed for TC activity in a 1000 pL reaction mixture consist-
ing of potassium phosphate, (pH 7.3, 200 mm), dithiothreitol
(4 mm), ascorbic acid (75 mm), and formulated MGGBQ (approxi-
mately 18 um;*® MGGBQ concentration was based on the calcula-
tion from the reaction stoichiometry). Reaction mixtures were incu-
bated at 30°C. A sample (200 uL each) was taken after 0, 0.5, 2.0,
11, and 35 h. The reaction was stopped by the addition of ethanol
(200 pL). Hexane (200 plL) was added to extract the lipophilic com-
pounds from the reaction mixture, which was separated into two
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phases; the upper organic phase was then injected onto HPLC for
analysis of unreacted MGGBQ and produced o-tocotrienol. The
same solvent system as used for extraction and analysis of MGGBQ
and d-tocotrienol from E. coli cultures was used. Equilibration con-
ditions at 30% A/70% B; 0 to 10 min linear gradient from 30%
A/70% B to 10% A/90% B; 10 to 40 min linear gradient from 10%
A/90% B to 0% A/100% B; 40 to 70 min isocratic conditions 0%
A/100% B; 70 min to 71 min linear gradient from 0% A/100% B to
30% A/70% B; isocratic conditions to equilibrate the column at
30% A/70% B from 71 min to 78 min. The retention times for
HPLC peaks 1 and 2 differ during the in vitro analysis (Figure 4 A)
and in vivo analysis (Figure 5) because of the different HPLC condi-
tions and different solvents used for dissolving the samples. The in
vitro samples analyzed by HPLC were dissolved in hexane, and the
in vivo samples were dissolved in acetonitrile.

Estimation of MGGBQ concentration: MGGBQ produced in vivo
could not be quantified, because no MGGBQ analytical standard
could be purchased commercially. To calculate the approximate
concentration of MGGBQ, a simple calculation based on the reac-
tion stoichiometry (Scheme 1) was performed, with 1 mole of
MGGBAQ yielding 1 mole of d-tocotrienol. This calculation was done
for the in vitro experiment carried out with purified MGGBQ and
purified TC proteins. The calculation was based on the assumption
that the product yield was 100% (that is, all MGGBQ consumed
during the in vitro activity test was converted into &-tocotrienol).
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A A® Desaturase from Bombus lucorum Males:
Investigation of the Biosynthetic Pathway of Marking

Pheromones

Petra Matouskova,™ Anna Luxova,”™ Jana Matouskova,® Pavel Jiros,™ Ales Svatos,

Irena Valterova,*™ and Iva Pichova*®

The knowledge of the molecular basis of communication in bum-
blebee communities is limited. None of the enzymes that partici-
pate in pheromone production have been characterized. Here, we
cloned the gene encoding the A° desaturase from cDNA prepared
from the total RNA of the pheromone gland and fat bodies of
Bombus lucorum male. Functional expression of BlucNPVE desa-
turase in Saccharomyces cerevisiae and GC-MS analyses re-
vealed its preference for C,s saturated fatty acids. This suggests
that A° desaturase is involved in the desaturation of metabolic

Introduction

Communication in social insects is, to a high extent, based on
the chemical signals produced by individuals of each cast. Life-
important activities, such as foraging, caring for the brood,
finding the way to food sources and back to the nest, as well
as finding a partner and mating depend on pheromones that
chemically mediate the necessary information." In bumble-
bees, premating behaviour and the chemical nature of the sig-
nals involved—the male marking pheromones—have been
studied extensively. Research in this field started in Sweden in
the 1970s,%*% and was followed by many studies of Middle
and West European bumblebee species.578

The marking pheromone is produced by the cephalic part of
the male labial gland."® Each bumblebee species produces a
specific blend of compounds (for a review see ref. [11]) that at-
tracts conspecific females for mating.'”? The gland secretion
contains mostly two types of compounds: 1) straight chain sat-
urated and unsaturated hydrocarbons, alcohols, aldehydes,
and esters and 2) terpenoids. The only paper that refers to the
biosynthesis of the bumblebee labial gland components is
highly theoretical and provides no experimental evidence."
Based on the analysis of compound patterns isolated from 22
bumblebee species, the authors suggest that these com-
pounds are produced from saturated fatty acids by the action
of specific glandular desaturases. Despite a relatively large
number of papers discussing the biosynthesis of lepidopteran
pheromones™ or pheromones of beetles (see ref. [15] and ref-
erences therein), there are no data available in the literature
on the biosynthetic pathways of pheromone formation in
bumblebees.

The white tailed bumblebee, Bombus Iucorum, produces a
labial gland secretion that consists of a mixture of sixty com-
pounds."®® The mixture is dominated by ethyl esters of fatty
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fatty acids stored in triacylglyceroles (TAGs), because oleic acid is
the most abundant fatty acid bound in TAG in B. lucorum and it
is present in low concentration in the pheromone blend. The in-
cubation of pheromone precursors with a dissected labial gland
as well as direct injection of labelled pheromone substrates into
B. lucorum males revealed that esterification of pheromone prod-
ucts occurs in the labial gland. These results support both the
biosynthesis of pheromones from common lipids and the de
novo synthesis of unsaturated pheromones in the labial gland.

acids, chiefly ethyl (2)-tetradec-9-enoate (53 %). Medium abun-
dant or minor components of the secretion were identified as
ethyl dodecanoate (6%), ethyl tetradecanoate (2%), ethyl (2)-
hexadec-9-enoate (4%) and ethyl (2)-octadec-9-enoate (2%).
Among alcohols and aldehydes, hexadecan-1-ol (4%), (Z,Z,2)-
octadeca-9,12,15-trien-1-ol (1%) and (2)-hexadec-7-enal (2%)
were detected.”

There are two possible explanations for the presence of
pheromone components in the labial gland. They are either
biosynthesized from common lipids in the body followed by
delivery into the labial gland, or they undergo de novo synthe-
sis from acetate units in the labial gland itself."” The previous
biosynthetic study by Luxova et al."™® concluded that aliphatic
pheromonal components might arise from pool lipids after
their transport by haemolymph and modification of the carbon
chain and functional groups in the labial gland. Application of
deuterium-labelled palmitic acid to the head and abdomen of
B. lucorum males gave rise to labelled ethyl [*H,]-(2)-hexadec-
9-enoate and ethyl [’H,,]lhexadecanoate in the labial gland.
Furthermore, the labelled palmitic acid was built into triacylgly-
cerols (TAGs) of the fat body. Thus, a hypothesis on the possi-
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ble connection of primary and secondary metabolism was cre-
ated. However, no characterization of the putative enzymes in-
volved in the biosynthesis of pheromones in bumblebees is
available. Based on the composition of pheromone blends we
can speculate that desaturases, lipolytic enzymes (esterases or
lipases), and reductases might participate in the synthesis of
pheromones in B. lucorum. Desaturases cloned and character-
ized to date come from Lepidoptera, Diptera and Ortoptera.'”
Rapidly evolving sequencing possibilities like expressed se-
quence tags (EST) and high-throughput cDNA (HTC) have re-
vealed more sequences from other orders, such as Coleoptera
(Diaprepes), Hemiptera (Homalodisca, Lygus) and Hymenoptera
(Apis, Bombus, Solenopsis, Lysiphlebus). However, most are par-
tial sequences, and none has been fully characterized.

Here, we focused on the further investigation of the biosyn-
thetic pathway of pheromones in B.lucorum using two ap-
proaches. First, we directly applied deuterium-labelled sub-
strates into different parts of the bumblebee body as well as
the dissected labial gland, with the aim to gain information
about the specificities of the enzymes involved in pheromone
formation. Second, we isolated the gene that encodes the
fatty acyl-CoA desaturase and characterized its catalytic prop-
erties in order to understand its role in the body. Our results
represent the first characterization of desaturase in bumble-
bee spp.

Results and Discussion
In vitro incubation of putative pheromone precursors

To investigate the synthesis of the pheromone blend of B. lu-
corum, labelled fatty acids of different chain lengths and alco-
hols of different types were incubated in vitro with dissected
labial glands. The major products of the incubation are sum-
marized in Tables 1 and 2. Incubation of labial glands with la-
belled fatty acids led to formation of ethyl and methyl esters.
Ethyl ester levels were about 1000-fold higher than methyl
ester levels, which is in agreement with the native pheromonal
composition (53% ethyl (2)-tetradec-9-enoate vs. 0.03%
methyl (2)-tetradec-9-enoate’). The synthesis of ethyl and
methyl ester products linearly increased over 13 and 16 days,
respectively. No change in the concentration of these products
was observed after this time period (Figure 1). The time course
of ester formation was similar for all fatty acids used in this
study. However, only saturated products were detected during
the in vitro experiment, although the main pheromonal com-

Table 1. Products obtained from in vitro incubation of the labial gland of
B. lucorum males with labelled acids.

Acid substrate Main metabolite

ethyl [°H,;ldodecanoate
ethyl [°H,,]tetradecanoate
ethyl [°H;;]hexadecanoate
ethyl [°H;s]loctadecanoate
ethyl ['*C,s]hexadecanoate
ethyl 1,2-["*C,]tetradecanoate

[*H,;]dodecanoic
[?H,,]tetradecanoic
[2H;,]hexadecanoic
[*H;5]octadecanoic
['*C,s]Jhexadecanoic
1,2-["*C,]tetradecanoic
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Table 2. Products obtained from in vitro incubation of the labial gland of
B. lucorum males with different alcohols.

Alcohol substrate Main metabolite

[*Hjlethanol
[*H,Jmethanol
propan-1-ol
propan-2-ol
butan-1-ol
decan-1-ol
allyl alcohol

[*Hslethyl (2)-tetradec-9-enoate

[’H;]lmethyl (2)-tetradec-9-enoate
@

_f[l
_f[l
_f[
_fl

[a] No product was obtained.
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Figure 1. Time course for ester formation in vitro after incubation of the
labial gland of a B. lucorum male with ['*C,sJhexadecanoic acid. The y axis
represents the relative levels of methyl and ethyl ester formation as normal-
ized to an internal standard (adamantane).

ponent in B. lucorum is an unsaturated aliphatic ester, the ethyl
(2)-tetradec-9-enoate.

We further observed a preference for shorter substrates
during the in vitro incubation of the B.lucorum labial gland
with an equimolar mixture of deuterium-labelled fatty acids of
different chain lengths (Figure 2). After 13 days incubation, the
amount of ethyl [*H,;ldodecanoate (d-12:Et) formed was high-
est, followed by ethyl [*H,ltetradecanoate (d-14:Et). The
amount of ethyl ester formation from [*H;,]hexadecanoic (d-
16:Et) and [*Hssloctadecanoic (d-18:Et) acids was significantly
lower after the same incubation period. This result correlates
with the composition of saturated ethyl esters in the phero-
mone gland (5.9% ethyl dodecanoate, 1.8% ethyl tetradeca-
noate, 0.04% ethyl hexadecanoate and 0.08% ethyl octadeca-
noate).

Incubation of the labial gland with labelled and unlabelled
alcohols of different types and chain lengths also led to the
formation of esters. For these experiments, deuterium-labelled
methanol and ethanol were used to distinguish their metabo-
lites from native pheromonal components. Other alcohols
were not labelled as their esters are not present in the phero-
mones of B.lucorum males. Only corresponding products of
ethanol and methanol were detected in the labial gland ex-
tracts; other tested alcohols remained unchanged (Table 2).
The amount of [*Hilethyl ester formed was about three times
higher than that of [*H;lmethyl ester. [*Hs]Ethyl (2)-tetradec-9-
enoate dominated within the generated esters of different
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Figure 2. Products obtained from the in vitro incubation of the labial gland
of a B. lucorum male with an equimolar mixture of deuterium-labelled fatty
acids of different chain lengths (d-12:Me, methyl [*H,;]dodecanoate; d-12:Et,
ethyl [*H,;ldodecanoate; d-14:Me, methyl [*H,,ltetradecanoate; d-14:Et, ethyl
[?H,,ltetradecanoate; d-16:Me, methyl [*H;,]hexadecanoate; d-16:Et, ethyl
[*H;,lhexadecanoate; d-18:Me, methyl [*H;sloctadecanoate; d-18:Et, ethyl
[*H;sloctadecanoate). Data on the y axis represent levels relative to an inter-
nal standard (adamantane).

lengths, and corresponds well to the main pheromonal com-
ponent. In order to investigate the availability and concentra-
tions of free fatty acids for pheromone synthesis in the labial
gland, the homogenized gland was extracted with polar sol-
vents. The fraction from a preparative TLC contained different
free fatty acids (Table 3). The main free fatty acid found was
(2)-tetradec-9-enoic  (69%), followed by (2)-octadec-9-enoic
(9.5%); this suggests that the availability of these acids in high
concentrations can influence the level of newly synthesized
esters.

To confirm the hypothesis about the synthesis of aliphatic
pheromonal components from lipid pools (TAGs),"® we incu-
bated *H-labelled tripalmitine (deuterium atoms in all positions
of the hexadecanoic acid) with the labial gland under the
same conditions as described above. As expected,
[*Hltripalmitine was hydrolysed and free [Hs;]palmitic acid was
detected after two days incuba-
tion; this confirmed the pres-

I. Valterovd, I. Pichovd, et al.

Table 3. Composition of free fatty acids found in the labial gland of B. lu-
corum males.

Fatty acid %
dodecanoic 2.9
(2)-tetradec-9-enoic 69.7
tetradecanoic 1.4
(2)-hexadec-7-enoic 1.8
(2)-hexadec-9-enoic 5.0
(2)-hexadec-11-enoic 0.7
hexadecanoic 0.9
(Z,Z)-octadeca-9,12-dienoic 0.4
(Z,Z,Z)-octadeca-9,12,15-trienoic 4.8
(2)-octadec-9-enoic 9.5
(2)-octadec-11-enoic 1.2
(2)-octadec-13-enoic 0.5
octadecanoic 0.5
(2)-icos-9-enoic 0.3
icosanoic 0.1
docosanoic 0.1

450 bp fragment, which encoded a «central part of
A°® desaturase. A BLAST search for this fragment showed a high
correlation with fatty acyl-CoA desaturases, particularly with a
predicted desaturase from Apis mellifera. The complete B. lu-
corum A® desaturase cDNA isolated from both labial gland and
the fat body has a 1053 base long open reading frame (ORF)
that encodes a 351 amino acid protein, and is flanked by a
290 base 5’ untranslated region (UTR) and 258 base 3’-UTR
(BIucNPVE; GenBank accession No. AM709889). The primary
structure of BIUcNPVE contains all conserved sequences of
fatty acyl-CoA desaturases: three catalytically essential histidine
motifs"? and four transmembrane helices that anchor the
enzyme to the endoplasmic reticulum (Figure 3). The BlucNPVE
desaturase of B.lucorum shares 73% sequence identity with
the predicted desaturase of Apis mellifera, and 65, 62 and 58%
identity with A° desaturases from Acheta domesticus,”® Musca
domestica®" and Drosophilla melanogaster,*? respectively.
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Figure 3. Structure based alignment of acyl-CoA desaturase from B. lucorum (Bluc) and Apis mellifera (Apis). Identi-
cal amino acid residues are marked in black, similar residues are marked in grey. Amino acids of predicted trans-
membrane domains (Tm1-4) are underlined. Three conserved histidine boxes (H1-H3) and signature motif (SM)
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The desaturase-deficient olel strain of S. cerevisiae was used
to test the activity of the BlucNPVE desaturase. S. cerevisiae
were transformed with either pYES-DesBI or an empty pYES2.1
vector. As expected, transformants containing the empty
vector did not grow without supplemental unsaturated fatty
acids (UFAs). The GC chromatograms of methylated total lipid
extracts of yeast cells expressing the desaturase showed two
peaks with retention times that corresponded to Z9-16:Me and
79-18:Me in a 1:5 ratio (Figure 4A). The Z stereospecifity of de-
saturase products was verified by gas-phase FTIR spectroscopy.
IR spectra of the formed unsaturated esters did not contain
the characteristic band of E double bond (970 cm™"). The
double-bond positions of unsaturated compounds that corre-
sponded to the above detected GC peaks were identified by
chemical ionization in ion-trap mass spectrometry by using
acetonitrile as a reagent gas.”® The mass spectrum (Figure 4C)
showed the expected pseudomolecular peak of methyl octade-
cenoate (m/z 350, [M+54]), and two fragments that resulted
from the cleavage at the A° double bond (m/z 208 and 252).
Low amounts of Z9-C14:Me were found when yeast cells were
supplemented with tetradecanoic acid. The yeast system ap-
peared to be active in elongating C,, to C;, compounds, as we
observed that Z11-16:acyl was synthesized from Z9-14:acyl in
culture media supplemented with tetradecanoic acid (Fig-
ure 4B).

In vivo incubations of pheromone precursors

Although we successfully identified the A° desaturase gene in
the labial gland, the specificity of this desaturase, which was
tested with the functional-expression assays in yeast, did not
correlate with the pheromone products of B. lucorum. To fur-
ther study the metabolism of pheromone production, we per-
formed in vivo experiments, in which an equimolar mixture of
labelled saturated fatty acids of different chain lengths was in-
jected into the head capsules (close to the labial gland) or ab-
domens (close to the fat body) of B. lucorum males. After two
days incubation, we identified several labelled metabolites in
the extract from the labial glands. We found mainly ethyl
esters, alcohols, hydrocarbons and wax esters formed from la-
belled saturated fatty acids. We also detected the unsaturated
labelled metabolites ethyl [*H,s]-(2)-tetradec-9-enoate, ethyl
[*H,ol-(2)-hexadec-9-enoate and ethyl [°H,;]-(2)-octadec-9-
enoate in the labial gland. However, the ratio of newly formed
unsaturated products from labelled fatty acids was different to
the ratio in the gland, where the predominant form was ethyl
(2)-tetradec-9-enoate. The distribution of labelled unsaturated
fatty acids was in favour of hexadecenoic acid, followed by tet-
radecenoic acid and lower amounts of (Z)-octadec-9-enoic
acid. When the labelled substrates were injected into the ab-
domen, their metabolites appeared in the labial gland in lower
amounts than when applied directly to the head, as they could
be exposed to other metabolic processes during transport
(Figure 5).

To investigate whether there is a preference for fatty acids
during the synthesis of TAGs in B. lucorum, we analysed the
methanol/chloroform extracts of the fat bodies after applica-
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Figure 4. GC-MS analysis of the functional expression of BlucNPVE desatur-
ase in S. cerevisige. A) GC-MS total ion chromatogram of fatty acid methyl
esters (FAME) obtained from S. cerevisiae. B) GC-MS total ion chromatogram
of FAME obtained from S. cerevisiae cultured in the presence of myristic acid
(14:0). C) Mass spectrum of Z9-18:Me; the arrows indicate two fragments
that result from the cleavage at the A° double bond (m/z 208 and m/z 252).

tions to the head and abdomen of the bumblebees. After ap-
plication to the head, we found that only low concentrations
of [*Hs;]-(2)-octadec-9-enoic acid was incorporated into fat
bodies. But after direct application to the abdomen, we detect-
ed approximately eight times more of this labelled fatty acid in
fat bodies. These results can be explained by the fact that after
application to the head precursors must first be transported to
the fat body by the haemolymph.
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Figure 5. Unsaturated esters formed from fatty acids applied in vivo: com-
parison of head and abdomen applications. Data shown are the medians of
three experiments; Ad-14:Et, ethyl (2)-tetradec-9-enoate; Ad-16:Et, ethyl (2)-
hexadec-9-enoate; Ad-18:Et, ethyl (2)-octadec-9-enoate.

Discussion

In contrast to moths, in which the biosynthetic pathway of
pheromones is relatively well described, little is known about
the biosynthesis of marking pheromones in bumblebees. In
moths, sex pheromones are mostly released by the female to
attract males for mating, while in bumblebees marking phero-
mone are released by males. The pheromone blend of B. lu-
corum consists of a large number of compounds and the main
component, which represents about 53% of the blend, is ethyl
(2)-tetradec-9-enoate—an unsaturated aliphatic ester. In con-
trast, female moths produce pheromone blends that consist of
a few (1-8) straight-chain C;,-C;4 unsaturated aliphatic com-
pounds derived from saturated C,z or C,4 fatty acid intermedi-
ates in rather low concentrations. Interestingly, the concentra-
tion of pheromones in the labial gland of B. lucorum is much
higher (some components reach milligram amounts; Valterova
et al., unpublished results). It has not been elucidated whether
the precursors of the pheromones (i.e., the fatty acids) are syn-
thesized de novo in the labial gland (located in the head) and
subsequently modified by limited chain-shortening and regio-
and stereospecific desaturation reactions, or whether the pher-
omones are formed from fatty acid precursors that are released
from pool TAGs in the lipid droplets of the fat body.

The results we obtained from in vitro as well as in vivo incu-
bation experiments suggest that pheromones could be pro-
duced from common lipids present in the body. Furthermore,
the composition of the free fatty acid fraction from the labial
gland extracts corresponded well with products secreted from
the labial gland. The highest level was confirmed for (2)-tetra-
dec-9-enoic acid (69.7%), which can serve as a precursor for
the main pheromone product (Table 3). When we applied la-
belled alcohols, the main product formed was also [*Hslethyl
ester of (2)-tetradec-9-enoic acid. Since all labelled fatty acids
incubated with the isolated gland were metabolized into the
corresponding ethyl esters and lower amounts of methyl
esters, we postulate that the esterification step takes place in
the labial gland. The lipidic enzyme that catalyzes this step dis-
plays preference for shorter fatty acid chains. This agrees well
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with the ratio of different saturated ethyl esters present in the
gland.

Interestingly, in incubations of deuterium-labelled fatty acids
we obtained only saturated ethyl or methyl ester derivatives;
this suggests that desaturation does not proceed in the labial
gland under these conditions. To exclude the isotopic effect of
deuterium-labelled fatty acids on desaturase catalysis, we also
tested *C-labelled acids of the same lengths. Again, desaturat-
ed products were not detected; this indicates that the desatur-
ase was not active under these specific in vitro conditions. In
moths, a neuromodulating agent present in the head ganglia
is involved in the activation of different steps of the phero-
mone biosynthesis pathway.****! In B. Jucorum, similar neuro-
modulators that affect the activity of the specific desaturase
might be present, but such agents have not yet been identi-
fied in Hymenoptera.

We were able to show the presence of A°BIucNPVE acyl-
CoA desaturase in the labial gland and fat body of B. lucorum
by cloning the gene from the isolated mRNA. This desaturase
displayed a preference for stearic acid (C,g4: saturated) as sub-
strate since oleic acid (C,: A®) was preferentially formed
during functional testing in transformed S. cerevisiae. Analysis
of TAGs of fat bodies performed by Cvacka et al.”® showed
that oleic acid represents the most abundant fatty acid bound
to TAG (39%). Palmitoleic acid (C,s: A%, 1%) and muyristoleic
acid (C,,: A®, 0.3%) are bound to TAG in low amounts. There-
fore, we suggest that the A° BlucNPVE acyl-CoA desaturase is
one of metabolic desaturases that participates in the desatura-
tion of fatty acids stored in TAGs.

The direct application of labelled saturated fatty acids to the
head capsules in B. lucorum (equimolar mixture of C;,, C, Ci6
and C,g-acids) yielded a mixture of corresponding unsaturated
products. This experiment aimed to investigate the possible se-
lectivity of the desaturase to certain chain lengths. The ratio of
formed products did not correspond to the concentrations of
unsaturated products in the gland, since the distribution of la-
belled products favoured ethyl [*H,,]-hexadec-9-enoate, while
in the native pheromonal blend tetradec-9-enoate dominates.
However, the equimolar amounts of applied, labelled precur-
sors differed from pheromone component ratios and this
might have influenced the amounts of obtained products.

We can also hypothesize that the tetradecenoic acid is pref-
erentially transported into the labial gland from the hemo-
lymph, where it is stored as diacylglycerol (DAG). The relative
amount of tetradecenoic acid in DAG is ten times higher than
in TAGs of the fat body (4% vs. 0.3%). Since the dominant
fatty acid bound in DAG is (Z)-hexadec-9-enoic acid (about
20%), the hypothetical lipase, which could participate in the
hydrolysis of DAGs, should display a preference for tetradece-
noic acid bound in DAG in lower amounts.

Conclusions

In conclusion, our results clearly indicate that the esterification
of pheromone precursors proceeds in the labial gland of B. lu-
corum. The hypothetical enzyme (either lipase or esterase) that
catalyzes this step shows a preference for shorter (C,,—C,,)
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fatty acid chains. The free fatty acids present in the labial
gland could function as pheromone precursors for esterifica-
tion, as their composition corresponds well with the final com-
position of the pheromones. The incubation data presented
here support the hypothesis that precursors of aliphatic phero-
monal components in B. lucorum can arise from lipid moieties
and can be hydrolyzed from pool lipids by selective lipases.
The BlucNPVE desaturase, which we identified in the phero-
mone gland and in the fat bodies of B. lucorum, is a metabolic
desaturase rather than a pheromone-selective enzyme, be-
cause the myristic acid (the precursor for abundant phero-
mone component) serves only as its minor substrate. Thus, we
have to consider the presence of another desaturase in the
labial gland or fat bodies that is specific for the tetradecanoic
substrate, which we have not obtained from our mRNA screen-
ing. Furthermore, we cannot exclude de novo biosynthesis of
unsaturated pheromone products in B.lucorum. Complex
screening of the enzymes that participate in pheromone syn-
thesis including gene identification as well as proteomic analy-
ses should be used next to elucidate the biosynthesis path-
ways of pheromone production in B. lucorum males.

Experimental Section

General materials: All chemicals were purchased from Sigma-Al-
drich unless otherwise stated, at the highest available purity. Oligo-
nucleotides were synthesized by Generi-Biotech (Czech Republic).

Isotopically labelled chemicals: The following compounds were
used as substrates for in vitro incubations: deuterium- and "*C-la-
belled fatty acids of different chain lengths, [*H,s]dodecanoic,
[*H,,]tetradecanoic, [°Hj]hexadecanoic, and [*HssJoctadecanoic
acids, separately and their equimolar mixture; ["*C,s]hexadecanoic
acid, 1,2-["*C,]tetradecanoic acid (both Isotec, Miamisburg, USA)
and labelled and unlabelled alcohols of different types and chain
lengths [*Hslethanol (Acros), [*H,Jmethanol and unlabelled propan-
1-ol, propan-2-ol, octan-1-ol, and allyl alcohol. As a representative
of TAGs, deuterium-labelled tripalmitine (C,5°H;,C00);C;Hs (C/D/N
Isotopes, Augsburg, Germany) was used.

Microorganisms, plasmids and growth conditions: E. coli DH5a
was used for cloning and plasmid preparation. Cells were cultured
in nutrient broth (Hymedia) medium supplemented with ampicillin
(100 mgL™) at 37°C, overnight.

E. coli TOP10 were used with the TOPO vector according to the
manufacturer’s protocol (Invitrogen).

Saccharomyces cerevisiae desaturase deficient olel strain (DTY-11A;
MATa, ole1A:LEU2, leu2-3, leu2-112, his3-11, his3-15, trp1-1, canl-
100, ura3-1, ade2-1 (HIS*))?” was used for the expression of re-
combinant desaturase. Prior to transformation, the cells were
grown (24 h, 30°C, 220 rpm shaking) in YPGA medium (1% yeast
autolysate, 2% peptone, 2% glucose and supplemented with
15 ugmL~' of adenine) containing tergitol (1%) and oleic and pal-
mitoelic acids (0.5 mm each). The transformed cells were grown
(5 days, 30°C) on a uracil-deficient YNB*"" plate (0.67% YNB sup-
plemented with adenine, histidine, leucine and tryptophan
15 ugmL~" each, 2% glucose, 2% agar) containing tergitol (1%)
and oleic and palmitoelic acids (0.5 mm each). A single colony
from the plate was inoculated into sterile YPGalA medium (15 mL,
1% yeast autolysate, 2% peptone, 2% galactose and supplement-
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ed with 15 ugmL™" of adenine) and grown at 30°C for 5 days with
220 rpm shaking in the presence or absence of myristic acid
(0.5 mm, 14:0).

PCR2.1 TOPO vector (Invitrogen) was used for initial cloning of the
PCR products. pYes2.1 (Invitrogen) was used for the functional ex-
pression of the desaturase gene in yeast under GALT promoter.

Recombinant DNA technologies: Unless stated otherwise, stan-
dard DNA technologies were used.”® The plasmid midi kit, and the
QlAquick gel extraction kit (Qiagen) were used for plasmid DNA
and DNA gel extractions, respectively. Restriction endonucleases,
deoxynucleotide triphosphates and DNA ladders were obtained
from New England BiolLabs, Taq polymerase was from Top-Bio
(Praha, Czech Republic). Pfu polymerase was purchased from Prom-
ega, T4 DNA ligase and reverse transcriptase were from Invitrogen.

DNA sequence analysis: Database searches for amino acid se-
quences of desaturases were performed by using SRS on the EBI
website (http://srs.ebi.ac.uk/). Alignments were obtained by using
multalin.? Six-frame translation of the sequences was performed
by using ORF finder program, which is part of the NCBI server. The
identification of obtained sequences was done by using BLAST
(NCBI).

Total RNA isolation and cloning of desaturase gene: Male B. lu-
corum bumblebees were obtained from laboratory colonies as de-
scribed by Sobotnik et al.®” Males (4 days old) were killed by freez-
ing and kept deep frozen prior to dissection. Labial glands and fat
body tissues were carefully dissected and stored at —80°C for fur-
ther use. Total RNA was isolated by using TRIreagent (Sigma) ac-
cording to the manufacturer’s procedure. First-strand cDNA synthe-
sis by RT-PCR was performed by using Superscript Il with an oli-
go(dT) primer by following the manufacturer’s protocol. RT-PCR
products were used as templates for the amplification of the cen-
tral fragment of the gene encoding desaturase by using hybrid pri-
mers designed by CODEHOP.?" The primers (nSF3 sense direction:
5'-GTAGTCCCAAGGGAAAACGtgrtgrtartt-3’, nSF5 antisense direc-
tion: 5'-CCGACACCGACGCTgayccncayaa-3', where: y=C or T; n=
A, G, Cor T, r=A or G) consisted of a short 3’ degenerate core
region and a longer 5’ consensus clamp region (lower and upper
case letters, respectively) and were added to the final concentra-
tion of 25 pmol per 25 uL of reaction. Both primers were designed
based on the sequence comparison of known insect desaturases. A
standard polymerase chain reaction (25 pulL) contained reaction
buffer (1x), dNTPs (0.2 mm), nSF3 (1 um), nSF5 (1 pum), Taq poly-
merase (5 units) and cDNA (1 pL). The reaction was kept for 5 min
at 94°C followed by 5 cycles of 94°C for 30 s, 45°C for 1 min, 72°C
for 1 min, and 25 cycles with 55°C as the annealing temperature. A
final 10 min extension at 72°C was used to ensure all DNA was
double stranded and with 3’-A overhangs. Purified PCR products
(430 bp) were directly cloned into the TOPO vector and used to
transform TOP10 cells. Colony PCR was used to screen positive
(white) clones and plasmid DNA was purified and verified by se-
quencing. After the vector sequences had been excluded, the cen-
tral region was obtained and compared with other central regions
of desaturase genes by using BLASTx (NCBI) to confirm its identity.
Two gene-specific primers were designed for RACE PCRs: H3 (5'-
CTTCTTCGCGCATGTTGGTTG-3') and D5 (5-GTGCCAACCCTCACC-
TAAAG-3). As a template for isolation of the 3'- and 5’ ends,
double-stranded DNA was prepared by using two adaptor primers
from a SMART kit for cDNA library preparation (Clontech) accord-
ing to the manual. The 5-RACE PCR was performed under the fol-
lowing conditions: 5 min 94°C followed by 30 cycles of 94°C for
305, 52°C for 305, 72°C for 2 min, and a final 10 min extension at
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72°C by using SMART IV primer (from the kit) and GSP-D5. Similar-
ly, the 3’-RACE PCR was performed by using a CDS Il primer from
the SMART kit and GSP-H3. PCR products were separated on a
agarose gels (1%), and DNA fragments excised from the gel were
purified and cloned into a linearized pCR2.1-TOPO vector for se-
quencing.

Accession number: The sequence for BlucNPVE desaturase from
B. lucorum was deposited with GenBank with the access number
AM709889.

Functional assay of desaturase in pYES2.1 expression system:
Two  primers, 3-Sac/C (5'-CCCCGGAGCTCTTAATGATCTTTCTT-
CAAATTC-3') and 5'Hind/C (5'-CCTAAGCTTAGAATGGCGCCGAATA-
TAACG-3’; restriction sites Sacl and Hindlll are italicized) were de-
signed to amplify the ORF of the BlucNPVE desaturase. PCR condi-
tions were similar to those described above, except that an anneal-
ing temperature of 55°C was used. The purified PCR products
were double digested, ligated into a pYES2.1 expression vector (In-
vitrogen), and verified by sequencing. The vector pYES-DesBI and
empty plasmid pYES2.1 were transformed by electroporation into
the desaturase deficient olel strain of Saccharomyces cerevisiae
(DTY-11A) for functional expression.

Transesterification and FAME extraction: Yeast cells were harvest-
ed by centrifugation (5 min, 3000g, 4°C). The cell pellet was
washed two times with water and extracted with of dichlorome-
thane/methanol (1 mL, 2:1) at room temperature for 1 h. The solu-
tion was filtered through cotton wool, extracted further with
chloroform, and the solvents were evaporated under argon. The
residue was dissolved in KOH (100 pL, 0.5m) in methanol (room
temperature, 1 h). Then KH,PO, (50 pL, 0.5m) and Na,HPO, (50 pL
of 0.5m) were added, and the mixture was neutralized with HCI
(3 ™). The hemolymph sample was transesterified and worked up
in the same way. The resulting fatty acid methyl esters (FAME)
were extracted three times with hexane (200 pL) and the com-
bined extracts were analyzed by gas chromatography coupled to
mass spectrometry (GC-MS). The double bond position in the prod-
ucts was determined by chemical ionisation in an ion-trap GC-MS
(Varian Saturn 2000) by using acetonitrile as the reaction gas.”

In vitro incubation experiments: Cephalic parts of the labial
glands were dissected, placed in 1.2 mL vials and rinsed with
hexane (3x100 uL, 15 min shaking). Whole glands were extracted
without homogenisation of the tissue. Phosphate buffer (pH 7.2,
10 pul) and a hexane solution of the substrate (1 mgmL™", 50 pl)
were added to the dissected and rinsed glands. The glands were
shaken in the heterogeneous system at room temperature for up
to 30 days on a linear shaker (IKA, KS 130). Samples for analyses
(1 uL) were taken from the vials at regular intervals and analysed
directly by GC-MS. Adamantane was used as an internal standard
(1 mgmL™"). Three parallel incubations were performed, in order to
allow statistical analysis of the results.

In vivo incubation experiments: An equimolar blend of
[*H,;]dodecanoic (6.5 mg, 29.1 um), [*H,,]tetradecanoic (7.2 mg,
28.2 um), [*H;,]hexadecanoic (8.1 mg, 28.2 um) and
[*H;s]octadecanoic acid (10.1 mg; 31.6 um) was dissolved in a mix-
ture of dimethylsulfoxide, ethanol and water (7:2:1, 200 uL). The
solution was injected in vivo into either the head capsule (0.5 pL)
or abdomen (2 pL) of bumblebee males. Incubation was terminat-
ed after 2 days.

Thin layer chromatography: The tissue (labial gland or fat body)
was homogenised and extracted with a mixture of chloroform/
methanol (2:1, v/v, 2x100 pL) in a glass vial. The vial was shaken
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for 10 min, after which the contents were filtered and evaporated
to dry in a stream of argon. The resultant residue was redissolved
in hexane (100 pL). The extract was chromatographed on a silica
gel plate (36 x76 mm, Adsorbosil-Plus, Applied Science Lab.; elu-
tion with hexane:diethyl ether:acetic acid 80:20:1; visualisation by
Rhodamine 6G in ethanol, 0.05%). The fraction containing the fatty
acids was esterified with diazomethane to improve chromato-
graphic properties and to enable accurate quantification. The tria-
cylglycerol fraction was transformed to corresponding methyl
esters by transesterification.®”

Gas chromatography: The FAME mixture isolated from the yeast
was analyzed by GC-MS (HP 6890N, Agilent Technologies, Palo
Alto, CA, USA); the electron ionisation was at 70 eV (MS detector:
5975B MSD Agilent) with a DB-5MS capillary column (J&W Scientif-
ic, Folsom, CA, USA; 30 mx0.25 mm, film thickness 0.25 pm). Con-
ditions for the analysis were as follows: carrier gas, He: 1 mLmin';
split-less injection 1 pL; injector temperature 220°C; temperature
program from 40°C for 2min, then increase to 140°C at
70°Cmin~', then 140°C to 240°C at 3°Cmin', then 240°C to
280°C at 20°Cmin~', then 280°C for 5 min. Compound identifica-
tion was performed by comparison of mass spectra against the
NIST Library. The temperature program for chemical ionisation (de-
termination of double-bond positions) started at 70°C (2 min) fol-
lowed by an increase of 10°Cmin~" to 320°C.

Samples from the in vitro incubations were analyzed by using a
gas chromatograph with a quadrupole mass detector (Fisons
MD 800). A BPX5 column (30 mx0.22 mm, SGE) and helium gas
(flow 0.55 mLmin™" at 50°C) were used for separations. The tem-
perature program started at 70°C (2 min delay) after which the
temperature of the oven was increased to 140°C at the rate of
50°Cmin~', then to 240°C at the rate of 2°Cmin~', and finally to
300°C at the rate of 5°Cmin~".

Labelled metabolites from in vivo experiments were identified and
quantified by using a 2D GC with MS-TOF detection (Pegasus 4D).
The arrangement consisted of a gas chromatograph (Agilent 6890)
with a secondary oven and a time-of-flight mass detector with
electron impact ionization mode. The temperature of the ion
source was 200 °C. The nonpolar column in the first dimension was
HP-5, 30 mx0.32 mm, film thickness 0.25 pm; the secondary polar
microcolumn was BPX-50, 1 mx0.1 mm, film thickness 0.1 um. The
temperature program for the first column was 70°C (1 min),
10°Cmin~" up to 300°C (20 min) and for the second column 90°C
(1 min), 10°Cmin~" up to 320°C (20 min). The flow of the carrier
gas was 1 mLmin~". The injector temperature was 250°C and the
split ratio was 1:10.

Deuterium-labelled metabolites were identified by their mass spec-
tra and their characteristic retention behaviour. Their expected
characteristic mass fragments were calculated on the basis of the
same fragmentation principles of unlabelled analogues. Quantifica-
tion of deuterated metabolites was calculated from calibration
curves of methyl esters of labelled fatty acids. Different detector re-
sponse for individual compounds was eliminated by the multiplica-
tion or division of peak areas by the counted relative response fac-
tors.

Gas chromatography-infrared spectroscopy (GC-FTIR): Double-
bond positions were determined by using an Agilent 6850 gas
chromatograph connected to an Equinox 55 FTIR spectrometer
(Bruker Optics Inc., Ettlingen, Germany). A DB-5 column (30 mx
0.32 mm, film thickness 0.25 pm, J&W Scientific) was used for the
separations; injector temperature was 220°C (split-less mode), car-
rier gas was He at a flow rate of 2.5 mLmin~'. The temperature
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program: 50°C (0 min), then 50°Cmin™" to 150°C (0 min), then
1°Cmin~" to 240°C (5 min). The MCT detector was used with FTIR
resolution of 8 cm™; light pipe temperature was 200 °C. Methyl (£)-
hexadec-9-enoate and methyl (2)-hexadec-9-enoate (Applied Sci-
ence Laboratories; 20 mgmL™" in cyclohexane) were used as stand-
ards for IR spectra of unsaturated methyl esters.
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