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The cover picture shows the selective detection of phosphotyrosine by using a
terbium(lll) complex. This strategy is a combination of Tyr-targeted energy transfer and
phosphate-directed interaction, as indicated in the upper part of the picture. The phos-
phorylation of Tyr can easily be detected by its luminescence, which is dependent
upon energy transfer from the Tyr residue to the Tb" center. When Tyr is not phos-
phorylated, the interaction with the Th" complex is weak. The lower part of the picture
shows the high selectivity among various biomolecules, such as nonphosphorylated Tyr, WILEEVCH -
phosphorylated Ser or Thr, and nucleic acid species. In their communication on

p. 1773 ff, J. Sumaoka, M. Komiyama, et al. discuss their detection of Tyr phosphoryla-

tion in nucleic acid-containing solutions.




http://dx.doi.org/10.1002/cbic.200900227

http://dx.doi.org/10.1002/cbic.200900227

http://dx.doi.org/10.1002/cbic.200900227




A EUROPEAN JOURNAL

CHEMZE

OF CHEMICAL BIOLOGY

pH affects flexibility affects aggregation

A Journal of

g~ The inside cover picture shows, on the left, the structure of peptide hormone insu-
;'\”* lin; titrable groups between pH 1 to 7 are highlighted. On the right, structural ensem-
'_ve** bles from atomistic simulations show that pH-induced protonation changes of insulin
:ﬁ'iem PubSOC critically affect its conformational flexibility. From top to bottom the number of pro-
Eu ro Pe tonated sites was increased to match displayed pH values. For more information, see

the article by H. Grubmdiller et al. on p. 1816 ff.
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The inside cover picture shows, on the left, the structure of peptide hormone insulin;
titrable groups between pH 1 to 7 are highlighted. On the right, structural ensembles
from atomistic simulations show that pH-induced protonation changes of insulin criti-
cally affect its conformational flexibility. From top to bottom the number of protonated
sites was increased to match displayed pH values. For more information, see the article
by H. Grubmiiller et al. on p. 1816 ff.
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Complex Oxidation Chemistry in the Biosynthetic
Pathways to Vancomycin/Teicoplanin Antibiotics

Paul F. Widboom and Steven D. Bruner*?!

Introduction

Molecular oxygen is a common reagent in the chemistry of
essential biological processes, ranging from energy production
to the biosynthesis of cellular components. The pathways to
secondary metabolites often involve enzyme-catalyzed oxida-
tion steps that impart functionality crucial for biological activi-
ty. The clinically important vancomycin/teicoplanin family of
antibiotics are peptide-based natural products (Figure 1), often

0—~CH,OH
OH
OH

OH

Teicoplanin (2)

Figure 1. The structures of the nonribosomal peptide antibiotics vancomycin
and teicoplanin.

ChemBioChem 2009, 10, 1757 - 1764

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

referred to as “antibiotics of last resort”."’ This family of small

molecules targets cell wall biosynthesis in several pathogenic
bacteria by binding to the peptidoglycan intermediate p-Ala-
p-Ala.? The complex molecular architecture of glycopeptides
has made this family the focus of numerous biosynthetic and
synthetic chemistry efforts.®™ A multimodule/multidomain,
nonribosomal peptide synthetase (NRPS) uses a thioester-tem-
plated mechanism to construct the central heptapeptide core
of the vancomycins from amino acid building blocks.*” Se-
quence analysis of bacterial gene clusters producing variants
of the vancomycin scaffold has revealed a shared biosynthetic
logic.®'¥ After the peptide precursor is synthesized, it is exten-
sively modified to produce the antibiotics. As discussed in this
review, the preparation of nonstandard amino acid building
blocks and elaboration of the peptide to the mature natural
product involves unique enzyme-catalyzed oxidation chemis-

try.

Nonproteinogenic Amino Acid Biosynthesis

Nonribosomal peptide natural product biosynthetic pathways
frequently utilize building blocks that are not included among
the ~20 proteinogenic amino acids. The vancomycin/teicopla-
nin heptapeptides, in particular, contain a high percentage of
nonproteinogenic amino acids including phenylglycines and f3-
hydroxytyrosines.®

The Cofactor-Independent Dioxygenase, DpgC

The gene clusters for vancomycin/teicoplanin family members
contain five enzymes responsible for the biosynthesis of the
amino acid (S5)-3,5-dihydroxyphenylglycine (DPG, Scheme 1).
Unlike many nonproteinogenic amino acids found in natural
products, DPG is not derived from modification of a proteino-
genic amino acid. The pathway to DPG begins with a series
of reactions initiated by the typelll polyketide synthase,
DpgA."*'® Four equivalents of malonyl-CoA are condensed by
DpgA, and then dehydration/aromatization is catalyzed by the
crotonase homologues DpgB/DpgD to produce DPA-CoA (3).

[a] Dr. P.F. Widboom, Prof. S. D. Bruner
Department of Chemistry, Boston College
Eugene F. Merkert Chemistry Center
2609 Beacon Street, Chestnut Hill, MA 02467 (USA)
Fax: (+1)617-552-2705
E-mail: bruner@bc.edu
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C)20\)ks-coA HO 70
NH*
malonyl-CoA Dpg (5)
DpgA j
DpgB l HpgT
DpgD
OH OH + CoA
m o i
HO S-CoA :(;): HO 0
H H :0: (0]
DPA-CoA (3) DPGX (4)

Scheme 1. Biosynthetic pathway to the nonproteinogenic amino acid, 3,5-di-
hydroxyphenylglycine (DPG). The dioxygenation step catalyzed by DpgC is
highlighted (boxed) and the fate of the oxygen atoms in the reaction is indi-
cated in bold.

DpgC next catalyzes the oxidation of DPA-CoA to DPGX (4)
and generates free coenzyme A (CoA).™'" In the final step,
the a-keto acid DPGX is a substrate for the pyridoxal 5'-phos-
phate (PLP)-dependent transaminase, HpgT, which gives DPG
(5).2% The nonproteinogenic amino acid is subsequently acti-
vated with ATP and incorporated into the growing peptide by
NRPS machinery. DPG is found in all vancomycin family mem-
bers and is involved in many of the aryl cross-links that con-
tribute to the cup-shaped architecture of the natural products.
The unique chemical step in the pathway is the oxidation cata-
lyzed by DpgC. This dioxygenase does not utilize a cofactor or
metal ion to bind and activate molecular oxygen, which places
it in a very small subset of oxygenases.”'*?

Initial biochemical characterization of DpgC established that
the two oxygen atoms from one O, are incorporated into the
product (dioxygenase)."” Enzyme activity was shown to be
dependent only on the presence of O,, and no turnover was
observed under an argon atmosphere with degassed buffers.
In addition, DpgC was shown to function in the presence of
excess EDTA, and atomic absorption analysis failed to reveal
any stoichiometrically bound metals. Analysis of the primary
sequence suggested that DpgC was a member of the croto-
nase family of enzymes, a diverse class that catalyzes a variety
of chemistries on CoA-thioesters through enolate stabiliza-
tion.® %! Indeed, deuterium atom exchange by DpgC was ob-
served under anaerobic conditions at the a-carbon; this sug-
gests an enzyme-stabilized enolate intermediate. This result
led to the proposal that DpgC catalyzes the oxygenation
chemistry by reaction of O, with an intermediate enolate.'!

The X-ray crystal structure of DpgC bound to an isosteric
substrate mimic provided detailed insight into both substrate
binding and reaction mechanism (Figure 2).*® The active site
of the enzyme forms specific interactions with the substrate to
stabilize an electron-rich intermediate. The thioester carbonyl
of the substrate is properly oriented in an “oxyanion-hole”
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Figure 2. Structure of the cofactor-independent dioxygenase DpgC. Ribbon
diagram of a DpgC monomer from the biologically-relevant hexamer. The
mechanism-based inhibitor is shown in ball and stick and the putative oxy-
gen binding site as a space-filling model.

environment formed by two backbone amides (lle235 and
Gly296). This interaction promotes the formation of an enolate
with deprotonation at the a-carbon. A water network anch-
ored by GIn299 on the proR face of the substrate is properly
oriented to assist in deprotonation. Unlike many crotonase
family members, there is no obvious enzyme-derived base in
the structure of DpgC. A second prominent interaction be-
tween the enzyme and substrate lies between one of the phe-
nols and the diad Arg254/Glu189 (Scheme 2). Glu189 forms a
hydrogen bond with the phenol and the resulting build up of
negative charge is stabilized by a unique interaction with the
guanidinium C-carbon of Arg254. It was proposed that the in-
teraction between Arg254 and substrate will stabilize a partial
negative charge without quenching the charge with an acidic
proton. Biochemical analysis of Arg254 and Glu189 point mu-
tants confirmed that these residues are important for substrate
recognition and catalysis.””’ In addition, the importance of the
substrate hydroxyl groups was emphasized by biochemical
analysis of alternative substrates. Kinetic parameters of 3-hy-
droxyphenylacetyl-CoA were comparable to those of the natu-
ral substrate. However, phenylacetyl-CoA, which lacks a phenol
group, showed significantly decreased kinetic parameters as a
substrate; this implies that the phenol/enzyme interaction is
important for both binding and catalysis. The importance of
this interaction was supported by in vivo studies as the pres-
ence of an oxygen at the 3-position on phenylglycine ana-
logues was necessary for efficient incorporation into the natu-
ral product.”®

As discussed, DpgC belongs to a small class of cofactor-inde-
pendent dioxygenases and provides a unique system to exam-
ine protein-O, interactions in a nonmetalloprotein. The pres-
ence of an O, binding pocket in DpgC was suggested by
orphan electron density adjacent to the substrate at the site of
oxidation. Electron density corresponding to O, is frequently
observed in metalloproteins but less commonly in nonmetallo-
proteins.”> A hydrophobic pocket lined with residues Leu237,
lle324, Val425 and Val429 surrounds the orphan electron densi-

ChemBioChem 2009, 10, 1757 - 1764
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[~ Glu189 Glu189 ] gene for prephenate dehydro-
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— A — idase.’¥ In the final step to HPG,
DPA-CoA (3) 6 the aminotransferase HpgT con-

OH
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co,”
HO 2

0
DPGX (4)

Scheme 2. Proposed chemical mechanism for the cofactor-independent dioxygenase, DpgC.

ty. Mutation of these residues showed that the hydrophobic
nature of the pocket was important for overall enzyme efficien-
cy and O, binding.2¢?

Based on the combined structural and biochemical charac-
terization of DpgC, a chemical mechanism for the dioxygena-
tion chemistry was proposed (Scheme 2). The primary function
of the enzyme is to promote formation of an electron-rich eno-
late form of the substrate (6) and bind O, adjacent to the site
of oxidation. As there is no structural or biochemical evidence
for a metal, cofactor or prosthetic group, reduction of O, by
the substrate enolate through a two step, single-electron pro-
cess is proposed; this leads to formation of a peroxidate inter-
mediate (7). In general, this pathway is analogous to that pro-
posed for the activation of O, by flavoenzymes.*® The peroxi-
date can then collapse to expel CoA and generate a dioxeta-
none intermediate (8). The final two steps can be catalyzed
through the stabilization of intermediates by an oxyanion hole
as described for the oxygen activation step.

The Nonheme Iron Dioxygenase, Hma$S

In addition to DPG, vancomycin/teicoplanin family members
also contain the nonproteinogenic amino acid L-4-hydroxyphe-
nylglycine (HPG, 9). HPG is always a partner in the aryl-aryl
and aryl-ether cross-links found in this family of natural prod-
ucts. Isotope labeling studies established that the carbon skel-
eton of HPG originates from the amino acid L-tyrosine, as dia-
grammed in Figure 3A.®" The first step in the pathway is cata-
lyzed by hydroxymandelic acid synthase (Hma$); this results in
the overall decarboxylative, benzylic hydroxylation of 4-hydroxy-
phenylpyruvate (10).%°3*33 4-Hydroxyphenylpyruvate is an in-
termediate in the primary metabolic (shikimate) pathway to L-
tyrosine. Some vancomycin/teicoplanin gene clusters contain a

ChemBioChem 2009, 10, 1757 - 1764
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verts 12 to HPG using L-tyrosine
as the ammonia source, and in
the process regenerates the
starting o-keto acid 10.%° HpgT
is the same transaminase that
converts DPGX to DPG in the
DPG biosynthetic pathway as
previously described.

The key step that differenti-
ates the pathway from primary
metabolism is the oxidation of
10 to 11. Examination of the
genes in the biosynthetic gene
cluster for chloroeremomycin identified a gene product
(Hma$) predicted to carry out the conversion. The putative as-
signment was based on sequence homology (~35% identity,
50% similarity) to p-hydroxyphenylpyruvate dioxygenase
(HPPD).®! HPPD is an iron-dependent, nonheme dioxygenase
that catalyzes the decarboxylation of 10 and hydroxylation on
the aromatic ring. Nonheme iron oxygenases of this class typi-
cally utilize a-ketoglutarate as a cofactor to supply reducing
equivalents leading to a high energy iron-oxo species with
production of succinate.*® In the chemistry of HmaS and
HPPD, this role is served by the a-ketoacid substrate, which
leads to loss of carbon dioxide and incorporation of two
oxygen atoms from O, into the product.

Biochemical experiments confirmed that the reaction cata-
lyzed by HmaS proceeds with novel regioselectivity forming 4-
hydroxymandelate (11).2%3? The chemical mechanism of Hma$
is analogous to the chemistry of characterized nonheme iron
enzymes (Scheme 3). The substrate binds as a bidentate ligand
with the enzyme-chelated iron, and oxidation of the iron
center by a coordinated O, results in an adduct with the a-
keto group of the substrate (15). Subsequent rearrangement
of this intermediate results in loss of carbon dioxide and gen-
eration of a reactive iron(lll)-oxo species (16). This high-energy
intermediate is capable of abstracting a hydrogen atom from
the benzylic position of the substrate, which leads to the ob-
served product of HmasS. It is the regiospecificity of the C—H
activation step that differentiates Hma$S from HPPD.

The Solomon group explored the differences in the regiose-
lectivity of HPPD and Hma$S through spectroscopic and com-
putational studies.’”>® The results showed that the substrate-
bound complexes for each enzyme have a comparable elec-
tronic structure for the iron-oxo intermediate. This observation
suggests that the orientation of the substrate phenyl ring in

J [ ’
OH
O
HO S-CoA
00

7
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A) HmaS-catalyzed reaction:
ok 0, OH
non-heme
iron oxygenase
o ™ - J
= co “OH
Co; 4 3
10 1
OH OH
qj OH
0,67 “NH,* —0,¢7 0
HPG (9) . 12
HaN
L-Tyr

4-hydroxy-
mandelate

Figure 3. The biosynthetic pathway to the nonproteinogenic amino acid, 4-
hydroxyphenylglycine (HPG). A) The role of the nonheme iron-dependent di-
oxygenase, Hmas, in the overall pathway. B) View of the active sites of Hms
and the related HPPD. The proposed reactivity switch is highlighted at the
position of Phe337 (HPPD) and lle335 (HmaS), PDB ID codes 2R5V and 1CJX,
respectively.

the active site accounts for the difference in regioselectivity. X-
ray crystallographic structural analysis of HPPDs revealed that
two phenylalanine residues directly interact with the sub-
strate.”? In the corresponding positions of Hmas, sterically
smaller residues are found. Indeed, mutation of one of the
phenylalanine residues (Phe337) in the Pseudomonas fluores-
cens HPPD to isoleucine produced an enzyme with altered,
HmaS-like activity (Figure 3B).*” A more exhaustive examina-
tion of active site residues by using saturation mutagenesis
further demonstrated the role that a sterically relaxed environ-
ment plays in favoring hydroxymandelic acid synthase chemis-

try.*Y Overall, these experiments implicate direct steric inter-
actions with substrate as key determinants in controlling the
hydroxylation step.

The recent crystal structure of Hma$S bound to its product 4-
hydroxymandelate has provided a structural basis for HmaS
activity.”? The co-complex structure with the product shows
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Scheme 3. Proposed chemical mechanism for HmaS. The fate of oxygen
atoms from molecular oxygen in the product and intermediates is shown in
bold.

11 chelated to the iron center through the benzylic alcohol
and the carboxyl group. The structure also supports the pro-
posal that reaction specificity is dictated by the shape of the
hydrophobic pocket. The tighter contour of the HmaS struc-
ture restricts movement of the reaction intermediates, which
in turn limits hydroxylation to the benzylic position and produ-
ces a product similar in shape to the substrate.

The Biosynthesis of -Hydroxytyrosine

Tyrosine residues hydroxylated at the [3-position (3-HO-Tyr) are
also found as amino acid building blocks in the vancomycin
family of natural products. §-HO-Tyr residues are frequent part-
ners in aryl-ether cross-links with HPG. For some members of
the vancomycin family (e.g., teicoplanin (2), balhimycin and
chloroeremomycin) the p-hydroxyl group is a site of attach-
ment for carbohydrate moieties. The biosynthetic steps to f3-
HO-Tyr have not been biochemically reconstituted for a vanco-
mycin family member, however, genetic experiments have im-
plicated the central gene products in balhimycin biosynthe-
sis.”? The biochemical details can be inferred from related
well-characterized systems—most relevant is the [-HO-Tyr
pathway in novobiocin biosynthesis.***! Biosynthetic gene
clusters for vancomycins contain three open framing frames re-
sponsible for the formation of B-HO-Tyr (Scheme 4). The dido-
main enzyme CepK (nomenclature from the chloroeremomycin
gene cluster) employs nonribosomal peptide synthetase enzy-
mology to activate L-tyrosine (adenylation) and load it on to a
peptidyl carrier domain as a phosphopantethienyl thioester.
The hydroxylation step then occurs on the CepK-bound L-tyro-
sine by a heme iron monooxygenase of the cytochrome P450

ChemBioChem 2009, 10, 1757 - 1764
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PCP domain of CepK

L-Tyr
NH; OH
phosphopantetheine arm
g i 02
P450, CepL
k H,0
OH

l thioesterase, CepJ

\_~ H
NH* =

“0,C
OH
(R)-B-hydroxytyrosine

Scheme 4. Pathway to generate (R)--hydroxy-(S)-tyrosine for NRPS incorporation into
vancomycin-type antibiotics. The gene names are those from the chloroeremomycin bio-
synthetic cluster. A representative PCP domain (PDB ID: 2JGP) is shown, not to scale.

family. The chemical mechanism of the benzylic C—H activation
and hydroxylation for the P450 family of enzymes is well es-
tablished and involves an inter-
mediate iron(IV)-oxo species as
detailed for camphor oxidase
and other related enzymes.*
The oxidation results in an
enzyme-bound (R)-f-hydroxy-(S)-
tyrosine linked as a thioester to
CepK. In the final step, a dedicat-
ed thioesterase (CepJ) hydrolyti-
cally cleaves this intermediate to
liberate 3-HO-Tyr and regenerate
CepK. This enzymatic pathway
requires a considerable amount
of protein-based machinery to
accomplish an overall insertion
of one oxygen atom into L-tyro-
sine. A likely purpose of this HzN
scheme is to actively control the
diversion of L-tyrosine into the
secondary metabolic pathway.
Interestingly,

termination
module:

_ =

—_—

NRPS
assembly line

o]

sequenced gene -'NHZ
clusters for two teicoplanin-like
glycopeptide antibiotics do not

contain
cepJKL.“Z'B]

homologues to

These antibiotics  groups.
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differ from the vancomycin-type by containing a
single B-HO-Tyr residue. A gene homologous to non-
heme iron oxygenases was proposed as a candidate
to carry out the hydroxylation, though this path re-
mains to be confirmed.

Aryl-Aryl and Aryl-Ether Cross-Linking
Enzymes

The covalent cross-links between aromatic residues
of the vancomycin antibiotics enables the formation
of a rigid, cup-like shape that allows the antibiotics
to target p-Ala-p-Ala. Multiple variations of aryl-ether
and aryl-aryl cross-links are observed in the natural
product family members. It is these chemical steps in
the biosynthesis that play a significant role in estab-
lishing the architectural complexity of the antibiotics.
Almost invariably, one of the partners in the chemical
linkage is HPG and the other is DPG or [-HO-Tyr.
Examination of gene clusters from various antibiotic
producers reveals a direct correspondence between
the number of cross-links with (frequently contigu-
ous) genes encoding iron heme, P450 oxygenases.
For gene clusters producing the vancomycin core
structure (three cross-links, Scheme 5) the homolo-
gous P450 genes are designated oxyABC. The order
and genetic basis for the cyclization steps was first
elucidated through analysis of the balimycin produc-
er, Amycolatopsis balhimycina, through systemic gen-
eration and analysis of gene knockouts.*”*¥ Upon

fermentation of an oxyA knockout construct, a monocyclic
heptapeptide vancomycin precursor was isolated. This experi-

hydrolysis by

terminal
cross-linking P450s thioesterase
domain
e —_ -
OH
OxyB (1st) OH

Scheme 5. Schematic representation of the biosynthetic origin of biaryl and aryl-ether cross-links found in the
vancomycins. The heptapeptide is attached to the termination module of the NRPS assembly line (condensation
(C)-adenylation (A)-PCP-thioesterase (TE)) and is processed to incorporate covalent cross-links between aryl
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ment showed the ability of either OxyB or OxyC to cyclize the
middle ring system (Scheme 5). Mutant strains of A. mediter-
ranei were also created in which both oxyB and oxyC were
knocked out. The oxyB knockout strain showed no cyclization
product; this implies that the gene product catalyzes the initial
cyclization. This implicated OxyC in the final oxidative cycliza-
tion (aryl-aryl), and indeed A. mediterranei with a disruption in
the oxyC gene produced the predicted bicyclization product.
This work both elucidated the order of oxidative cross-linking
steps on the linear peptide vancomycin precursor and the spe-
cificity of each cross-linking enzyme for a substrate with the
proper degree of cyclization. A similar experimental approach
was later used to functionally assign the four genes involved
in production of the teicoplanin scaffold.”"!

X-ray crystal structures of both OxyB and OxyC from A. orien-
talis have been determined and have provided a structural
basis for the chemistry of these key steps in vancomycin bio-
synthesis.”**"" The structures revealed a typical cytochrome
P450-type protein fold with an active site cysteine-liganded
iron heme (Figure 4). One significant difference observed upon

Figure 4. Crystal structure of OxyB (PDB ID: 1LFK). Shown in blue are heli-
ces F and G from OxyB, and in overlay (semitransparent blue) the homolo-
gous helices (F* and G*) from P450nor (PDB ID: 1ROM). Helices F and G of
OxyB are shifted relative to the common P450 fold; this allows the large
substrate access to the heme center.

comparison with other P450 enzymes is an exposed active site
in the cross-linking enzymes. This open conformation was pro-
posed to allow the relatively large peptide substrate access to
the heme center. In initial in vitro biochemical assays with puri-
fied OxyB or OxyC and synthetic peptide substrates, no cycliza-
tion activity was observed. In addition, incubation of the en-
zymes with substrates under crystallization conditions yielded
diffraction quality crystals, however, electron density for the
substrate was not observed. These results suggested that the
peptide substrate must be tethered to the peptidyl carrier
domain on the NRPS assembly line in order for the formation
of aryl cross-links to occur. Loading of either hepta- or hexa-
peptide linear precursors on to an 80 residue peptide carrier
protein (PCP) domain allowed enzyme-catalyzed cross-linking
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by OxyB.F?*¥ This indicates that in vivo the coupling chemistry
of OxyA/B/C occurs while the linear peptide precursor remains
tethered to the NRPS assembly line as a phosphopantethienyl
thioester. To corroborate these observations on the timing and
chemistry of peptide cross-linking, deletion mutants that stall
peptide formation at two different locations were studied. Spe-
cifically two mutants that lack the ability to synthesize and in-
corporate the final amino acid building block, DPG."* In spite
of an incomplete peptide being produced in both mutant
strains, cross-linking activity was still observed. Notable was
the observation of a complete heptapeptide from a dpgA
mutant that had undergone all three oxidative cyclization reac-
tions with the final position in the heptapeptide containing
HPG not DPG. These observations illustrate the remarkable
flexibility in the biosynthetic process and suggest a system
with a high degree of plasticity to undergo natural and un-
natural manipulation to produce various analogues. Indeed
these systems have recently been exploited toward the in vitro
production of novel glycopeptides.***®

The chemical mechanism catalyzed by P450 cross-linking en-
zymes presents a unique example of oxidative chemistry.
Based on the high structural homology between OxyB and
OxyC, the chemical mechanism of aryl-ether and aryl-aryl
cross-linking is likely to follow a similar path. The requirement
for reducing equivalents and O, suggest an intermediate, high
energy iron(lV)-oxo species. Upon binding of the peptide sub-
strate, various mechanistic scenarios can be proposed includ-
ing electron transfer from one or both of the aromatic rings
followed by coupling or monoxidation of one ring to generate
a reactive (epoxide-type) intermediate. Labeling experiments,
both in vitro and in vivo, show that the oxygen of the aryl-
ether bridge is retained from the substrate, not derived from
0,; this disfavors a monooxidation event.®”*® Although there
have been no reported co-complex X-ray structures of either
OxyB or OxyC bound to peptide substrate, recent structural
analysis of P450 enzymes involved in flaviolin oligomerization
has provided relevant insight into the mechanistic question.
Two gene products, CYP158A1/A2 generate dimers and trimers
of flaviolin in Streptomyces coelicolor through oxidative aryl
cross-links.®¥ The X-ray crystal structures of the P450 enzymes
show two bound flaviolin substrates, but only one is within
proximity to react with the iron heme center.*®¢" This observa-
tion disfavors a coupling mechanism in which two radicals are
generated concurrently on each of the two coupling partners.
Based on these lines of evidence, one potential mechanism is
shown in Scheme 6 for aryl-ether formation (by OxyA or
OxyB). An analogous mechanism can be drawn for aryl-aryl
formation by OxyC.

Outlook

The biosynthetic construction of natural products often re-
quires complex and unique enzyme-catalyzed chemistry. The
vancomycin glycopeptides are architecturally complex, densely
functionalized small molecules. These features, along with the
importance of the antibiotics in treating drug-resistant bacteri-
al infections, have spurred interest in both chemical and bio-
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Scheme 6. Proposed chemical mechanism for aryl ether formation catalyzed by OxyB.

synthetic approaches towards the production of the natural
products and analogues. From DNA sequencing of the gene
clusters to structural characterization of the biosynthetic en-
zymes, an overall picture of the complex biosynthetic machi-
nery is emerging. The pathways to the vancomycins are based
on nonribosomal peptide synthetase enzymology. The hepta-
peptides, however, are extensively modified by dedicated en-
zymes to produce the natural products. As outlined in this
review, complex oxidative chemistry is utilized to both produce
nonproteinogenic amino acid building blocks and chemically
tailor the peptides. Together, these steps contribute significant-
ly to the structure (and function) of the natural products. In-
vestigations into the mechanism of vancomycin biosynthetic
enzymes have revealed several examples of novel oxidative
chemistry. In addition, a general understanding of the enzyme
machinery will aid efforts toward production of novel antibiot-
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How Can Folded Biopolymers and Synthetic Foldamers
Recognize Each Other?

Benoit Baptiste,” Frédéric Godde,” and Ivan Huc*®

In the last decade, chemists have synthe-
sized numerous families of oligomeric
foldamers by using a variety of back-
bones." In terms of their chemical com-
position, foldamers may be quite remote
from biopolymers, yet their folded
motifs—helices, turns, linear strands—
often resemble those of their natural
counterparts. Such a resemblance opens
great perspectives for the future devel-
opment of foldamers. Indeed, the con-
trol of molecular structure and dynamics
through folding is the corner stone of
biopolymers’  extraordinary functions.
The use of artificial backbones to invent
new functions is thus expected to give
access to countless applications. Some
long-term objectives, such as artificial
enzymes from non-a-peptidic backbones
or molecular systems that would store
and copy information as efficiently as
DNA, are being considered but remain
far from being achieved, even though
the first artificial tertiary and quaternary
structures® and even catalytic activities™
have recently been reported. Nonethe-
less, other foldamer properties have
been intensely investigated in recent
years, in particular their potential to in-
terfere with biological functions.™

At first glance, the idea of using syn-
thetic foldamers as potential therapeutic
agents is not obvious, because they are
generally much larger—typically be-
tween 0.5 and 5 kDa—than conventional
drugs. However, size can also help solve
problems that are hard to tackle with
smaller molecules. Besides, the rapid de-
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velopment of biologics shows that entire
proteins and even cells and tissues may
be used as medicinal products. More-
over, foldamers tend to show high resist-
ance to enzyme degradation and may
advantageously replace o-peptides or
oligonucleotides as active substances. So
why wouldn't foldamers find their own
niche? One area where a large size and
the plasticity of a folded structure
become an advantage is in binding to
protein or nucleic acid surfaces and the
subsequent inhibition of interactions be-
tween biopolymers.”’ The sites at which
these interactions take place have long
been recognized as valid targets, but
efficient binding at biopolymer surfaces
with small molecules has met limited
success so far. On the other hand, fol-
damers have been shown to fold into
tertiary and quaternary structures in
which artificial secondary motifs bind to
other artificial secondary motifs.” Fol-
damers thus also emerge as suitable can-
didates for binding to the surfaces of
protein or nucleic acid folded conforma-
tions.

A growing number of publications val-
idate this concept. Examples that date
from even before the term “foldamer”
was coined® include numerous mimics
of oligonucleotidic backbones, such as
peptide nucleic acids (PNA),”" which
were designed in the context of the so-
called antisense and antigene strategies;
peptoids, which are a-peptidic oligomers
whose side chains have been shifted to
the amide nitrogen atoms;® and oligo-
amides of pyrrole and imidazole, which
bind to the minor groove of duplex
DNA® In the past few years, aromatic
oligoamide foldamers with helical or
linear conformations,"%"" artificial a-pep-
tidic constructs, such as mini-proteins,!'?
branched structures"® or macrocy-
cles,"*™ B-peptide helices,"*'® and heli-
cal a/B-peptide hybrids"®?" have all

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

been shown to bind to protein or nucle-
ic acid structures and are presumed to
cover a substantial part of the surface
areas of their targets.

Two approaches may be envisaged to
identifying synthetic folded oligomers
that recognize biopolymer targets. The
first consists of eliciting arrays of interac-
tions that do not exist in nature, and cre-
ating de novo new recognition motifs.
Although there is no fundamental obsta-
cle to this approach, examples of the
sort are quite rare. Quinoline-derived hel-
ical oligoamides have been serendipi-
tously found to bind to G-quadruplex-
es," and their mode of interaction is
likely to be new but it has not yet been
elucidated. Pyrrole and imidazole oligo-
amides that bind in the minor groove of
DNA were initially inspired by the bind-
ing mode of the natural product dista-
mycin A, but were thereupon extended
by design to an artificial extensive recog-
nition mode of nucleotidic sequences.”
In fact, most artificial folded structures
capable of recognizing biopolymers
through new recognition schemes are
not synthetic foldamers but non-natural
peptidic or nucleotidic sequences, such
as aptamers,”? that are produced by in
vitro evolution techniques using molecu-
lar biology tools.

The second strategy for identifying
synthetic folded oligomers that recog-
nize biopolymer targets consists of mim-
icking arrays of interactions that already
exist in nature, for example protein epi-
topes.”® This generally amounts to creat-
ing mimics of the secondary-folded
motifs of proteins or nucleic acids. Some
of these mimics follow quite obvious
designs: PNAs as DNA analogues” and
peptoids as peptide analogues.® Yet the
task is far from easy. For example, a cen-
tral issue that has proven to be very
challenging is the design of a-helical
peptide mimics. This problem is often re-
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duced to finding scaffolds that display
an array of proteinogenic residues at dis-
tances identical to those found at the i,
i+4 and i+7 positions of a-helices. This
has been achieved by Hamilton and co-
workers, who have shown that aromatic
oligoamides or oligoureas can mimic an
a-helical domain of the protein BH3 and
bind into the hydrophobic cleft of the
Bcl-x, protein with good affinities,"" al-
though these affinities remain smaller
than those of a-peptidic constructs.!'>'¥
Helical 3-peptides can adopt a variety
of conformations (Figure 1), and it has
been hoped that some of them could

These doubts and difficulties arise from
the fact that none of the various kinds of
B-peptide helix accurately reproduces
the spatial arrangement of residues
found in o-helices (Figure 1). The distri-
bution of the side chains in space varies,
helical handedness can be P or M, and
the orientation of the helix macrodipole
with respect to the C and N termini can
also be inverted.

A successful refinement of this ap-
proach has emerged in the past two
years and consists of tuning the position
of residues at the helix surface through a
combination of a- and [-amino acids in

10/12 helix 12 helix 14 helix

14/15 helix

11 helix o-helix

B-peptides

o/B-peptides

Figure 1. Side and top views of various 8- and o/f3-peptide helices and of an a-helix illustrating the
global common appearance of these structures yet clear differences in the spatial organization of side

chains.

mimic a-helices. Several works tend to
validate this hypothesis: (3-peptidic heli-
ces have been used to bind to the hy-
drophobic groove of the protein hDM2
and to inhibit interactions with the a-
helix of the protein p53;'® they have
been shown to bind to proteins of the
brush border membrane and inhibit cho-
lesterol absorption by the small intes-
tine;"® they have even served to replace
an entire a-helical domain of a human
interleukin 8 that then remains sufficient-
ly well folded to be active.'”’ However, in
all three cases, the B-peptide helix only
mimics the overall amphipathicity of the
natural a-helix. It is unclear whether in-
teractions between the side chains of
the target protein and its natural a-heli-
cal ligand/fragment are mimicked in all
their intricacy by the P-peptide helix.
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the same sequences, either in periodic
arrangements (e.g., afap, aapp, etc) or
in nonperiodic arrangements (e.g. o/f +
a).'*?% Definite progress was shown by
the identification of a/f+oa chimeric
peptides that inhibit the interaction be-
tween Bcl-x, and its proapoptotic part-
ner with Ky values in the 2 nm range. It is
striking, however, that despite intensive
efforts, these sequences were not de-
rived from a structure-based design, but
from a systematic variation of a and f
residues, a method named “sequence-
based design” by the authors.”” Since
the design of synthetic foldamers rests
primarily on structural considerations, it
is reasonable to hope that their interac-
tions with biopolymers would also be
structure-based. Why have develop-
ments in this direction remained so

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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slow? One critical element is a sheer lack
of accurate structural information and, in
particular, of crystallographic data at
atomic resolution on the recognition in-
terface between biopolymers and syn-
thetic foldamers. Two early examples are
the crystal structures of a peptoid bound
to Src homology 3 (SH3) protein® and
that of an oligoamide of pyrrole and imi-
dazole bound to the complementary
sequence of duplex DNA.""!

In this context, the recent publica-
tion®?" by Fairlie, Gellman and colleagues
of the crystal structure of an a/f+ a chi-
meric peptide bound to the BH3-recog-
nition cleft of the protein Bcl-x, repre-
sents a highly important contribution
(Figure 2). This structure validates (and
provides a structural basis for) a number
of sequence-affinity relationships previ-
ously established in solution studies. It
confirms that the o/f decameric seg-
ment adopts a 14/15 helical conforma-
tion (Figure 1), whereas the C-terminal
a-peptidic segment is a-helical. It shows
why either side-chain modifications or
residue homologation at some a-pepti-
dic positions of the foldamer in close
contact with Bcl-x, result in a substantial
decrease of foldamer binding. On the
other hand, some solvent-exposed resi-
dues may be modified with greater toler-
ance. The structure validates the initial
concept that a foldamer helix can mimic
an o-helix if it can (very) accurately re-
produce the spatial organization of the

M Foldamer 1
M Bim®BH3

S o-Leus / Leu62
[ ACPC-7/

Argé3~ |
ACPC-5/
Glu61

ACPC-3/Ala59

Figure 2. Overlay of the crystal structures of a
Bim®? a-peptide (blue ribbon) and of an a/f +«a
chimeric peptide foldamer (green ribbon) bound
to the BH3-recognition cleft of Bcl-x_ (in gray). De-
tails of the ligand-protein interfaces, in particular
at B-peptidic residues, and the analogously posi-
tioned side chains on Bim®* are shown. Repro-
duced with permission from ref. [21]. Copyright:
Wiley-VCH, 2009.
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a-peptide side chains. A careful examina-
tion of the foldamer-Bcl-x, complex
structure also suggests that cyclic $-pep-
tide residues as well (ACPC: trans-2-ami-
nocyclopentane-carboxylic acid) can es-
tablish intimate new contacts with the
protein surface and significantly contrib-
ute to complex stability (Figure 2).

Structural studies of foldamer—protein
interactions thus greatly enhance our
knowledge of how binding occurs and
are expected to improve our ability to
design foldamers targeted to specific
proteins or nucleic acids. Even though
examples have been rare thus far, more
are expected to follow in the coming
years. There are indeed many reasons to
believe that foldamers, be they chemical-
ly similar or remote from biopolymers,
might constitute adequate scaffolds for
creating stable complexes based on ex-
quisite surface complementarity or even
chimeric tertiary structures involving pro-
tein, nucleic acid and foldamer frag-
ments.
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NMR Spectroscopic Investigation of Early Events in IAPP Amyloid Fibril

Formation
Rajesh Mishra,”” Matthias Geyer,"

The islet amyloid polypeptide (IAPP) is a hormone, secreted by
pancreatic 3-cells along with glucagon and insulin. A balanced
ratio of insulin and IAPP keeps the glucose metabolism of
humans under control.™ Disturbance of this balance results in
type Il diabetes mellitus. Most patients diagnosed with type Il
diabetes have a deposition of extracellular amyloid in the pan-
creas, and biochemical analysis has revealed that the main
component of the amyloid deposit is IAPP. IAPP comprises 37
amino acids and is C-terminally amidated. In addition, cys-
teines 2 and 7 form a disulfide bond.”® Under physiological
conditions, IAPP remains soluble and a random coil structure
has been reported by circular dichroism (CD) spectroscopy.”
However, in the pathological condition of type Il diabetes, IAPP
adopts a fibrillar structure rich in f-sheets.”

It is still unclear what triggers the conversion of soluble
monomeric IAPP into insoluble amyloid fibrils. Mostly biophysi-
cal and mutagenesis approaches have been used to under-
stand IAPP fibril formation in vitro.®” A wealth of information
about the role of the amino acid sequence in IAPP fibril forma-
tion has been obtained from rat IAPP (rlAPP), which differs in
only six amino acid residues but does not form amyloid fi-
brils.® The non-aggregating nature of rlAPP was attributed to
three proline residues in region 20-29 in the peptide. One
other important difference in IAPP residues in the two species
is the presence of arginine at position 18 in rat and histidine in
humans. Although the preventive properties of the proline res-
idues in IAPP fibrillation have been well studied,’® biophysical
studies that pinpoint the roles of specific residues in the initia-
tion of IAPP amyloid formation are missing. Various real-time
spectroscopic methods have been used to monitor amyloid
fibril formation in bulk solution,®'® as well as in the presence
of membranes,™'? but residue-specific information on the
native peptide, which can best be obtained by NMR spectros-
copy, is so far lacking. In a recent NMR spectroscopic study it
was shown that rIAPP forms transient stretches of helical struc-
ture in its monomeric form." In another study on human IAPP
free acid, it has been indicated that the N terminus has a pro-
pensity for a-helical structure formation, but owing to the fast
aggregation rate these studies were carried out only on the
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charged IAPP free acid."” In an attempt to study the early
stages of glucagon amyloid fibril formation, one-dimensional,
correlation and diffusion experiments were carried out by NMR
spectroscopy."” Other approaches such as the application of
high pressure to dissociate the fibril or to stabilize oligomeric
structures during amyloid formation have also been shown to
provide insight into the fibrillation reaction.!®'”

In this study we elucidated the monomeric structure of full-
length human IAPP (hIAPP, Figure 1) and the role of specific
amino acid residues in the initiation of IAPP fibril formation by
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Figure 1. NMR fingerprint region of human IAPP. A) Amino acid sequence of
native human IAPP. B) 2D 'H,'H TOCSY spectrum of human IAPP at pH 5.5,
10°C. NH,Ha assignments of the amino acid residues are labelled.

NMR spectroscopy. IAPP is known to be one of the most amy-
loidogenic, and hence most rapidly aggregating, proteins,
which is one of the reasons why it is difficult to find spectro-
scopic methods capable of providing critical information relat-
ing to changes in secondary structure and the role of specific
residues in conformational changes. Through optimization of
the NMR conditions we were able to identify the initial events
of IAPP fibril formation, and it proved possible to monitor the
transition from soluble IAPP to insoluble fibrillated IAPP by
NMR spectroscopy.

It had previously been difficult to characterize the monomer-
ic state of native human IAPP by NMR spectroscopy, due to
the highly aggregation prone nature of IAPP and the rather
high peptide concentrations required for NMR studies. Previ-
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ous studies by CD spectroscopy reported a random coil-like
structure for native IAPP in aqueous solution.” Structure deter-
mination of soluble monomeric IAPP under physiological con-
ditions at pH 7.4 and 37°C appears almost impossible, due to
its high rate of aggregation under the concentration condi-
tions needed for NMR. To overcome this problem, the pH can
be reduced, which is in fact reasonable, because IAPP is stored
in secretory granules in which the pH is moderately acidic
(around pH 5.5)."® A moderately acidic pH might result in pro-
tonation of the histidine, which would in turn be analogous to
the situation in rat IAPP, in which histidine is replaced by argi-
nine. This should reduce the rate of aggregation of human
IAPP. The low pH and the environment in secretory granules
prevent IAPP from forming amyloid. In addition, to reduce the
rate of aggregation further, the temperature in the NMR meas-
urements was set to 10°C. Moreover, we also optimized the
NMR conditions so that we could work with IAPP concentra-
tions as low as 40 um. The combination of low pH, low tem-
perature and low concentration finally allowed us to carry out
kinetic measurements on I|APP fibril formation by real-time
NMR spectroscopy.

2D NMR spectra obtained at pH 5.5 revealed a good disper-
sion of the chemical shifts, as shown in the fingerprint region
of the TOCSY spectrum (Figure 1B). Residue assignments were
carried out with the help of intraresidual and sequential NH,Ha
and NH,Hp resonances by standard correlation and NOE con-
nectivities.'"?” Except for the amino-terminal lysine and cys-
teine 2, all residues could be unambiguously identified as
shown in Figure 1 and in Table S1 in the Supporting Informa-
tion. The chemical dispersion indicates a largely random-coil-
like structure of monomeric IAPP in solution. No long-range
NOEs were observed, indicating the absence of secondary and
tertiary structure under these conditions.

The amyloid fibril formation is a multistep event in which
the random-coil-like conformation of the monomer changes
into a cross-B-sheet fibrillar structure.?” During the early
stages of fibril formation nucleation takes place, and further
addition of monomers or oligomers leads to the formation of
mature fibrils. Whereas solution NMR spectroscopy is the
method of choice for study of the soluble structure, solid-state
NMR on powder samples is appropriate for analysis of the fi-
brillized form. Because the rate of aggregation is very fast after
nucleation, further events cannot be captured by solution
NMR spectroscopy, due to the peak broadening and finally the
complete loss of NMR signal intensity. In addition, the polydis-
persity of the evolving aggregate structures makes retrieval of
structural information almost impossible. However, NMR spec-
troscopy is at the same time the most powerful technique for
observation of changes in monomer structure at a residue-
specific level and for capturing of the transient species at the
onset of the nucleation and aggregation process. So far, there
are no reports in which early fibrillation events during the lag
phase of IAPP have been captured by NMR.

For the observation of the IAPP aggregation kinetics under
NMR conditions, a pH titration series was performed, in order
to allow determination of the best conditions for recording of
well-resolved TOCSY spectra during the lag time of the fibrilla-
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tion process. For a 40 um hIAPP sample resolved in aqueous
buffer, a retarded fibrillation process over 140 h was achieved
at pH 5.65 and 10°C. Collection of each TOCSY spectrum was
adjusted to 18 h. Thus, to observe the fibrillation process in
the NMR tube, a total of eight TOCSY spectra were recorded

A)
after 108 h [-4.5
i
( ' fl E
fl “ g
it i -0
06 Ly - H
-
0y
| ' {au ¢ E
9.0 8.5 o 8.0 7.5 8, (ppm)
after 126 h }3,5
5 0 E S, (ppm)
G33l V32 N
i L
{ T36 F
hiy - 4.0
LZ?*/SH “rao AZ5 i
529{ ' \1{ q beis T4 E H
L
N3ET N I
/ [
9.0 85 . 80 7.5 5, (ppm)
B)
10 nm
0 nm
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Figure 2. Kinetics of IAPP fibril formation observed by NMR spectroscopy.
A) TOCSY spectra of IAPP (40 pm, pH 5.65, 10°C): top: after 108 h, and
bottom: after 126 h. B) AFM image of the fibrils formed after 144 h under
the same conditions.
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with a mixing time of 100 ms. In between each A)
TOCSY spectrum, 1D spectra were recorded to 8-
ensure the homogeneity of the solution. No signifi- 7l
cant changes were seen in the first six TOCSY spectra

recorded. In the seventh TOCSY spectrum, recorded 5 6
after 108 to 126 h lag time, however, some of the S 5]
peaks had completely disappeared whereas other °E’ i
peak intensities still remained resolved, indicating the =
onset of the aggregation reaction in this time % 34
regime. During recording of the eighth TOCSY spec- 2 5
trum (at 126 to 144 h) all peaks finally vanished. The

transition occurring between the sixth and the sev- H
enth TOCSY spectra is shown in Figure 2A, and the 0
subsequent fibril formation was confirmed by atomic

force microscopy (AFM), which displays the typical

fibril height of 3 nm (Figure 2B). We also carried out

kinetic AFM experiments under NMR conditions at B)
concentrations of up to 100 pm, which showed the 0.2 -
appearance of the first amyloid fibrils in the same g
time range of 100-120 h. Exact comparison, particu- 04
larly for the transition stage as observed in the NMR — |
spectra, is difficult to achieve, however, because dif- @

; ; £ -02-
ferent sizes of species are probed by the two tech- =
niques. :5: i

As depicted in Figure 3 (for better visualization, an § =did
enlarged version of Part A is also included in the Sup- g ]
porting Information), a detailed analysis by integra- % -0.6
tion of the cross-peak volumes showed that overall £
the N-terminal residues 1-17 disappear first, whereas 2 08
the peak intensities of residues 18-37 vanish at a
later stage. The disappearance of the NH,Ca cross- -

peaks suggests that the N-terminal residues are in-
volved in the initiation of amyloid fibril formation
solely through intermolecular interaction, and it is
only at a later stage that reorientation of the C-termi-
nal residues to form fibrillar structures takes place.
Only residues T4 and F15 do not seem to be involved
in this initiation process.

The lack of involvement of the C-terminal residues

Tabig 4F blaba [3sbesteih slefus
A w EEE iEpEs=
TT3|§@ [ ] TIE; 2E§J*‘-S!e 1 :! l 5’
m 18h-90h
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Figure 3. Kinetics of IAPP fibril formation as observed by 2D NMR spectroscopy. Succes-
sive TOCSY spectra were collected to follow the disappearance of the amide protons
upon onset of the nucleation and fibrillation reaction. The figure shows A) the time evo-
lution of the changes in peak volumes, and B) for better visualization the corresponding
peak volume changes normalized to the initial peak volume—», =[/(t)—/(0)1//(0) (n=—1 if

the peak volume approaches zero)—between 18-90, 108, 126 and 144 h of incubation

in the initiation of the fibrillation reaction is surpris-
ing. In the current view of hIAPP fibril formation, the
core amyloidogenic region of the hIAPP amyloid is
believed to be region 20-29.®' Moreover, EPR?*? and
solid-state NMR studies™® on full-length IAPP amyloid fibrils in-
dicate that the N-terminal region is less ordered in the fibril.

In another set of experiments, the kinetics of IAPP fibril for-
mation were also studied at slightly higher pH (pH 5.8) with re-
duced lag phase. The data show the same trend: that is, the
N-terminal residues disappear first and the C-terminal residues
at a later stage (Figure S1).

In conclusion, these NMR data reveal new atomic-level struc-
tural details of the prefibrillar state of the hIAPP aggregation
reaction. The chemical-shift dispersion of native hIAPP is typi-
cal of a largely disordered peptide, in agreement with litera-
ture data.™ Our data strongly suggest that the N-terminal
region of hIAPP (residues 1-17), and not the main amyloido-
genic region (residues 20-29) of hIAPP, is involved in the initial

ChemBioChem 2009, 10, 1769- 1772

at T=10°C.
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self-association of the peptide in bulk solution. Interestingly, it
has been shown recently that hIAPP aggregation and fibrilla-
tion are drastically heightened in the presence of anionic lipid
membranes and also occur through insertion of the N-terminal
region of hIAPP, which is followed by formation of a-helical in-
termediate structures.""'? Hence, we can conclude that fibrilla-
tion in the bulk and in the presence of anionic membranes fol-
lows the same route and that the transient a-helical sampling
of IAPP in solution could be a structural reflection of similar
states stabilized by anionic lipid membranes."® Our findings
might also be of significance for optimization of small-mole-
cule inhibitors for IAPP fibril formation,”” which has so far
been hampered by the lack of structural information on the
early events of fibril formation.
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Experimental Section

Synthetic human IAPP was obtained from Calbiochem (Germany),
and hexafluoroisopropanol (HFIP) from Riedel-de Haen (Germany).
Fibril formation was carried out essentially as described earlier.*”
For the NMR measurements, the peptide was dissolved in HFIP to
disaggregate the sample, followed by removal of the solvent by
lyophilization. The lyophilized peptide was dissolved in sodium
acetate buffer (10 mm, pH 5.5) to a final concentration of 40 um.
NMR experiments were performed on a 600 MHz Varian INOVA
spectrometer at 10°C. The instrument was equipped with a single
gradient axis and triple resonance probe. TOCSY and NOESY spec-
tra were acquired in the phase-sensitive mode and watergate sup-
pression was used to reduce the water peak. For the monomeric
structure of IAPP, TOCSY spectra were recorded with 60 to 100 ms
mixing times by use of DIPSI spinlock and an 8 kHz RF field. NOESY
spectra were recorded with 200, 300, 400 and 600 ms mixing
times. The fibril formation was started by placing the IAPP solution
in the NMR tube. In between each TOCSY, 1-D spectra were record-
ed. During the kinetics of IAPP fibril formation, each TOCSY was
recorded with use of a 100 ms mixing time with 160 scans, 152 in-
crements and 3276 data points. The data were acquired by use of
VNMR software. Proton assignments of backbone and side chain
resonances were carried out from homonuclear 2D TOCSY and
NOESY spectra, and peak volumes were determined to the noise
level with the aid of the Aurelia software by an integration routine
optimized for the resolution of overlapping peaks.” Figure 3B has
been plotted with initial volumes taken from the mean of meas-
urements 1-5 (18-90 h, which exhibit no changes in the spectral
patterns) for each residue and the error bars are given. The error
bars for the sixth (108 h) and seventh (126 h) measurement have
been calculated with the statistical accuracy of all measurements
taken into account. AFM was performed as described earlier.*¥
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Selective Detection of Phosphotyrosine in the Presence of Various
Phosphate-Containing Biomolecules with the Aid of a Terbium(lll) Complex

Hiroki Akiba, Jun Sumaoka,* and Makoto Komiyama*®!

Protein kinases control many cellular processes by specifically
phosphorylating serine (Ser), threonine (Thr), or tyrosine (Tyr)
residues in their target proteins."? Among these, the phos-
phorylation of Tyr is a key step in numerous types of cellular
regulation.>¥ It is well-known that excessive phosphorylation
of receptor and nonreceptor tyrosine kinases occurs in some
tumor and cancer cell lines.”’ However, phosphorylated Tyr ac-
counts for less than 1% of total phosphorylated amino acids,
and many of the roles of phosphotyrosine (pTyr) are not yet
clearly known. Accordingly, precise and selective detection of
pTyr in vitro and in vivo should allow for deeper understand-
ing of cellular events and their disorders. Simple and stable
probes that respond only to pTyr are thus required. Most of
the chemical probes used to label phosphoproteins that have
been developed over the decades merely work as affinity tags
for phosphate groups and hardly discriminate between pTyr
and phosphoserine or phosphothreonine (pSer/pThr).**! In this
study, pTyr is selectively detected through the emission from a
Tb" complex. On interaction of pTyr with the complex, the
luminescence from the complex is enormously increased, due
to efficient energy transfer from the pTyr benzene ring to the
Tb". In contrast, the other two phosphorylated amino acids
(pSer/pThr) are almost silent in emission, although they are
also bound by the complex. Clear-cut detection of pTyr is ac-
complished.

Luminescence from lanthanide ions shows various features
such as long lifetimes, large Stokes’ shifts, and sharply-spiked
emission bands. However, the emission intensity produced by
the direct excitation of these ions themselves is relatively small
because the f-f transitions are Laporte-forbidden. In order to
obtain strong emission, a sensitizing chromophore (“antenna”)
must be placed close to the ion. Once the antenna absorbs
light energy, the ion is excited through an energy transfer pro-
cess and its luminescence is notably enhanced. Because of this
characteristic sensitizing process, both lanthanide ions and
their complexes have been used as sensing probes.®'? In the
case of pTyr detection, Niedbalski et al. reported that lumines-
cence from the Tb" ion is promoted by interaction with pTyr
but little affected by other amino acids, including pSer/pThr."”
However, the Tb" ion also bound other molecules—guanosine-
5’-monophosphate (GMP), for example—and emitted notable
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luminescence (see below). Parker et al. have also developed
lanthanide complexes that selectively bind pTyr and further
carry antenna moieties in their ligands for intramolecular
energy transfer.™ Considerable selectivity for pTyr detection
was accomplished through sophisticated design of the ligand.
In terms of the difference in spectral change, mainly based on
affinity preference, however, completely clear-cut discrimina-
tion was not very easy.'”

Here we have employed an entirely different strategy for
selective detection of pTyr. As depicted in Scheme 1, the Tb"
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Scheme 1. Design of a phosphotyrosine-specific sensor based on the “anten-
na effect”. A) Chromophore-free Tb" complex clearly reveals pTyr through
emission from the Tb" ion because the excited energy of the benzene ring
of the pTyr is efficiently transferred to the ion. B) Nonphosphorylated tyro-
sine does not bind to the Th" complex and efficient energy transfer does
not occur, so the emission intensity is not enhanced. C) pSer/pThr does not
have a benzene ring to absorb the energy, and so emission intensity is not
enhanced. Abbreviations; Ex: excitation; ET: energy transfer; Em: emission.
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complex used never carries a chromophore as an antenna.
1) When pTyr binds to this Tb" complex through its phosphate
group, the distance between the Tb" and the pTyr benzene
ring (antenna) is short enough to allow facile energy transfer,
and accordingly, the emission from Tbh" significantly increases.
2) In contrast, nonphosphorylated Tyr does not have a phos-
phate group to bind to the Tb", 3) whereas pSer/pThr has no
aromatic ring to work as an antenna. Therefore, neither non-
phosphorylated Tyr nor pSer/pThr induces a significant signal,
so pTyr is selectively and clearly detected. Nonselective emis-
sion from other molecules likely to be present (GMP and nucle-
ic acids) is efficiently suppressed by use of 2,2’,2",2"'-(1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetamide (DOTAM)
as the ligand.
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NH, The Tb"-DOTAM complex was
prepared as described in the litera-
ture.” The luminescence from Tb"
was detected with excitation at

2 262.5 nm, at which the benzene
ring of pTyr has a strong absorp-
tion. Table 1 shows the lumines-

o
HZN\H/EN/_\N]O
© '~y N\/U\NH

H,N
DOTAM

Table 1. Relative enhancement effects of various additives on the lumi-
nescence (A, =545 nm) from the Th"-DOTAM complex.

Additive Additive Luminescence

(relative intensity)

Luminescence
(relative intensity)

_[a 1

phenol 0.99 phenyl phosphate 9.9

Ser 1.0 pSer 1.0
Thr 1.1 pThr 1.0
Tyr 1.1 pTyr 55

[a] Luminescence intensity in the absence of any additive.

cence intensities (545 nm) from this Th" complex in the pres-
ence of various additives. Both pTyr and phenyl phosphate
(model compounds for Tyr-phosphorylated protein) notably in-
creased the luminescence intensity (see also Figure 1A). These
results indicate that the phosphate residues of these com-

A)
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Figure 1. Effects of phenol (magenta), phenyl phosphate (red), and GMP
(green) on the emission from A) the Tb"-DOTAM complex, and B) the Tb"
jon. Blue lines show the luminescence in the absence of additive. In (B), the
blue line and the magenta line are completely superposed.
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pounds interact with the Tb"-DOTAM complex and that the ex-
citation energy of the benzene ring is efficiently transferred to
the emitting metal center. On the other hand, Tyr, pSer, and
pThr (as well as phenol, Ser, and Thr) induced only marginal in-
creases. Selective sensing of pTyr and phenyl phosphate with
the aid of this Tb" complex was therefore successful.

We further analyzed the mode of interaction by estimating
the gvalue (the number of water molecules coordinated to
Tb" ions).™ Luminescence lifetime measurements indicated g
~1 for the Tb"-DOTAM complex, whether or not phenyl phos-
phate is bound (see the Supporting Information for details).
Accordingly, no removal of coordinated water occurs and the
interaction between Th"-DOTAM and phenyl phosphate is be-
lieved to be ion-pairing rather than direct coordination.” The
increase in luminescence upon addition of phenyl phosphate
is the result of the energy transfer from the benzene ring,
rather than the removal of water molecules to quench lumi-
nescence.

It is also noteworthy that GMP hardly increased the lumines-
cence intensity from the Tb"-DOTAM (the green line in Fig-
ure 1A). When Tb" ion itself was used, pTyr enhanced the lumi-
nescence from the ion, as previously reported by Niedbalski
et al. In that case, however, GMP enormously enhanced the lu-
minescence (see the green line in Figure 1B), as also described
in the paper."” In the absence of DOTAM, GMP strongly binds
to the Tb" ion through multiple coordination both of the
phosphate residue and of the guanine ring (N7 and O6;
Scheme 2B).” In this structure, the guanine group is located
near the Tb", so its strong antenna effect gives rise to strong
emission from the Tb". For selective detection of pTyr, back-
ground signals of this type have to be suppressed. On the

A)
: E too large distance for ET

&l Strong Em

‘or short distance

S

H

f”'x.m
\Q‘z

»

HO OH Ex

Scheme 2. Coordination of GMP and enhancement of luminescence emis-
sion. A) In the presence of the Tb"-DOTAM complex, the guanine ring is lo-
cated far away from the Th" even when its phosphate is bound to the Tb",
so GMP induces a minimal increase in the emission intensity. B) In the case
of free Tb" ion, both the phosphate group and the guanine ring in GMP co-
operatively bind to the ion and the close proximity induces efficient energy
transfer, so strong emission occurs upon addition of GMP.
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other hand, Tb"-DOTAM was not sensitized by GMP. This indi-
cates that DOTAM ligand prevents simultaneous interactions
by both the phosphate residue and the guanine ring of GMP,
so energy transfer is never efficient (Scheme 2 A). Similarly, Tb"
was sensitized by using single-stranded DNA or RNA,” but the
Tb"-DOTAM complex was not (see below). Therefore, in order
to suppress these background signals, the DOTAM ligand is
necessary.

In order to demonstrate further utility of the Tb"-DOTAM
complex, the phosphorylation of the Tyr residue in a nonapep-
tide (Glu-Glu-Glu-lle-Tyr-Glu-Glu-Phe-Asp) was assayed with the
aid of this complex. (This oligopeptide is a consensus sequence
that is post-translationally modified by v-Src on Tyr in cells)."
The presence or the absence of phosphorylation was clearly
distinguishable by the naked eye (compare the two cuvettes
photographed in Figure 2 A; the spectra are also shown in Fig-
ure 2C). When the nonapeptide was not phosphorylated, the
luminescence from Tb"-DOTAM was very weak. Upon phos-
phorylation of its Tyr unit, however, the luminescence was con-
siderably enhanced.”? Although these sample solutions con-
tained RNA, which is abundant in cytoplasm, its antenna effect
never enhanced the emission." In contrast, aqueous solutions
of Th" ion-containing RNA emitted notable luminescence due
to the “antenna effect” of the RNA, even when the nonapep-
tide was not phosphorylated (Figure 2B, left). Accordingly, dis-

A)

Tb"-DOTAM
TbHI - o + +
Phosphorylation - + - +
RNA + + + +
D)
B r s B
5 | 35
4| £
3t 83
c
2 3 2
w
AN AL LA N
= A A o > ,
450 500 550 600 450 500 550 600
Alnm Alnm

Figure 2. The detection of Tyr phosphorylation on the v-Src substrate nona-
peptide EEEIYEEFD in RNA-containing solutions. A) and B) are photographs
of solutions of A) the Tb"-DOTAM complex (100 pm) and B) the Tb" ion

(20 pm) containing either nonphosphorylated peptide (left) or its phosphory-
lated product (right). The RNA (1/200 equivalent to the oligopeptide) was
added as a typical biomolecule that might also be present in the sample sol-
utions. A handheld UV lamp (4., =254 nm) was used as a light source.

C) and D) are luminescence spectra corresponding to A) and B), respectively.
Red line: phosphopeptide; blue line: nonphosphorylated peptide. The spec-
tra are normalized so that the luminescence intensity at 545 nm with the ad-
dition of nonphosphorylated peptide is 1.
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crimination between phosphorylated and nonphosphorylated
peptides was relatively difficult (Figure 2B and 2D). The use of
the Tb"-DOTAM complex is absolutely necessary to assay these
specimens. Attachment of recognition moieties to the complex
should further enhance the selectivity.

In conclusion, the Th"-DOTAM complex provides a simple
and robust method for selective detection of phosphorylation
of tyrosine in peptides. Applications of this finding to various
analyses, as well as further optimization of the ligand structure,
are currently underway in our laboratory.

Experimental Section

Luminescence measurements were conducted in 4-(2-hydroxyeth-
yl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.0, 10 mm)
containing either Tb"-DOTAM complex or Tb" ion (100 um) unless
otherwise stated. Additives were added to the solution to a con-
centration of 100 um. The spectra were measured with a FP-6500
fluorimeter (JASCO, Tokyo, Japan) with excitation at 262.5 nm,
soon after the additives had been added.

Acknowledgements

We thank Prof. Kazuyuki Ishii for performing luminescence life-
time measurements. This work was partially supported by a
Grant-in-Aid for Scientific Research and Global COE Program
(Chemistry Innovation through Cooperation of Science and Engi-
neering) from the Ministry of Education, Culture, Sports, Science
and Technology, Japan.

Keywords: lanthanides - luminescence -

terbium - tyrosine

phosphopeptides -

[1] a) T. Hunter, Cell 2000, 100, 113-127; b) P. Cohen, Nat. Cell. Biol. 2002, 4,
E127-E130.

T. Hunter, Philos. Trans. R. Soc. Lond. B 1998, 353, 583-605.

a) A. Guo, J. Villén, J. Kornhauser, K. A. Lee, M. P. Stokes, K. Rikova, A.
Possemato, J. Nardone, G. Innocenti, R. Wetzel, Y. Wang, J. MacNeill, J.
Mitchell, S.P. Gygi, J. Rush, R.D. Polakiewicz, M.J. Comb, Proc. Natl.
Acad. Sci. USA 2008, 105, 692-697; b) W. Luo, R. J. Slebos, S. Hill, M. Li, J.
Brabek, R. Amanchy, R. Chaerkady, A. Pandey, A.-J. L. Ham, S. K. Hanks, J.
Proteome Res. 2008, 7, 3447-3460.

a) S. Tamaru, |. Hamachi, Struct. Bonding (Berlin) 2008, 129, 95-125; b) E.
Kinoshita, M. Takahashi, H. Takeda, M. Shiro, T. Koike, Dalton Trans.
2004, 1189-1193; o) E. Kinoshita, E. Kinoshita-Kikuta, K. Takiyama, T.
Koike, Mol. Cell. Proteomics 2006, 5, 749-757; d) A. Ojida, Y. Mito-oka, K.
Sada, I. Hamachi, J. Am. Chem. Soc. 2004, 126, 2454-2463; e) B. Schulen-
berg, R. Aggeler, J. M. Beechem, R. A. Capaldi, W. F. Patton, J. Biol. Chem.
2003, 278, 27251-27255; f) B. Schulenberg, T. N. Goodman, R. Aggeler,
R. A. Capaldi, W. F. Patton, Electrophoresis 2004, 25, 2526-2532.

pTyr recognition based on the affinity preferences of small molecules
has been reported: a) E.S. Cotner, P.J. Smith, J. Org. Chem. 1998, 63,
1737-1739; b) M. Ghosh, T. C. Sanders, R. Zhang, C.T. Seto, Org. Lett.
1999, 7, 1945-1948.

a) . Hemmila, V.-M. Mukkala, Crit. Rev. Clin. Lab. Sci. 2001, 38, 441-519;
b) F. S. Richardson, Chem. Rev. 1982, 82, 541-552; ¢) H. G. Brittain, F.S.
Richardson, R. B. Martin, J. Am. Chem. Soc. 1976, 98, 8255-8260; d) J. P.
MacManus, C. W. Hogue, B.J. Marsden, M. Sikorska, A. G. Szabo, J. Biol.
Chem. 1990, 265, 10358-10366.

a) P.K-L. Fu, C. Turro, J. Am. Chem. Soc. 1999, 121, 1-7; b) D. P. Ringer, S.
Burchett, D. E. Kizer, Biochemistry 1978, 17, 4818-4825; c) M. D. Topal,
J. R. Fresco, Biochemistry 1980, 19, 5531-5537; d) S. C. Klakamp, W. DeW.
Horrocks, Jr., J. Inorg. Biochem. 1992, 46, 175-192.

[2]
[3]

[4

5

&)

S

1775

www.chembiochem.org



http://dx.doi.org/10.1016/S0092-8674(00)81688-8

http://dx.doi.org/10.1038/ncb0502-e127

http://dx.doi.org/10.1038/ncb0502-e127

http://dx.doi.org/10.1098/rstb.1998.0228

http://dx.doi.org/10.1073/pnas.0707270105

http://dx.doi.org/10.1073/pnas.0707270105

http://dx.doi.org/10.1021/pr800187n

http://dx.doi.org/10.1021/pr800187n

http://dx.doi.org/10.1039/b400269e

http://dx.doi.org/10.1039/b400269e

http://dx.doi.org/10.1021/ja038277x

http://dx.doi.org/10.1074/jbc.C300189200

http://dx.doi.org/10.1074/jbc.C300189200

http://dx.doi.org/10.1002/elps.200406007

http://dx.doi.org/10.1021/jo971979i

http://dx.doi.org/10.1021/jo971979i

http://dx.doi.org/10.1021/ol990301h

http://dx.doi.org/10.1021/ol990301h

http://dx.doi.org/10.1021/cr00051a004

http://dx.doi.org/10.1021/ja00441a060

http://dx.doi.org/10.1021/ja9826082

http://dx.doi.org/10.1021/bi00615a032

http://dx.doi.org/10.1021/bi00565a011

http://dx.doi.org/10.1016/0162-0134(92)80028-T

www.chembiochem.org



(8]

s

[10]

[11]

[12]

1776

BIO

a) T. Gunnlaugsson, D. A. Mac Dénaill, D. Parker, J. Am. Chem. Soc. 2001,
123, 12866-12876; b) J.-C. G. Blnzli, C. Piguet, Chem. Soc. Rev. 2005, 34,
1048-1077; c) K. Hanaoka, K. Kikuchi, H. Kojima, Y. Urano, T. Nagano, J.
Am. Chem. Soc. 2004, 126, 12470-12476; d) C. L. Davies, N. G. Housden,
A.-K. Duhme-Klair, Angew. Chem. 2008, 120, 8988-8990; Angew. Chem.
Int. Ed. 2008, 47, 8856-8858; €) J. Karvinen, V. Laitala, M.-L. Makinen, O.
Mulari, J. Tamminen, J. Hermonen, P. Hurskainen, |. Hemmela, Anal.
Chem. 2004, 76, 1429-1436; f) M. Schéferling, O. S. Wolfbeis, Chem. Eur.
J. 2007, 13, 4342-4349; g) E. Pazos, D. Torrecilla, M. V. Lépez, L. Castedo,
J. L. Mascarenas, A. Vidal, M. E. Vazquez, J. Am. Chem. Soc. 2008, 130,
9652-9653.

a) T. Gunnlaugsson, J.P. Leonard, Chem. Commun. 2005, 3114-3131;
b) T. Gunnlaugsson, A.J. Harte, J. P. Leonard, M. Nieuwenhuyzen, Chem.
Commun. 2002, 2134-2135; ¢) T. Gunnlaugsson, A.J. Harte, J.P. Leo-
nard, M. Nieuwenhuyzen, Supramol. Chem. 2003, 15, 505-519; d) S. J. A.
Pope, B.P. Burton-Pye, R. Berridge, T. Kahn, P.J. Skabara, S. Faulkner,
Dalton Trans. 2006, 2907-2912; e)R.S. Dickins, T. Gunnlaugsson, D.
Parker, R.D. Peacock, Chem. Commun. 1998, 1643-1644; f)Y. Breton-
niere, M. J. Kann, D. Parker, R. Slater, Org. Biomol. Chem. 2004, 2, 1624—
1632.

D.P. Ringer, J.L. Etheredge, B.L. Dalrymple, J.S. Niedbalski, Biochem.
Biophys. Res. Commun. 1990, 168, 267-273.

a) P. Atkinson, Y. Bretonniere, D. Parker, Chem. Commun. 2004, 438-439;
b) P. Atkinson, Y. Bretonniere, D. Parker, G. Muller, Helv. Chim. Acta 2005,
88, 391-405.

Lanthanide complexes were directly conjugated to kinase substrate
peptides as kinase activity sensors in the following studies: a) L. L. Liu,

[13]

[14]

[15]

[16]

[17]

[18]

K. J. Franz, J. Am. Chem. Soc. 2005, 127, 9662-9663; b) M. S. Tremblay,
M. Lee, D. Sames, Org. Lett. 2008, 10, 5-8.

S. Amin, J. R. Morrow, C. H. Lake, M. R. Churchill, Angew. Chem. 1994,
106, 824-826; Angew. Chem. Int. Ed. Engl. 1994, 33, 773-775.

A. Beeby, I. M. Clarkson, R.S. Dickins, S. Faulkner, D. Parker, L. Royle,
A.S. de Sousa, J. A. G. Williams, M. Woods, J. Chem. Soc. Perkin Trans. 2
1999, 493-503.

The emission consistently and notably weakened when NaCl (and prob-
ably also other salts) was added to the solution; see Figure S2 in the
Supporting Information.

a) Z. Songyang, L. C. Cantley, Trends Biochem. Sci. 1995, 20, 470-475;
b) Z. Songyang, K.L. Carraway, I, M.J. Eck, S.C. Harrison, R. A. Feld-
man, M. Mohammadi, J. Schlessinger, S. R. Hubbard, D. P. Smith, C. Eng,
M. J. Lorenzo, B. A. J. Ponder, B. J. Mayer, L. C. Cantley, Nature 1995, 373,
536-539.

The Th"-DOTAM luminescence spectrum in the presence of this peptide
is shown in Figure S3 in the Supporting Information. This peptide has
many negative charges that electrostatically interact with positively
charged Tb"-DOTAM.

The sequence of this RNA is UGU UCA CAA CGA CUU UCG CGU CGG
UGG GGU UGG CUU CAA A. Of 40 nucleobases, twelve bases are gua-
nine.

Received: April 14, 2009
Published online on June 29, 2009

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2009, 10, 1773-1776



http://dx.doi.org/10.1021/ja004316i

http://dx.doi.org/10.1021/ja004316i

http://dx.doi.org/10.1039/b406082m

http://dx.doi.org/10.1039/b406082m

http://dx.doi.org/10.1021/ja0469333

http://dx.doi.org/10.1021/ja0469333

http://dx.doi.org/10.1002/ange.200803828

http://dx.doi.org/10.1002/anie.200803828

http://dx.doi.org/10.1002/anie.200803828

http://dx.doi.org/10.1021/ac030234b

http://dx.doi.org/10.1021/ac030234b

http://dx.doi.org/10.1002/chem.200601509

http://dx.doi.org/10.1002/chem.200601509

http://dx.doi.org/10.1021/ja803520q

http://dx.doi.org/10.1021/ja803520q

http://dx.doi.org/10.1039/b418196d

http://dx.doi.org/10.1039/b204888d

http://dx.doi.org/10.1039/b204888d

http://dx.doi.org/10.1080/10610270310001605106

http://dx.doi.org/10.1039/b600598e

http://dx.doi.org/10.1039/a804255a

http://dx.doi.org/10.1039/b400734b

http://dx.doi.org/10.1039/b400734b

http://dx.doi.org/10.1016/0006-291X(90)91703-U

http://dx.doi.org/10.1016/0006-291X(90)91703-U

http://dx.doi.org/10.1039/b313496m

http://dx.doi.org/10.1002/hlca.200590025

http://dx.doi.org/10.1002/hlca.200590025

http://dx.doi.org/10.1021/ja043247v

http://dx.doi.org/10.1021/ol701920x

http://dx.doi.org/10.1002/ange.19941060729

http://dx.doi.org/10.1002/ange.19941060729

http://dx.doi.org/10.1002/anie.199407731

http://dx.doi.org/10.1039/a808692c

http://dx.doi.org/10.1039/a808692c

http://dx.doi.org/10.1016/S0968-0004(00)89103-3

http://dx.doi.org/10.1038/373536a0

http://dx.doi.org/10.1038/373536a0

www.chembiochem.org




DOI: 10.1002/cbic.200900328

Very Fast Product Release and Catalytic Turnover of DNA Photolyase

Agathe Espagne,™® Martin Byrdin,*® Andre P. M. Eker,”” and Klaus Brettel®

DNA photolyase is a flavoprotein that uses light to reverse
some of the major UV-induced damage to DNA—cyclobutane
pyrimidine dimers (CPD)—to the intact constituting bases,
thus protecting the host organism from potentially harmful
mutations."? Upon binding of photolyase to damaged DNA
(k; in Scheme 1), the CPD is flipped out of the double helix
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Scheme 1. Schematic representation of the catalytic cycle of DNA photo-
lyase.

and enters into the binding pocket of the enzyme,® thus ap-
proaching the FAD cofactor (3.1 A in CPD photolyase” and
even 2.7 A in the closely related (6-4) photolyase.”) Following
excitation of FAD in its fully reduced state (FADH"), an electron
is transferred to the CPD, thereby initiating the splitting of the
dimer, and subsequently returned to the flavin. The overall
rate Keps Of these photochemical repair steps is ~10°s '.%®
Despite the fast repair reaction, the catalytic turnover number
of photolyase under saturating continuous light has been re-
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ported to be only in the order of 0.1 to 1s7';®" this suggests

that exchange of repaired DNA (product) for damaged DNA
(substrate) is slow and rate limiting. While substrate binding
was found to be rather fast (k;~10°m~"'s7'02")) the rate of
product release (k,) has not been established as yet, and this
step might well be rate limiting. Interestingly, in an X-ray dif-
fraction experiment at 100K, the restored pyrimidines re-
mained in the binding pocket in close proximity to the flavin
throughout data collection.” Here, we accessed product-for-
substrate exchange directly with a time-resolved experiment
based on the well-established” " quenching of FADH™ fluo-
rescence by electron transfer to a T<>T-CPD present in the
binding pocket. Surprisingly, following an intense repair flash,
the flavin fluorescence did not recover immediately, but rather
with a time constant of ~50 ps (at 10 °C). This observation sug-
gests that the restored thymines act as electron acceptors and
hence as fluorescence quenchers of nearby excited FADH™; the
hitherto unobserved 50 s kinetics then reflect product release
from the binding pocket and set an upper limit of 2x10*s™
to the catalytic turnover number of photolyase. To verify this
prediction, we re-examined the turnover number of photolyase
under strong continuous laser light and a high substrate con-
centration. A rate of 260s™' was observed, more than 100
times faster than previously reported.

The quenching of FADH™ fluorescence by the CPD has been
used for titration of binding processes' by applying steady-
state fluorescence spectroscopy. Time-resolved fluorescence
studies revealed that the fluorescence decay of FADH™ acceler-
ates from 1.4 ns in the absence of substrate to 160 ps when a
CPD is bound." Based on this difference in lifetime, we de-
signed an experiment of the pump-probe principle: a strong
actinic flash is applied to repair the substrate bound at the
enzyme’s active site, and a weak probe flash at variable time
delay serves to read out the fluorescence intensity and kinetics
as a measure for the occupation of the substrate binding
pocket.

To avoid complications due to the antenna chromophore
present in photolyases, we used an apophotolyase from Ana-
cystis nidulans that was overexpressed in E. coli and is devoid
of the 8-HDF antenna chromophore.'® The substrate was a
UV-irradiated dT,g oligonucleotide that contained on average
six randomly distributed CPDs (see the Supporting Information
for details on enzyme and substrate preparation). Note that
our substrate is heterogeneous with respect to the number
and distribution of the CPDs per strand. Presence of this sub-
strate quenched the steady-state fluorescence of FADH™ in
photolyase by 83 % (Figure 1, inset).

Time-resolved FADH™ fluorescence traces induced by a weak
probe flash of 100 ps duration are presented in the main panel
of Figure 1. In the absence of substrate (thick black trace), the
fluorescence had a lifetime of 1.3 ns (thin black line; see Sup-
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Figure 1. Substrate effects on the fluorescence of FADH™ in DNA photolyase
(13 pm). Main: fluorescence emission transients at 580 nm induced by a
single 355 nm, 100 ps, 250 pwJcm 2 probe flash. Black: photolyase without
substrate. Red: substrate with a total of 280 um CPD added. Thin lines: mono-
exponential fits. Thick green line: same sample as red, but with a 355 nm,
5ns, 90 mJcm~2 repair flash fired 300 ps before the probe flash. Thin green
line: weighted sum of the two other kinetics (45 % black+ 55 % red). Dashed
black line: instrument response to the scattered probe flash. Inset: Steady-
state fluorescence emission spectra for the “black” and “red” samples from
the main panel, excitation at 350 nm. All fluorescence curves have been cor-
rected for a contribution from oxidized FAD (see the Supporting Informa-
tion).

porting Information for a more detailed kinetic analysis of the
fluorescence traces). The presence of the substrate (red traces)
accelerated the fluorescence decay to ~0.2 ns, corresponding
to ~85% fluorescence quenching. When a high-energy repair
flash (“pump”) was fired 300 ps in advance, the fluorescence ki-
netics induced by the probe flash (thick green trace; substrate
present) was intermediate between the two other traces and
could be well-described by a weighted sum of them: 45%
black+55% red (thin green trace). The bimodal kinetics sug-
gest the coexistence of two fractions: photolyases with CPD
present (fast fluorescence decay) and photolyases with no CPD
in the binding pocket (slow decay).

Fluorescence traces measured at various delays after the
repair flash were analyzed (see the Supporting Information) for
the fraction of photolyases behaving as the sample without
CPD (“nonquenched”, black trace in Figure 1). The results for
two different substrate concentrations are presented in
Figure 2. Both data sets show an increase in the nonquenched
fraction over ~50 us to a maximal value of ~0.45 and a subse-
quent decline on the millisecond scale that is accelerated at
higher substrate concentrations. While the declines depend on
substrate concentration and can be attributed to rebinding of
CPD with a rate constant of the order of 10°m~"s™' as report-
ed,""?" the increase in the nonquenched fraction on a 100 ps
timescale appears in contradiction to the reported®® fast
(~1 ns) repair of the CPD that should delete the fluorescence
quencher and result in a quasi immediate onset of the non-
quenched fluorescence.

We therefore suggest that restored thymine, as long as pres-
ent in the binding pocket, functions as electron acceptor and
hence as fluorescence quencher of excited FADH™. Studies on
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Figure 2. Kinetics of formation and disappearance of the nonquenched fluo-
rescence fraction of DNA photolyase at time t after a nearly saturating repair
flash for two different substrate concentrations (-m—: 280, ----- ®----- :35um
CPD). Data points are derived from analysis of fluorescent transients as the
green curve in Figure 1. Error bars represent statistical standard deviations
from up to three independent measurements. Lines represent the best fit to
the data points according to Equation (1) (see the text and Supporting Infor-
mation for detailed procedures).

1,3-dimethyl thymine analogues suggest that the reduction
potential of thymine is slightly higher than that of the T<>T
dimer,"” so electron transfer from excited FADH™ to thymine
should be at least as thermodynamically feasible as that to the
CPD. Moreover, Carell and co-workers observed that thymine
can function as a stepping stone for the transfer of electrons
injected into DNA by a covalently linked excited FADH™.['®™
The nonquenched fraction in Figure 2 should hence represent
the fraction of enzyme with a binding pocket that contains
neither CPD nor repaired thymine.

For quantitative analysis of product release after repair and
the following rebinding of substrate, we considered the simpli-
fied reaction Scheme 2 (indices of k correspond to Scheme 1):

ka K
EP — 2= E+P E+S —'= ES
ks ki

Scheme 2. Simplified reaction scheme.

Here E denotes enzyme, P product and S substrate. The re-
verse reactions (k_, and k_;) were neglected because of the
high specificity of photolyase for the substrate,”’ which was
present in high excess. To account for a not fully saturating
repair flash and for a repair quantum yield lower than 100 %, it
was assumed that repair occurred only in a fraction S of the
enzyme-substrate complexes. Relevant concentrations at time
zero (almost immediately after the pump flash, when the pho-
torepair is just completed) were set to [EP],_,=pf[Ely, [Sl;_o=
[Slit—[Elior, [Eli—o=0. [El,,x and [Sl,: correspond to the total
amounts of added enzyme and CPDs, respectively, and [S],,>
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[Elr in our experiments. Neglecting the slight variation of [S]
during the reaction, the free enzyme fraction is then given by
the expression for the intermediate in a sequential reaction:

~ B (exp( kO —exp( o) m

Here k,' is given by k;'=k;([Sl—[El;)- To account for the
heterogeneity of substrate binding,"*?*?" it was admitted that
a fraction y of the enzymes binds substrate more slowly than
the timescale of our experiment (k; fixed to zero for this frac-
tion).

A simultaneous least-squares fit (solid lines) to both data
sets in Figure 2 yielded k;=1.2x10°m's™', k,=1.8x10s7},
p=0.41 and y=0.28. The found substrate binding rate con-
stant k, is close to literature values."'>"* However, our product
release rate, k,, is more than four orders of magnitude faster
than what we had expected based on the low catalytic turn-
over numbers (0.1 to 157") reported in the literature®™ for
saturating illumination (see above).

Note, our evaluation of the fluorescence data was based on
the plausible, but unproven, assumption that restored thymine
still present in the binding pocket is reduced by excited
FADH™ at a rate comparable to that of the CPD. Direct evi-
dence for thymine reduction by excited FADH™ might be ob-
tained by double-flash transient-absorption experiments in the
UV region. Unfortunately, as the ultrafast pump-probe tech-
nique relies on accumulation of an excessively large number of
experiments,’’ each on a sample containing unrepaired CPD,
its application seems practically impossible so far (by contrast,
single shots were sufficient to resolve the fluorescence kinetics
in the present approach). Therefore, we searched for further
support for fast product release by re-examining the catalytic
turnover number under the strongest continuous illumination
available in our laboratory.

We focused the near-UV lines (350 and 363.8 nm) of a con-
tinuous-wave argon ion laser on a pinhole of 0.8 mm diameter
and placed a sample containing ~10 pm photolyase and sub-
strate with a total of ~250 um CPD behind the pinhole. Exposi-
tion times were varied between 200 us and 40 ms, and, for
each exposition time, the number n of CPDs repaired per re-
duced photolyase present in the illuminated volume was de-
termined from the absorption increase at 265 nm (Figure 3).
For short expositions, n increased steeply with exposition time
until close to one CPD was repaired per photolyase (----- ).
Then the increase slowed and remained linear up to 10 ms ex-
position (—). For longer expositions (not shown), substrate
depletion compromised the further increase of n. The fast ini-
tial rise (slope ~10%s~", dashed) reflects repair of the CPD al-
ready bound prior to illumination; this rate corresponds to the
excitation rate (k. in Scheme 1), corrected for the repair quan-
tum yield. Once the initially bound CPD is repaired, substrate
exchange becomes necessary for further repair. The slope of
the repair curve between ~1 and 10 ms exposure time corre-
sponds to a multiple turnover repair number of 260 s™' (solid
line in Figure 3), basically limited by substrate binding (k;
[CPD]=300s"" with k, determined from Figure 2). These ob-
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Number of CPD repaired per photolyase

t/ms

Figure 3. Extent of CPD repair due to strong light pulses of varying duration
t. Samples containing 10 um reduced photolyase and substrate with a total
of 250 um CPD were exposed for the indicated times to ~120 Wcm ™2 near-
UV irradiation (350 and 363.8 nm lines of an Ar™ laser). -m—: repair as quanti-
fied from the absorbance increase around 265 nm. Error bars represent stan-
dard deviations from multiple experiments. —: linear fit to the data corre-
sponding to the multiple-turnover regime. The slope of the dashed line rep-
resents the initial repair rate corresponding to the single-turnover regime.

servations prove that the product release rate, k,, is faster than
260 s™' and strongly support our above interpretation of the
fluorescence data.

In summary, we have discovered that the quenching of
FADH™ fluorescence in DNA photolyase persists for ~50 us
after photorepair of the CPD. We assign this quenching to
electron transfer from excited FADH™ to restored pyrimidine
bases still present in the substrate binding pocket, and con-
clude that the release of this reaction product occurs in
~50 ps, that is, four orders of magnitude faster than expected
from published catalytic turnover numbers of, at best, 1s7". In
support of this suggestion, we were able to achieve a multiple
turnover number as high as 260 s™' by using strong illumina-
tion from a laser source and a high, but still rate-limiting, sub-
strate concentration. Previous turnover measurements might
have underestimated the light intensity that is necessary to
saturate the catalytic turnover of photolyase. Even if physiolog-
ical light conditions do not allow the turnover number found
here to be achieved in vivo, this knowledge is crucial for in
vitro experiments with repetitive laser excitation.
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DNA Monofunctionalization of Quantum Dots

Helen M. J. Carstairs, Kostas Lymperopoulos, Achillefs N. Kapanidis, Jonathan Bath, and Andrew J. Turberfield*®

Quantum dots (QDs) have been widely used to track cell com-
ponents both in vitro and in vivo as they have a wide excita-
tion spectrum, narrow emission, high efficiency and greater
photostability than organic fluorophores. Single QDs can be
identified by observing single-step blinking.! However, in spite
of recent advances in surface chemistry, it is still nontrivial to
control the stoichiometry of functionalized QDs such that a
single QD labels a single molecule of interest.” Gold nanopar-
ticles conjugated to DNA have been separated using gel elec-
trophoresis,”” anion exchange HPLC" and, when conjugated to
His-tag proteins, by immobilized metal affinity chromatogra-
phy.”’ Other work has concentrated on minimizing the number
of multifunctional nanoparticles formed by linking through an
initiator molecule that triggers a surface polymerization re-
action® or by reaction on a sparsely functionalized solid sup-
port.” QDs monofunctionalized with streptavidin, an antibody
or polyethylene glycol linker, have been purified using gel elec-
trophoresis.””! The limiting step of this method is the recovery
of the QDs from the gel with typical extraction efficiencies of
30-50%. In this paper we describe a simple method by which
commercially available QDs, monofunctionalized with a syn-
thetic oligonucleotide, can be prepared quickly and with high
yield by ion exchange using diethylaminoethyl (DEAE) Sephar-
ose-packed spin columns.

Streptavidin-coated QDs (QD655, Invitrogen) were conjugat-
ed to biotinylated DNA duplexes as described in the Experi-
mental Section. Streptavidin is a tetrameric protein with four
biotin binding sites per molecule and there are, on average,
ten protein molecules per QD (supplier’s literature); although
the average number of oligos attached to each QD can be
controlled by varying the ratio of components, the population
of QD-DNA conjugates is inhomogeneous. Figure 1A shows
the resulting mixture analyzed by agarose gel electrophoresis.
Bands corresponding to 0, 1 and 2 attached duplexes are clear-
ly resolved. Figure 1B and C show that the band separation
depends linearly on the length of the duplex.

Once the QD-DNA conjugate mixture was added to the ion
exchange spin column as described in the Experimental Sec-
tion, QDs were clearly visible as a red band in the DEAE resin.
Unmodified QDs do not bind to the DEAE and were washed
straight through by two column volumes of equilibration
buffer. The contents of this, and subsequent, fractions are
shown in Figure 2.

[a]l H. M. J. Carstairs, Dr. K. Lymperopoulos, Dr. A. N. Kapanidis, Dr. J. Bath,

Prof. A. J. Turberfield
Department of Physics, University of Oxford
Clarendon Laboratory, Parks Road, Oxford, OX1 3PU (UK)
Fax: (+44) 1865-272400
E-mail: a.turberfield@physics.ox.ac.uk

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.200900300.

ChemBioChem 2009, 10, 1781- 1783

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A) ~
DNA:QD ratio
] 81 4:1 21 11 1:2

B) - ——E

QD increasing duplex length

= em——l eﬂ e i S

I‘ = i )

5 - © Monofunctionalized QDs &
1 A Bifunctionalized QDs P
4A’
104 wr
AA’
8- A .
.- 0"
Length &d A Lo
run into S o-""
gel / mm st o
4 .- -t
- )
o 5
0 T L 1 ] Ll T L] 1

Duplex /bp =

Figure 1. A) The distribution of streptavidin QDs and QD-DNA conjugates
prepared using a range of concentrations of biotinylated DNA oligos. DNA:
QD ratios are indicated above each lane of the 1% agarose, TAE gel. B) The
mobility of the quantum dot is dependent on the length of the conjugated
duplex. A 1% agarose gel was loaded with samples of streptavidin-coated
QD655 after incubation with biotinylated duplexes of 19, 29, 41, 52, 63 and
74 base pairs. Sharp bands corresponding to monofunctionalized (o) and bi-
functionalized () QDs are resolved in all but the lane containing a 19 bp
duplex. C) The relative mobilities of both mono- and bifunctionalized quan-
tum dots, where resolved, are linearly related to the length of the conjugat-
ed duplex.

Monofunctionalized QDs were recovered at 300 mm NaCl
and a mixture of monofunctionalized and bifunctionalized QDs
were eluted at 320 mm NaCl. Multifunctionalized QDs were
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Figure 2. Purification of DNA-QD conjugates by ion exchange. The 1% agar-
ose, TAE gel shows the heterogeneous sample of DNA-QD conjugates ap-
plied to a DEAE Sepharose spin column and the concentrated eluted frac-
tions. The ionic concentration of the elution buffer is shown above each
lane. The gel was run at room temperature at 3.5 Vcm™' for 1.5 h.

!

—
- Eample

eluted at >330 mm NaCl. Comparison of the fluorescence in-
tensity of the monofunctionalized fraction with that of the
monofunctionalized band in the sample before purification
gave an estimate of 86% vyield for the recovery of monofunc-
tionalized QDs. See Figure S1 in the Supporting Information for
details. The protocol also works with single-stranded DNA
(ssDNA), see Figure S2.

In order to show that conjugation to the QD does not inter-
fere with subsequent DNA hybridization, samples of differently
coloured QDs QD565 and QD655 were functionalized with
duplexes containing 20-nucleotide complementary sticky ends
that had been purified and combined as described in the Ex-
perimental Section. Figure 3 shows analysis by gel electropho-

1 2 3 4 5 6 7 8
— ey ey e, e,

oa ab abaob
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Multi -
Mixed unfunc
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Mixed multi

Figure 3. Interaction between QDs functionalized with complementary DNA.
Lanes a) and b) of the 1% agarose TAE gel contain QD655 and QD565, re-
spectively. Lane 1: as supplied. Lane 2: functionalized, unpurified. Lane 3: un-
functionalized dots purified from reaction mixture. Lane 4: purified mono-
functionaized dots. Lane 5: purified multifunctionalized dots. Lane 6: mixed
unfunctionalized dots. Lane 7: mixed monofunctionalized dots. Lane 8:
mixed multifunctionalized dots.

resis of purified fractions and the resulting complexes. Mixing
unfunctionalized QDs does not change the mobility of either
the QD565 or QD655 band; this is consistent with the expect-
ed lack of interaction. The lane containing mixed multifunc-
tionalized QDs contains no sharp band and little integrated
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fluorescence; this is consistent with the expected uncontrolled
aggregation.”) However, the product of combining the mono-
functionalized fractions migrates as a single band that contains
both quantum dots: The mobility of this complex is approxi-
mately equal to that of the larger monofunctionalized QD655
and clearly different from that of the smaller QD565. This
shows that the monofunctionalized QDs have formed hetero-
dimers linked by hybridization of the complementary sticky
ends of the attached DNA duplexes.

We have shown that ion exchange can be used to purify
QDs monofunctionalized with DNA oligonucleotides, and that
the attached oligonucleotides can subsequently hybridize.
Monofunctionalization will allow tight control of the self-as-
sembly of more complex functional nanostructures based on
DNA hybridization."” This is very practical preparation: it is
quick, produces high yield and is relatively easy to scale up.
Even a small spin column packed with 500 pL of resin can
purify enough monofunctionalized QDs for several imaging ex-
periments in one pass.

Experimental Section

QD-DNA conjugation: DNA was synthesized by Integrated DNA
Technologies, Inc. (Coralville, USA). Biotinylated oligonucleotides
were purified by high performance liquid chromatography and un-
modified strands by polyacrylamide gel electrophoresis. Sequences
used can be found in the Supporting Information. The lyophilized
products were resuspended in deionized water (MilliQ) and the
concentration measured by absorption at 260 nm. Complementary
oligonucleotides (final concentration 1 pm) were mixed stoichimet-
rically in hybridization buffer TE100 (10 mm Tris-HCl pH 8, 1 mm
EDTA, 100 mm NaCl) and annealed from 95 °C to 20°C over 20 min.

Conjugation of biotinylated DNA duplexes, or single strands, to
streptavidin-coated QDs (Qdot® 655, Invitrogen) was performed at
room temperature in low-protein-binding polypropylene 0.5 mL
tubes (Sorenson BioScience, Inc., Salt Lake City, USA). QDs were
added to conjugation buffer TE100BSA (TE100 supplemented with
bovine serum albumin (BSA) final concentration 0.5 mgmL™") and
the solution was gently mixed by pipette. After 5 min, a stoichio-
metric amount of biotinylated DNA was added. The final concen-
tration of both QDs and DNA was 0.02 um and typical reaction vol-
umes were 20-40 pL. The solution was covered with foil and left at
room temperature for 30 min then put on ice.

Purification of monofunctionalized QDs: QDs interact with the
polypropylene frit of prepacked DEAE anion exchange columns
(GE Healthcare), so a spin column with a single polyethylene frit
(Bio-Rad) was packed with DEAE Sepharose resin (500 pL; GE
Healthcare). This resulted in a column 6 mm in diameter and 8 mm
in length with a void of 22 mm between the resin and the top of
the column. The column was equilibrated with TE100 (2x 1 mL).
This buffer has a sufficiently low ionic strength to allow a 52 bp
duplex to bind to the resin, but high enough to ensure that the
duplex remains hybridized at room temperature.

A sample of streptavidin-coated QD-DNA conjugate was carefully
added to the top of the resin and the cap was pushed back on to
the top of the column to apply pressure and removed to start the
flow. After 5 min the column was washed with TE100 (2x1 mL).
Care was taken not to disturb the resin as the buffer was added.
The flow-through was collected and stored covered in foil on ice.

ChemBioChem 2009, 10, 1781 - 1783
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The ionic strength of the elution buffer was raised in steps (10 mm
each) and for each salt concentration elution buffer (1 mL) was
added and the flow-through collected. Enough time was allowed
for the elution buffer to pass completely through the column at
each step. Pressure was applied to the top of the column to in-
crease the flow rate to approximately 1 mLmin~". The sample was
visible as a band of colour which remained in the resin until an
elution buffer of sufficient ionic strength to elute the majority pop-
ulation of functionalized QDs was added.

Concentration of samples: The collected fractions were concen-
trated using Millipore Ultracel YM-10 microcon filters at 4°C ac-
cording to the manufacturer’s instructions. A sample (500 pL) can
be concentrated (to ~100 puL) by centrifuging at 14000g for
30 min. If the sample was to be analyzed by gel electrophoresis
the fraction was concentrated until the final volume was <50 pL.

Agarose gel electrophoresis: Gels containing agarose (1 or 2%, as
indicated in the caption) were run in 1XTAE (40 mm Tris Acetate
pH8.3, 1 mm EDTA) for <2 h at 3.5 Vcm™' in the dark at room tem-
perature. Samples were mixed with a loading buffer of glycerol
(50%).

A Pharos FX Plus Molecular Imager and Quantity One analysis soft-
ware (Bio-Rad) were used to measure band intensities, from which
yields were estimated, using 488 nm laser excitation and 530 nm,
640 nm band pass filters for QD565, QD655 respectively. For pre-
sentational purposes the levels of gel images were rescaled linearly
after analysis.

QD heterodimerization: Two populations of QDs with different
sizes and peak emission wavelengths (QD565 and QD655) were
functionalized with duplexes containing 20-nucleotide comple-
mentary sticky ends (see the Supporting Information for sequen-
ces) and purified as described above. The concentration of each
fraction was determined by counting single-molecule photon burst
frequencies in a small volume using confocal detection. A confocal
volume ~1fL was excited by a continuous-wave laser source
(532 nm, Samba, Cobolt, Sweden). Fluorescence was spatially fil-
tered and spectrally separated using a dichroic mirror (DRLP630,
Omega Optical, Brattleboro, USA); fluorescence from QD565 and
QD655 was spectrally filtered using 580 nm band-pass and 650 nm
long-pass filters, respectively. Photon arrival times were recorded
using avalanche photodiode detectors (SPQR-14, Perkin-Elmer)
and processed with custom-written LabVIEW (National Instruments,
Austin, USA) software. The relative concentrations of quantum dots
in eluted fractions were estimated by comparing the frequencies
of single-molecule events.

Pairs of samples of each QD (unfunctionalized, monofunctionalized
and multifunctionalized) were mixed stoichiometrically and incu-
bated for 1 h at room temperature.

Acknowledgements

This work was supported by the UK research councils BBSRC,
EPSRC, MRC and the MoD through the UK Bionanotechnology
Interdisciplinary Research Collaboration and by the Oxford Life
Sciences Interface Doctoral Training Centre.

Keywords: biosensors - DNA - HPLC - |EX - nanomaterials -
quantum dots

[11 M. Nirmal, B. O. Dabbousi, M. G. Bawendi, J. J. Macklin, J. K. Trautman,

T. D. Harris, L. E. Brus, Nature 1996, 383, 802-804.

a) M. Dahan, S. Lévi, C. Luccardini, P. Rostaing, B. Riveau, A. Triller, Sci-

ence 2003, 302, 442-445; b) S. Courty, C. Luccardini, Y. Bellaiche, G. Cap-

pello, M. Dahan, Nano Lett. 2006, 6, 1491-1495; c) O. Lieleg, M. Lépez-

Garcia, C. Semmrich, J. Auernheimer, H. Kessler, A.R. Bausch, Small

2007, 3, 1560-1565; d) C. Bats, L. Groc, D. Choquet, Neuron 2007, 53,

719-734.

a) D. Zanchet, C. M. Micheel, W.J. Parak, D. Gerrion, A.P. Alivisatos,

Nano Lett. 2001, 1, 32-35; b) C. J. Loweth, W. B. Caldwell, X. Peng, A.P.

Alivisatos, P.G. Schultz, Angew. Chem. 1999, 111, 1925-1929; Angew.

Chem. Int. Ed. 1999, 38, 1808-1812.

[4] S. A. Claridge, H.W. Liang, S.R. Basu, J. M.J. Fréchet, A.P. Alivisatos,
Nano Lett. 2008, 8, 1202-1206.

[5] R. Levy, Z. Wang, L. Duchesne, R.C. Doty, A.l. Cooper, M. Brust, D.G.
Fernig, ChemBioChem 2006, 7, 592-594.

[6] C. Kruger, S. Agarwal, A. Greiner, J. Am. Chem. Soc. 2008, 130, 2710-
2711.

[7]1 a) K. M. Sung, D. W. Mosley, B. R. Peelle, S. Zhang, J. M. Jacobson, J. Am.
Chem. Soc. 2004, 126, 5064-5065; b) J. Zou, Q. Dai, J. Wang, X. Liu, Q.
Huo, J. Nanosci. Nanotechnol. 2007, 7, 2382-2388.

[8] a) M. Howarth, W. Liu, S. Puthenveetil, Y. Zheng, L. F. Marshall, M. M.

Schmidt, K. D. Wittrup, M. G. Bawendi, A. Y. Ting, Nat. Methods 2008, 5,

397-399; b) R. A. Sperling, T. Pellegrino, J. K. Li, W. H. Chang, W. J. Parak,

Adv. Funct. Mater. 2006, 16, 943-948.

C. A. Mirkin, R. L. Letsinger, R. C. Mucic, J. J. Storhoff, Nature 1996, 382,

607-609.

[10] J. Sharma, Y.G. Ke, C. X. Lin, R. Chhabra, Q. B. Wang, J. Nangreave, Y.
Liu, H. Yan, Angew. Chem. 2008, 120, 5235-5237; Angew. Chem. Int. Ed.
2008, 47, 5157-5159.

[11] @) HYTHER™ version 1.0, Nicolas Peyret and John Santalucia, Jr., Wayne
State University; b)J. SantalLucia, Proc. Natl. Acad. Sci. USA 1998, 95,
1460-1465; c) N. Peyret, A. Seneviratne, H. T. Allawi, J. Santalucia, Bio-
chemistry 1999, 38, 3468-3477.

[2

[3

)

Received: May 12, 2009
Published online on June 24, 2009

ChemBioChem 2009, 10, 1781- 1783

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1783

www.chembiochem.org



http://dx.doi.org/10.1038/383802a0

http://dx.doi.org/10.1126/science.1088525

http://dx.doi.org/10.1126/science.1088525

http://dx.doi.org/10.1021/nl060921t

http://dx.doi.org/10.1002/smll.200700148

http://dx.doi.org/10.1002/smll.200700148

http://dx.doi.org/10.1016/j.neuron.2007.01.030

http://dx.doi.org/10.1016/j.neuron.2007.01.030

http://dx.doi.org/10.1021/nl005508e

http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1925::AID-ANGE1925%3E3.0.CO;2-2

http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1808::AID-ANIE1808%3E3.0.CO;2-C

http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1808::AID-ANIE1808%3E3.0.CO;2-C

http://dx.doi.org/10.1021/nl0802032

http://dx.doi.org/10.1021/ja0763495

http://dx.doi.org/10.1021/ja0763495

http://dx.doi.org/10.1021/ja049578p

http://dx.doi.org/10.1021/ja049578p

http://dx.doi.org/10.1166/jnn.2007.424

http://dx.doi.org/10.1038/nmeth.1206

http://dx.doi.org/10.1038/nmeth.1206

http://dx.doi.org/10.1002/adfm.200500589

http://dx.doi.org/10.1038/382607a0

http://dx.doi.org/10.1038/382607a0

http://dx.doi.org/10.1002/ange.200801485

http://dx.doi.org/10.1002/anie.200801485

http://dx.doi.org/10.1002/anie.200801485

http://dx.doi.org/10.1073/pnas.95.4.1460

http://dx.doi.org/10.1073/pnas.95.4.1460

http://dx.doi.org/10.1021/bi9825091

http://dx.doi.org/10.1021/bi9825091

www.chembiochem.org




BIO

DOI: 10.1002/cbic.200900241

Synthesis of Light-Responsive Bridged Nucleic Acid and Changes in Affinity

with Complementary ssRNA
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The control of molecular properties through the use of exter-
nal stimuli such as pH,™ temperature,” or change in redox po-
tential® is an attractive area of research for the regulation of
various biological phenomena. Among such stimuli, light is an
ideal trigger because of its potential for spatiotemporal control
of cellular chemistry” The compounds that can release an
active molecule upon light irradiation are called “caged com-
pounds”.” In general, the properties of caged compounds,
such as affinity for a specific molecule, can be changed only
once (Figure 1A).° If another trigger could cause additional al-

another
) light B) trigger
l. light »L
z > !
£ &
g 5
time time

Figure 1. Property change caused by external stimulus. In this figure,
changes in affinity for specific molecules are shown as an example. A) Caged
compound with properties that can be changed by stimulation with light
only once. B) Two-stage change triggered by light and another stimulus.

teration after photoirradiation, it would be possible to achieve
control of molecular properties in two stages; this would allow
for stricter regulation of biological phenomena (Figure 1B).
Recently, we reported the synthesis and properties of 2'-0,4'-C-
methyleneoxymethylene-bridged nucleic acid (2',4'-BNA°),”)
which is a 2',4-BNA/LNA® analogues (Scheme 1). It was ob-
served that oligonucleotides containing 2’,4-BNA® show high
affinity for complementary single-stranded RNA (ssRNA) be-
cause the sugar conformation of 2',4-BNA®C is prelocked in
the N-type conformation, which is the major conformation in
the A-form of RNA duplex structure.”” Here, we focused on this
property of 2,4-BNA®C and designed light-responsive BNA |
that contains a 2-hydroxy group and a 4’-hydroxymethyl
group that are both protected by a photolabile 6-nitroveratryl
group (Scheme 1)."” This compound is expected to retain its
binding ability to complementary ssRNA, despite the presence
of a large hydrophobic group at the minor groove,"" because
its sugar conformation is restricted to N-type. Irradiation with

[a] K. Morihiro, Prof. T. Kodama, Dr. M. Nishida, Prof. T. Imanishi, Prof. S. Obika
Graduate School of Pharmaceutical Sciences, Osaka University
1-6 Yamadaoka, Suita, Osaka 565-0871 (Japan)
Fax: (4 81) 6-6879-8204
E-mail: obika@phs.osaka-u.ac.jp

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.200900241.
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Scheme 1. Change in structure of light-responsive BNA I.

light results in cleavage of the bridged structure of I; this
transforms the analogue to the 4’-O-benzoyl form I, which
contains a bulky substituent at the 4'-C position" and loses its
sugar conformation restriction. Hence, oligonucleotides con-
taining Il lose their binding ability to complementary ssRNA.
The 4'-O-benzoyl group of Il may be removed by treatment
with various nucleophiles; this results in the formation of 4'-C-
hydroxymethyl-RNA analogue Ill. 4'-C-hydroxymethyl-RNA ana-
logue Il restores the binding ability to complementary ssRNA,
despite a flexible sugar conformation, because of a reduction
in steric hindrance.'” In other words, the affinity of oligonucle-
otides containing light-responsive BNA | for complementary
ssRNA may be changed in two stages, unlike conventional
caged compounds, triggered by light and treatment with nu-
cleophiles.

Phosphoramidite 7 was synthesized from nucleoside deriva-
tive 1 as shown in Scheme 2.%*' The two benzyl groups of 1
were removed by hydrogenolysis by using palladium hydrox-
ide on carbon, and the resulting hydroxyl groups were protect-
ed by a 1,1,3,3-tetraisopropyldisiloxane-1,3-diyl (TIPDS) group
to give 2, which was treated with aqueous methylamine to
give diol 3. A 2',4-bridged structure was constructed by react-
ing diol 3 with 6-nitroveratraldehyde and zinc chloride in
1,1,1,3,3,3-hexafluoroisopropanol, and compound 4 was ob-
tained as a single diastereomer. Configuration at the acetal
carbon atom was assigned by HMBC and NOESY spectra (Sup-
porting Information, $12)." Desilylation of 4 was carried out
by using tetrabutylammonium fluoride (TBAF) to afford diol 5,
and tritylation of the primary hydroxyl group of 5 with 4,4"-di-
methoxytrityl chloride gave 6. Finally, phosphitylation of the
secondary hydroxyl group of 6 with 2-cyanoethyl-N,N,N',N'"-tet-
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and characterized by MALDI-TOF mass spectroscopy

BnO a).b) (mass spectral data and yields of oligonucleotides are
AcO 7 l Acojq Y | HO provided in Supporting Information).
OBn OAc O~si—0 O—si—0  OH We analyzed ON-8 by using RP-HPLC after photo-
irradiation (Figure 3)."' When irradiation was carried
1 2 out at 365 nm for 5 seconds, one peak (24.0 min),
T T A) ON-8
e} HO
Sll/ o © 0.04 I
d e)
R O—si—00_ 0 = HOO_ O 1 MALDI-TOF MS
NO, NO, Calcd. 3871.6 (M-H)
H H A 0.02 Found 3872.0 (M-H)
MeG  OMe MeO  OMe 0.005 10 15 20 25 30
4 5 t./min —
o DMT o B) ON-8 + UV
"
DMTr o o 0.04 "
f) N 9) T
HO O_ 0O - N 0 o o] MALDI-TOF MS
NO, A 002 Calcd. 3871.6 (M-H)"
H : Found 3871.2 (M-H)~
MeO  OMe 0003 10 15 20 25 30
t/ min —»
6 7

Scheme 2. Synthesis of light-responsive BNA monomer 5 and phosphorami-
dite 7. Reagents and conditions: a) H,, 20% Pd(OH),-C, AcOEt, RT, 9 h;

b) TIPDSCI,, imidazole, DMF, RT, 3.5 h (72% from 1); c) 40% MeNH, aq., THF,
0°C, 3 h (85%); d) 6-nitroveratraldehyde, ZnCl,, HFIP, RT, 21 h (54%); e) TBAF,
THF, RT, 0.5 h (89%); f) DMTCI, pyridine, RT, 13 h (89%); g) (iPr,N),PO-
(CH,),CN, 4,5-dicyanoimidazole, MeCN, RT, 18 h (55 %). Ac = acetyl, Bn =ben-
zyl, DMTr =4,4'-dimethoxytrityl, HFIP =1,1,1,3,3,3-hexafluoroisopropanol,
T=thymin-1-yl, TBAF =tetra-n-butylammonium fluoride, TIPDS=1,1,3,3-tet-
raisopropyldisiloxane-l,3-diyl.

raisopropylphosphordiamidite yielded the desired thymine
phosphoramidite 7

Following a conventional phosphoramidite coupling proto-
col, oligonucleotides were synthesized using phosphoramidite
7 and natural DNA amidite building blocks in an automated
DNA synthesizer (Applied Biosystems Expedite 8909). The con-
centration of the phosphoramidite 7 was 0.067 m and 5-ethyl-
thio-1H-tetrazole was used as an activator. The coupling time
of phosphoramidite 7 was prolonged to 40 min from 90 sec-
onds. Coupling yields were determined by trityl monitoring
and were found to be 95-100%. The oligonucleotide sequen-
ces synthesized for this study are given in Figure 2. The oligo-
nucleotides were purified by reversed-phase HPLC (RP-HPLC)

5'-d(GCGTTTTTTGCT)-3' (ON-8)

T = 0o _ 0
5-d(GCGTTTTTIGCT)-3 (ON-9) 1 _ N02
5'-d(GCGTTTTTTGCT)-3' (ON-10) 0='|°—0H

MeO OMe

Figure 2. Sequences of oligonucleotides used in this study.
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C) ON-8 + UV + NH,

0.04
1l
T MALDI-TOF MS
A 002 Calcd. 3678.4 (M-H)~
Found 3677.4 (M-H)~
0.00 N
5 10 15 20 25 30
t/min —-
D) ON-8 +UV + Glutathione
0.04 I
T MALDI-TOF MS
Calcd. 3678.4 (M-H)™
A 002 Found 3677.4 (V-H)-
0.00
5 10 15 20 25 30

t./min —

Figure 3. RP-HPLC analysis of ON-8. A) ON-8 (10 um) before photoirradiation.
B) ON-8 (10 um) after irradiation at 365 nm for 5 s. C) ON-8 (10 pm) after irra-
diation at 365 nm for 5 s and subsequent reaction with excess ammonia for
60 min. D) ON-8 (10 um) after irradiation at 365 nm for 5 s and subsequent
reaction with glutathione (10 equiv) for 60 min. The reaction mixture was
analyzed by RP-HPLC using an XTerra MS C,g column (4.6 x50 mm) with a
linear gradient of MeCN (from 6% to 12% over 30 min) in 0.1 ™ triethylam-
monium acetate (pH 7.0).

with a different retention time from that of ON-8 (24.9 min),
appeared quantitatively. Furthermore, when ON-8 was treated
with ammonia or glutathione after photoirradiation, another
peak appeared at 12.7 min, while the peak with a retention
time of 24.0 disappeared. The compounds with retention times
of 24.0 min and 12.7 min were characterized by MALDI-TOF
mass spectroscopy, and it was found that—as expected—light-
responsive BNA | in ON-8 was transformed to the 4-O-benzoyl
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BIO

A) ON-8 B) ON-9 C) ON-10
1 1 1
] I 1 I ! I —
A 09 A 09 : A 09 / :
|
e 1] 1l
0.8 0.8 0.8
5 25 45 65 L7 25 45 65 5 25 45 65
e — me — T'Cc —
Figure 4. UV melting curves (260 nm) for A) ON-8, B) ON-9, C) ON-10. ——: before photoirradiation; ——: after irradiation at 365 nm for 5s (ON-8) and 15 s
(ON-9 and ON-10); ——: after irradiation at 365 nm for 5-15 s, treatment with ammonia (excess) or glutathione (ON-8: 10 equiv, ON-9 and ON-10: 20 equiv)

and purification by RP-HPLC. Conditions: 10 mm sodium phosphate buffer solution (pH 7.2) containing 100 mm NaCl; each strand concentration =4 pm; scan

rate 0.5°Cmin~".

form Il (24.0 min) by using photoirradiation and then to 4'-C-
hydroxymethyl-RNA analogue Il (12.7 min) by subsequent
treatment with ammonia or glutathione. ON-8 (I) (24.9 min)
was successfully converted to ON-8 (Ill) (12.7 min), and no
other reaction was found to have taken place.

The affinity of ON-8 to complementary ssRNA was expected
to deteriorate upon photoirradiation and be restored by subse-
quent treatment with ammonia or glutathione. We evaluated
the change in affinity of ON-8 with complementary ssRNA
through UV melting experiments (Figure 4). After photoirradia-
tion, ON-8 (Il) showed lower affinity with complementary
ssRNA as compared with ON-8 () (T,,: 40—38°C) and after
subsequent treatment with ammonia or glutathione, the affini-
ty of ON-8 (lll) was higher (T,,: 38—44°C; Table 1).

Table 1. 7, values (°C) of duplexes formed with complementary
sSRNA.P

Oligonucleotides —-uv +Uuv +UV, +NH; or glutathione
Form (U] (] (e

ON-8 40 38 44

ON-9 33 - 36

ON-10 - -0 38

[a] Irradiation at 365 nm for 5s (ON-8) or 15s (ON-9 and ON-10). Treat-
ment with ammonia (excess) and glutathione (ON-8, 10 equiv; ON-9 and
ON-10, 20 equiv) was carried out for 60 min. [b] Conditions: 10 mm
sodium phosphate buffer solution (pH 7.2) containing 100 mm NaCl; each
strand concentration=4 um; scan rate 0.5°Cmin ", [c] The number is
average of three independent measurements. [d] The form IIl oligonucle-
otides were purified before T,, measurements. [e] Synthesizing the control
oligonucleotides by a previously reported method" would be difficult.
[fl T, <15°C or not detectable.

The fact that oligonucleotides containing one light-respon-
sive BNA | moiety showed a small but measurable change in
affinity with complementary ssRNA prompted us to evaluate
the binding properties of ON-9 and ON-10, in which three
light-responsive BNA | moieties were introduced either consec-
utively or alternately.

At first, it was confirmed that photoirradiation of ON-9 and
ON-10 quantitatively gave ON-9 (Il) and ON-10 (ll), respective-
ly, and subsequent treatment with glutathione successfully af-
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forded ON-9 (lll) and ON-10 (lll) (Supporting Information, S16).
Then, the change in affinity of ON-9 and ON-10 for comple-
mentary ssRNA was evaluated through UV melting experi-
ments (Figure 4). As a result, very interestingly, different behav-
iors of oligonucleotides were observed depending on the posi-
tion of three light-responsive BNA | moieties in the sequences.
ON-9 (I), which contains three consecutive BNA | units, bound
to complementary ssRNA (T,,=33°C), whereas no binding was
observed after photoirradiation (form II). The binding affinity
was clearly recovered after treatment with glutathione (form
l, T,=36°C; Figure 5A, [on]—[offl—[on]). This change in

form Il form 1l
L glutathione
—_—— "‘ —_—
[off] [on]
form Il form Il
>
Y glutathione
L DE—
 J
[off] [on]

Figure 5. Change in affinity of A) ON-9 and B) ON-10 for complementary
ssRNA. Red strand: after photoirradiation; blue strand: after treatment with
ammonia or glutathione; gray strand: complementary ssRNA. Filled circles
on the colored strands indicate modified residues.

thermal stability can be anticipated from that of ON-8. On the
other hand, ON-10 (I), which contains three alternating BNA |
units, showed almost no binding to its RNA complement (T, <
15°C). As expected, no duplex formation was observed at all
after photoirradiation (form Il). However, ON-10 (lll), obtained
by treatment with glutathione, acquired duplex-forming ability
with ssRNA (T,,=38°C; Figure 5B, [off]—[off]—[on]).

ChemBioChem 2009, 10, 1784 - 1788
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From these features, light-responsive BNA | would be appli-
cable to a variety of biotechnologies. For example, the oligo-
nucleotides with consecutive BNA | units (like ON-9) could trap
functional ssRNA, for example, miRNA or ribozyme, and release
it upon photoirradiation only in the cells with low glutathione
levels. These oligonucleotides could work as a novel drug de-
livery agent, which releases functional ssRNA in a specific place
at just the desired time. On the other hand, the oligonucleo-
tides containing alternating BNA I units (like ON-10) could be
a good antisense agent to treat cancer spatiotemporally with
little side effects, because it is well known that the glutathione
concentration is nearly threefold higher in some cancer cells
compared to the level of 0.1-10 mmolL™" in normal cells."

In summary, we successfully synthesized light-responsive
BNA I, which contains a bridged structure with a photolabile
protecting group, and evaluated the change in affinity of BNA
I-containing oligonucleotides with complementary ssRNA. By
adjusting the number and position of BNA I moieties in the oli-
gonucleotides, it is possible to regulate the binding affinity to
complementary ssRNA in different ways. Light-responsive BNA
I is expected to allow fine spatiotemporal gene regulation by
sensing the environment.

Experimental Section

Synthesis of oligonucleotides: Synthesis of the light-responsive
BNA modified oligonucleotides (ON-8-ON-10, on the 0.2 umol
scale) was performed on Applied Biosystems Expedite 8909 Nucleic
Acid Synthesis System (Foster City, USA) according to a phosphora-
midite coupling protocol using 5-ethylthio-1H-tetrazole as the acti-
vator. The coupling time of phosphoramidite 7 was 40 min and the
coupling reaction was efficient as well as natural amidite. The solid
supported oligonucleotides were then treated with concentrated
ammonium hydroxide solution at 55°C for 12 h, and then concen-
trated. The crude oligonucleotides were primarily purified by GE
Healthcare Nap 10 column and finally purified by using reversed-
phase HPLC with a Waters XTerra MS C,g column 2.5cm (10x
50 mm, Mitford, USA) by using MeCN in triethylammonium acetate
buffer (0.1 m, pH 7.0). The purified oligonucleotides were analyzed
by reversed-phase HPLC with Waters XTerra MS C,g column 2.5 cm
(4.6x10 mm) for their purity and characterized by MALDI-TOF
mass spectroscopy.

Photoirradiation experiments: Photoirradiation at 365 nm was
performed on a ZUV-C30H UV-LED lamp as light source and ZUV-
L8H as a lens unit (Omron, Kyoto, Japan). Photoreaction was per-
formed at a distance of 4 cm from the lens unit. Equimolecular
amounts of the oligonucleotides were dissolved in sodium phos-
phate buffer (25 mm, pH 7.2) to give a final strand concentration of
10.0 um. ON-8 was irradiated for 5s and ON-9 and 10 were for
15s.

Nucleophile treatment experiments: After irradiation ON-8 was
dissolved in sodium phosphate buffer (25 mm, pH 7.2) and NH,
(excess) or glutathione (10 equiv) was added to give a final strand
concentration of 10.0 um. The mixture was analyzed by RP-HPLC
after a reaction time of 60 min at room temperature. ON-9 and 10
were dissolved in sodium phosphate buffer (25 mm, pH 7.2) after
irradiation and glutathione (10 equiv) was added to give a final
strand concentration of 10.0 um. After a reaction time of 30 min at
room temperature, glutathione (10 equiv) was added and the reac-
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tion was allowed to proceed for 30 min at room temperature and
then analyzed by RP-HPLC.

UV melting experiments: UV melting experiments were carried
out on a Shimadzu UV-1650B and Shimadzu UV-1650PC spectrom-
eter equipped with a T, analysis accessory (Kyoto, Japan). Equimo-
lecular amounts of the target ssRNA and ON-8-10 were dissolved
in sodium phosphate buffer (10 mm, pH7.2) containing NaCl
(100 mm) to give final strand concentration of 4.0 um. The samples
were annealed by heating at 90°C followed by slow cooling to
room temperature. The melting profile was recorded at 260 nm
from 5-90°C at a scan rate of 0.5°Cmin~". T,, values for form Il
were measured without purification and form Il were after purifi-
cation with RP-HPLC.
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the Nucleotide Site of Na,K-ATPase

David A. Middleton,*® Eleri Hughes,” Natalya U. Fedosova,” and Mikael Esmann™

The Na,K-ATPase (NKA) maintains the cellular potentials of all
animal cells by driving the vectorial transport of Na* and K*
across the plasma membrane through two different enzyme
conformations (E; and E,)."" NKA exhibits high affinity towards
the ATP substrate when sufficient Na™ is present to induce the
E, conformation.”® More than fifty years after the discovery of
NKA, the details of how ATP interacts with the enzyme in the
E, conformation remain unknown, and the only X-ray crystal
structure of NKA is for the E, conformation in the absence of
nucleotide.” Solid-state NMR spectroscopy (SSNMR) is a valua-
ble alternative to X-ray diffraction for providing atomistic de-
tails of ligands bound to receptors within their native mem-
branes."® SSNMR studies of bound nucleotide in membranous
preparations of NKA from pig kidney and shark salt glands are
hampered by a contaminating enzyme activity that rapidly hy-
drolyses ATP, ADP and AMP in the absence and presence of
Mg?* .21 Hydrolysis is not inhibited by ouabain, vanadate or
adenylate kinase inhibitor. This problem is overcome here by
including a Mg”* chelator and rapidly freeze-trapping uniform-
ly *C/"N-labelled ATP ([U-"3C,"*N]ATP) complexed with NKA in
membrane preparations. SSNMR spectroscopy experiments at
—25°C detect '*C signals from bound ATP and provide prelimi-
nary insights into the nucleotide contacts with the high-affinity
site.

A critical requirement for the SSNMR experiments is to satu-
rate the high-affinity nucleotide site with ATP whilst avoiding
excess free or unspecifically bound nucleotide, because SSNMR
spectroscopy cannot readily distinguish these from specifically
bound nucleotide. Biochemical measurements of radiolabelled
nucleotide binding were therefore carried out to establish
such a regime. Equilibrium binding curves show nucleotide
binding to a single site with dissociation constants in the
range of 0.2-0.5 pum, and a capacity of about 2.9 nmolmg™'
protein for both shark and pig NKA in the buffer used for
SSNMR experiments (Figure S1 in the Supporting Information).
Samples for SSNMR analysis contain 130 pm NKA, so we can
safely assume that the nucleotide site is saturated by adding
160 um [U-C,"°N]JATP to the membranes; this gives a free nu-
cleotide concentration of about 30 pm. The binding assay also
demonstrates the absence of additional unspecific binding to
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NKA. We thus confirm that at these concentrations more than
80% of the *C NMR signal for the nucleotide will correspond
to ATP bound specifically to shark or kidney enzyme.

Figure 1A shows *C cross-polarisation magic-angle spinning
(CP-MAS) SSNMR spectra at —25°C for a control shark NKA
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Figure 1. *C SSNMR spectra for [U-"*C,"”°N]ATP complexed with shark NKA.
A) CP-MAS spectrum (at —25°C) of hydrated shark NKA membranes before
(red lines) and after addition of [U-"*C,"*N]JATP to a concentration of 160 um
(black lines). The insets show specific regions where nucleotide resonance
peaks are observed above the natural abundance "C signals from lipids and
protein. B) Region of a two-dimensional DARR spectrum of lyophilised mem-
branes highlighting cross-peaks for the ribose spin system of [U-*C,"*N]JATP.
The chemical structure of ATP with the numbering convention is shown at
the top.
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membrane sample in the absence of nucleotide (red line).
After freeze-trapping the [U-">C,">NJATP-NKA complex (Fig-
ure 1A, black line), several new peaks can be seen for the
~16 nmol of nucleotide (i.e., 160 um in a 100 uL volume)
bound predominantly to NKA. Conspicuous peaks include
those for C2 and C8 of the adenine ring at 151.4 and
136.7 ppm, respectively, and peaks for the ribose moiety occur
in the region from 60.0-90.0 ppm, although the latter overlap
the natural abundance signals from the membranes (Fig-
ure 1A). Assignment of the nucleotide peaks to specific posi-
tions in the ribose rings was assisted by our previous assign-
ments for bound nucleotide at 4°C"” and with a two-dimen-
sional ">C dipolar assisted rotational resonance (DARR) NMR
spectrum (Figure 1B). The spectrum shows several cross-peaks
correlating the ribose ring system, but interactions between
the ribose and adenine rings are not detected above the
noise.

Peaks for the nucleotide ribose moiety are observed more
clearly in difference 3C CP-MAS spectra of the freeze-trapped
complex, in which the background natural abundance *C sig-
nals have been eliminated by subtracting control spectra of
NKA membranes obtained under identical conditions but ex-
cluding nucleotide (Figure 2A). Peaks for [U-">C,"’NJATP com-
plexed with shark enzyme in an approximately equimolar con-
centration (Figure 2A) occur at virtually identical chemical
shifts to the peaks for [U-"*C,"’N]JATP in complex with kidney
NKA enzyme (Figure 2B); this suggests that the nucleotide-
binding site and conformation are similar in both cases. This

1'41 2
L3 s
A) <

E)

180 160 140 120 100 80 60 40 20 O

*C chemical shift (ppm)

Figure 2. Comparison of 3C CP-MAS NMR spectra for [U-*C,"’N]JATP in differ-
ent environments. A) Difference spectrum of nucleotide (160 um) in shark
NKA membrane suspensions (130 um NKA). B) Difference spectrum of nu-
cleotide (160 um) in a kidney NKA membrane suspension (130 pm NKA).

C) Difference spectrum of nucleotide (4 mm) in kidney NKA membranes.

D) Spectrum of nucleotide (160 um) in aqueous solution. E) Direct polarisa-
tion C spectrum of nucleotide (4 mm) in aqueous solution. All spectra were
collected from hydrated samples at —25°C and are the result of averaging
64000 transients.
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is not unexpected since the a subunits of shark and kidney en-
zymes share 93% sequence homology and the residues defin-
ing the high-affinity nucleotide site are highly conserved
across all species. The lines are rather narrow; this suggests
that the nucleotide adopts a well-defined conformation in the
high-affinity site. By contrast, a difference spectrum of [U-
3C,'>N]JATP at a 25 molar excess over the nucleotide-binding
sites shows substantially broader lines; this is consistent with
multiple environments and/or conformations (Figure 2C).
Peaks for [U-*C,"*N]JATP in aqueous solution (Figure 2D and E)
lie within the broad signals for the nucleotide in excess over
NKA (Figure 2C), but several of them appear at markedly differ-
ent positions to the peaks for the nucleotide in equimolar
complex with NKA (Figure 2A and B). Such differences were
seen in an earlier SSNMR study of nucleotide binding to NKA
at 4°C" and indicate that the microenvironment or conforma-
tion of the nucleotide within the high-affinity site is different
to that in the bulk aqueous or membrane phases. The peaks
for C4 (149 ppm), C5 (118 ppm) and C6 (156 ppm), which are
visible in the direct polarisation spectrum of 4 mm ATP (Fig-
ure 2E), are not detected in the CP-MAS spectra (Figure 2 A-D)
because they lack bonded protons that provide the mecha-
nism for efficient cross-polarisation. The "C chemical shift
values for [U-"*C,"’N]JATP are summarised in Table 1.

Table 1. Summary of '*C chemical shift values (in ppm relative to an ex-
ternal adamantane standard) for [U-"*C,"*N]ATP in different environments
at —25°C.

Site® Shark Kidney Kidney Aqueous'
NKA[b] NKA[b] NKA[(]
2 1514 151.9 1525 153.2
c8 136.7 136.8 137.9 140.2
cr 84.4 84.9 ~85.0 87.9
c4 78.5 79.1 ~85.0 84.9
c3 74.4 75.6 ~73.8 75.0
c 67.9 68.1 ~65.6 70.3
cs5 60.9 61.5 ~65.6 65.6

[a] Peaks for sites C4, C5 and C6 were not detected reliably by SSNMR
spectroscopy and are not shown; [b] for 160 um ATP; [c] for 4 mm ATP.

A C-detected proton spin diffusion (PSD) experiment was
used to detect contacts between [U-C,'°N]JATP and the nu-
cleotide binding site of kidney NKA. The aim of the experiment
was to identify those nucleotide sites that are in closest prox-
imity to the binding pocket. The general strategy is described
in the following, and further details of the NMR pulse scheme
are given in Figure S2 in the Supporting Information. First the
'H magnetisation for bound [U-">C,N]JATP was crushed by
recoupling dipolar interactions to the bonded '*C spins over a
defined period." The 'H magnetisation for NKA remained
largely unperturbed because the vast majority of the enzyme
protons are bonded to '>C at natural abundance and, there-
fore, are not silenced by ">C spins. To improve the efficiency of
nucleotide signal silencing at the shortest possible dephasing
times, and thereby avoid signal losses by other mechanisms,
the enzyme was washed and suspended in D,O prior to com-

ChemBioChem 2009, 10, 1789-1792
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plex formation. This additional measure was taken to exchange
ATP —OH and —NH, protons for deuterium, thereby removing
weak two-bond C-H couplings that could otherwise be si-
lenced only with long dephasing times (Figure S3 in the Sup-
porting Information). Proton magnetisation is then returned to
the nucleotide via spin diffusion pathways from the protein.
The period of spin diffusion (ts) is optimised so that '*C peak
intensities for nucleotide sites in close contact with NKA recov-
er more rapidly than peak intensities for sites oriented away
from the binding site (Figure 3A). Finally the recovered 'H
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Figure 3. A "*C-detected PSD SSNMR experiment to detect bound nucleotide
sites in closest contact with NKA. A) A simplified scheme of the procedure
for the general case of a ligand (L) in a receptor site (R). An initial state is
created in which the ligand magnetisation is crushed. As the spin-diffusion
period (tsp) increases, ligand magnetisation recovers most rapidly at sites in
closest contact with the receptor. B) Experimental spectra for [U-"*C,"°N]ATP
(160 pm) bound to kidney NKA (130 pum). Natural abundance signal was re-
moved by subtracting control spectra of membranes in the absence of la-
belled nucleotide. Spectra correspond to spin-diffusion periods (ty) of:

i) zero, ii) 500 ps, and iii) 2 ms. Each spectrum is the result of averaging
170000 transients.

magnetisation for the nucleotide is transferred to the "*C spins
and the C spectrum is collected. Figure 3B shows PSD differ-
ence spectra at different spin-diffusion periods after removing
natural abundance signal. Even with short dephasing times,
each experiment requires approximately 50 h of data collec-
tion, although much longer measurements would be required
in the absence of D,0. No signals were detected at a tg, of
zero (Figure 3B, i); this confirms that the ATP signal is com-
pletely silenced without spin diffusion from the enzyme. After
a spin-diffusion period of 500 ps, signals from C2 and C8 of the
adenine moiety begin to recover (Figure 3B, ii); this confirms
that spin diffusion occurs from NKA to the nucleotide. Signals
from the ribose moiety are not evident above the noise at this
stage. At longer spin-diffusion periods the signal from the
ribose moiety also recovers (Figure 3B, ii). The recovery of
peak intensities for the nucleotide follow the order C2>C8>
ribose; this is consistent with the adenine ring of ATP being in
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contact with the binding site and the ribose ring being rela-
tively exposed.

Alternative structural information for ATP in the nucleotide
site of NKA is not available, and so it was not possible to cross-
validate our PSD results with reference to independent experi-
mental data. We instead modelled the nucleotide site of NKA
by comparison with a crystal structure of the homologous
rabbit sarco(endo)plasmic reticulum Ca**-ATPase (SERCA) in
the E, conformation. A test for the reliability of the sequence
alignment and our homology model is given in Figure S4 in
the Supporting Information. Figure 4A shows the structure of

A) SERCA (E.)

Figure 4. Representations of the nucleotide-binding sites of P-type ATPases.
A) AMPPCP in the nucleotide-binding site of SERCA in the E, conformation,
showing residues less than 4 A from the bound nucleotide. B) A model of
ATP in the NKA nucleotide-binding site in the E, conformation obtained by
sequence alignment with SERCA and mapping onto the coordinates for the
structure shown in A).

the nucleotide site of the NKA homologue SERCA in the E,
conformation with a bound ATP analogue AMPPCP;!''¥ this
highlights amino acids situated within a 4 A radius of the
nucleotide. Notably, the purine ring and phosphate groups of
AMPPCP are surrounded by several residues, including F489
and G516, whereas the ribose ring is relatively exposed to an
aqueous chamber. Based on this structure, a homology model
of ATP in the NKA nucleotide site indicates that the adenine
ring is buried within a binding pocket defined by E446, F475,
Q482, K501 and G502, with C2 facing toward the pocket, and
the terminal phosphate group (Py) is situated close to the
phosphorylation site D369 (Figure 4B). The model supports the
conclusions of the SSNMR spectroscopy measurements and
shows that the ribose group is somewhat exposed compared
to the adenine ring, as in the SERCA structure, with only one
residue (R544) situated within 4 A of the ribose ring. The
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models suggest structural similarities in the modes of interac-
tion between ATP and SERCA and NKA, and that the ATP is re-
strained by a binding pocket possibly involving -t interac-
tions with F475.

In summary, it is shown that, with careful biochemical analy-
sis and by exploiting solid-state NMR spectroscopy at low tem-
peratures, we have been able to detect ATP in the nucleotide
site of NKA in native membranes, and overcome difficulties as-
sociated with ATP-hydrolysing contaminants in the membrane
preparation.”' In so doing we provide insights into the con-
tact surface for ATP within the high-affinity nucleotide site and
provide the foundation for further SSNMR studies of bound
nucleotide conformation exploiting '>*C-*'P distance measure-
ments, for example.

Experimental Section

NKA was purified from pig kidney and shark rectal gland as de-
scribed previously."'® Equilibrium binding of [“CJADP and
['"*CIATP to NKA was determined by measuring the amount of
[Cl-nucleotide with the filtration technique essentially as de-
scribed previously."® Each filter contained protein (0.095 mg) with
specific NKA activities of 31 unitsmg™' for pig kidney enzyme and
29 unitsmg™' for shark rectal gland enzyme. For SSNMR spectros-
copy measurements, NKA membranes were homogenised with [U-
3C,”>NJATP, transferred to a 4 mm diameter magic-angle spinning
sample rotor and immediately frozen in liquid nitrogen. The entire
procedure took less than 10 min, during which less than 10 um
ATP hydrolysed out of the 160 um present; this maintained a con-
centration that virtually saturated all nucleotide sites. Further
details are given in the Supporting Information. The rotor held
100 pL of membrane sample containing NKA (13 nmoles) and nu-
cleotide (16 nmoles). Spectra were obtained by using a Bruker
Avance 400 instrument operating at a frequency of 100.13 MHz for
13C. Membrane samples were spun at a MAS rate of 5.1 kHz for
one-dimensional (1D) experiments and 8 kHz for the DARR experi-
ment, and 1D spectra were obtained by averaging no more than
170000 transients. Conditions common to all experiments were a
40ps 'H excitation pulse, two-pulse phase modulated (TPPM)
proton decoupling” at a field of 85 kHz during signal acquisition
and a 1s recycle delay pulse. For CP-MAS and DARR experiments
cross-polarisation was achieved with a 2 ms contact time at a
proton field of 65 kHz. PSD experiments used a 1D adaptation of
an experiment described previously."® The 'H-"*C magnetisation
transfer was via 60 us Lee-Goldburg cross-polarisation. All other
conditions for the PSD experiment are described in the legend to
Figure S2 in the Supporting Information. Two-dimensional DARR
NMR spectra’’ were recorded with 32 hypercomplex points in the
indirect dimension with a mixing time of 50 ms during which the
proton field was adjusted to the spinning frequency of 5 kHz. The

spectrum was obtained by averaging 16000 transients per t, incre-
ment and processed with complex linear prediction in t,. Models
were generated by using Modeller® based on the coordinates for
PDB ID: 1VFP"™ and with the sequence alignment proposed by
Hebert et al.”” An alternative structure (PDB ID: 1T5S) could also
have been used."® Model refinement was performed with energy
minimisation and simulated annealing, and visualised by using
PyMOL (DeLano Scientific LLC).
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Development of a Fluorescent Peptide for the Detection of Vascular

Endothelial Growth Factor (VEGF)

Yoshio Suzuki and Kenji Yokoyama*®

A closed circulatory system for the supply of oxygen and nu-
trients to all tissues in the body exists in vertebrates; this
system develops in early embryogenesis through vasculogene-
sis (blood vessel formation from progenitor cells) and angio-
genesis (extension of blood vessels from preexisting vascular
structures)."? Angiogenesis is related to the prolifer-
ation and metastasis of cancer cells, and studies on
the molecular mechanisms underlying angiogenesis
have been recently undertaken.®* The signal trans-
ducers ephrin,”! angiopoietin,® vascular endothelial
growth factor (VEGF), and others are known to be re-
lated to angiogenesis. VEGF is a major regulator of
angiogenesis, and it promotes the migration and pro-
liferation of endothelial cells and the formation of
new blood vessels from preexisting capillaries.”®
VEGF is a homodimeric glycoprotein that exists in
four major isoforms: VEGF,,,, VEGF,s, VEGF,g and
VEGF,.”! Biological responses to VEGF expression
result from the binding of VEGF to two membrane-
embedded receptors and the subsequent intracellular
signaling induced by receptor activation.'” Therefore,
it is important to establish a technology for the easy,
rapid, and highly sensitive detection of VEGF.

Fluorescence spectrometry is a conventional, highly sensi-
tive, analytical method, and fluorescent probes that exhibit a
spectral response upon binding with ions or neutral organic or
inorganic molecules have enabled researchers to investigate
the changes in free guest ions or in the concentrations of mol-
ecules by employing fluorescence microscopy, flow cytometry,
and fluorescence spectroscopy. "'"'¥ Moreover, fluorescence-
based assays for proteins, inhibitors, and probes can be advan-
tageous in terms of high-throughput analysis if used not only
in assay formats that involve an immobilized component, but
also in the solution state."”

We considered the following requirements while designing a
fluorescent reagent to detect VEGF: 1) production of weak to
strong fluorescence upon binding to VEGF—this would poten-
tially eliminate background noise and result in the highly sensi-
tive detection of VEGF, 2) high selectivity and sensitivity, 3) re-
duced interference from foreign substances and 4) the ability
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to immobilize the fluorescent reagent onto a plate, and there-
by increase the ease of handling.

In this study, we developed an excellent fluorometric re-
agent, referred to as 1, by incorporating the above require-
ments (Figure 1). This reagent possesses a peptide as the bind-

\_ Fluorophore Vi

Figure 1. The chemical structure of the fluorescent VEGF probe (1) and the reference
compound (2).

ing site of VEGF, and the amino acid sequence of the peptide
has a high affinity for the tyrosine kinase receptor kinase insert
domain-containing receptor (KDR) or fms-like tyrosine kinase-1
(FIt-1) of VEGF*"" The fluorophore fluorescein is introduced
at the N terminus of the peptide through the isothiocyanate
group. The lysine at the C terminus of the peptide has a role in
immobilizing the peptide onto the plate.

To study the in vitro photophysical properties of 1, we re-
corded its fluorescence spectrum in a buffer (pH 7.0) at 25°C.
Figure 2 A shows the fluorescence spectral changes in 1 before
and after the addition of VEGF at varying concentrations, and
Figure 2B shows a photograph of a solution of 1 with and
without VEGF. Compound 1 by itself exhibited very weak emis-
sion, whereas the 1-VEGF complex exhibited a strong green
emission, with a dramatic increase in the fluorescence intensity
centered at approximately 525 nm. The fluorescence spectral
changes and strong emission occurred due to the formation of
a complex in which the fluorophore in 1 bound to the hydro-
phobic residues of VEGF. The difference between the ground
and the excited states is influenced by factors in the external
environment of the fluorophore such as solvent polarity and
desolvation. As a result, there was a linear change in the fluo-
rescence intensity in response to the amount of VEGF in the
solution.

Compound 1, however, did not exhibit strong fluorescence
in the presence of excess bovine serum albumin (BSA,
1.0 mgmL~"; data are shown in the Supporting Information);
this indicates that 1 has a high selectivity for VEGF.
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Figure 2. The fluorescent properties of 1. A) The fluorescence spectra of 1
before and after the addition of 0-2.0 pgmL~' VEGF and B) the photograph
of the solution of 1 with and without 1.0 pgmL™" of VEGF. Compound 1=
10.0 um in PBS (10 mm, pH 7.4). Excitation wavelength: 480 nm.

The emission intensities of 1 at 525 nm were plotted as a
function of the VEGF concentration, and a typical calibration
graph of the relation of the intensities and the VEGF concen-
tration under optimum experimental conditions was obtained
(Figure 3). This plot exhibited a good linear relationship be-

25 .
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. L 1 L L
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Figure 3. Plot of the fluorescence intensity at 525 nm as a function of the
VEGF concentration. Compound 1=10.0 um in PBS (10 mm, pH 7.4). Excita-
tion wavelength: 480 nm.

tween the emission intensity of 1 and the VEGF concentration
(*>0.984) up to 2.0 ugmL . The VEGF detection limit was
5.0 ngmL™" (signal-to-noise ratio of 3.0), which is sufficient for
clinical use.

To examine whether the amino acid sequence of the VEGF
binding site in 1 contributes to the highly selective and sensi-
tive detection of VEGF or not, 2 was synthesized as a reference
compound (Figure 1). The VEGF binding site of 2 has the same
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amino acid composition as that of 1, whereas the amino acid
sequence of 2 differed from that of 1. The fluorescence spectra
of both 1 and 2 were monitored in the presence and absence
of VEGF. The data are shown in the Supporting Information.
Compound 2 exhibited a small change in the fluorescence
intensity in the presence of VEGF (1.0 ugmL™"). On the other
hand, a remarkable change was observed in the fluorescence
spectra of 1 after the addition of the same concentration of
VEGF. These findings indicate that the amino acid sequence of
the VEGF binding site in 1 played an important role in the
increased fluorescence intensity and in the highly sensitive
detection of VEGF.

The effects of various contaminants on 1 were examined in
order to investigate the effect of these nonprotein substances
on the accurate determination of VEGF (1.0 uygmL™"). All the
tests were carried out with a mixture of VEGF (1.0 ugmL™")
and 1 (10.0 um) in the presence of an excess amount of foreign
substances. The details of the foreign substances used and the
maximum concentrations that produce a fluorescence intensity
perturbation of <10% are summarized in Table S1. The results
indicated that the response of 1 to VEGF was unaffected by
the excess amount of nonprotein substances due to the forma-
tion of a stable 1-VEGF complex.

To demonstrate the applications of 1, it was immobilized
onto an Au plate that was coated with self-assembled mono-
layers (SAMs), and the interaction between 1 and VEGF was
monitored by surface plasmon resonance (SPR) and fluores-
cence spectrometry. The SAMs on the Au plate were derived
by the reaction between 11-mercaptoundecanol triethylene-
glycol ether and 20-(11-mercaptoundecanyloxy)-3,6,9,12,15,18-
hexaoxaeicosanoic acid under optimum conditions."® Com-
pound 1 was immobilized onto the mixed SAM by bond for-
mation between the lysine in 1 and the carboxyl group in the
SAM mediated by using N-hydroxysuccinimide (NHS) and N,N-
(3-dimethylaminopropyl)-N'-ethyl-carbodiimide  hydrochloride
(EDC). After the coupling reaction, the residual activated NHS
esters were quenched by the addition of an excess amount of
ethanolamine. The immobilization procedure was monitored
by the Biacore T100 system, and the data are shown in Figure
S3A. On the basis of the data, the amount of 1 immobilized
on the plate was calculated to be 3.1 ngmm™. Figure S3B
shows the typical SPR sensorgrams of the immobilized 1
before and after the addition of various concentrations of
VEGF. The SPR response of 1 increased as a function of the
VEGF concentration. The Ky value between 1 and VEGF calcu-
lated from Figure S3B was 2.0x 107" M. These results indicated
that immobilized 1 successfully interacted with VEGF. The fluo-
rescence emission intensities of immobilized 1 at 525 nm were
monitored after the addition of various concentrations of VEGF
in phosphate-buffered saline (PBS, Figure 4). The fluorescence
intensity of immobilized 1 increased as a function of the VEGF
concentration, and a good linear relationship was observed.
This phenomenon was consistent with the result obtained for
the reaction of 1 with VEGF in the liquid phase. Further, the re-
action of immobilized 1 with VEGF in rat serum was monitored
by fluorescence spectrophotometry. A rapid increase in the
fluorescence intensity of immobilized 1 was observed as a
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Figure 4. The plot of the fluorescence intensity of the immobilized 1 at
525 nm as a function of the VEGF concentration. Excitation wavelength:
488 nm. VEGF=0-1.0 ugmL " in PBS (@) and in rat serum (m).

function of VEGF in rat serum at room temperature (Figure 4).
This result indicated that the presence of foreign substances
such as BSA and inorganic salts did not interfere with the re-
action between immobilized 1 and VEGF.

Enzyme-linked immunosorbent assays (ELISAs) are widely
used for VEGF detection. However, the use of ELISA for the de-
tection of VEGF has the following disadvantages: 1) long time
to obtain the results, 2) complex operation method, 3) difficul-
ties in the reuse of the analytical reagent, 4) circulating VEGF
could bind to serum proteins and become unavailable to
ELISA antibodies and 5) incorrect results could be obtained
due to the release of VEGF from platelets. Although our
method is not as sensitive as the ELISA, the operation time for
our method (1 min) is considerably shorter in comparison
(ELISA takes 3 h); furthermore, our method allowed for the suc-
cessful detection of VEGF in serum. Thus, the VEGF assay with
1 satisfies the requirements for the high-throughput analysis
of VEGF, and it might prove to be widely applicable as a con-
venient method for VEGF detection in various scientific and
medical fields.

The present study demonstrates a new, VEGF-binding, fluo-
rescent peptide that interacted noncovalently with VEGF and
exhibited a large increase in fluorescence intensity in response
to VEGF binding. This peptide had a high selectivity for VEGF,
and there was no interference in the detection of the proteins
from the presence of foreign substances. In addition, the de-
tection of VEGF in rat serum was successfully performed using
the immobilized 1. Recently, there has been emphasis on the
early detection and treatment of cancer cells, and rapid prog-
ress has been made in angiogenesis research. This monitoring

system with the VEGF indicator allows for the specific, easy
and rapid detection of VEGF, with a low operating cost; there-
fore, it is a convenient method that can be widely applied for
VEGF monitoring in hospitals, homes, and other fields.
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A Cytotoxic Ruthenium Tris(Bipyridyl) Complex that Accumulates at Plasma

Membranes

Olivier Zava, Shaik M. Zakeeruddin, Christophe Danelon, Horst Vogel,* Michael Gratzel, and Paul J. Dyson*®

Ruthenium tris(bipyridyl) complexes in which the bipyridyl
ligand is derivatised with groups exhibiting different lipophilici-
ties have been evaluated in vitro. The most lipophilic complex
is cytotoxic, but the less lipophilic compounds are not. Confo-
cal microscopy was used to gain insights into the uptake and
localisation of the luminescent complexes in cells. The most
lipophilic complex adhered to the plasma membrane whereas
the other complexes penetrated the membrane and accumu-
lated in small organelles in the cytoplasm. None of the com-
pounds appears to accumulate in the cell nucleus, and this
calls into question the relevance of DNA as a target for this
class of compound.

Ruthenium polypyridyl complexes have been widely used in
a variety of applications due to their chemical stability and the
ease by which their spectral and redox properties can be
tuned by changing the substituent groups on the polypyridyl
ligand. Notably, ruthenium(ll) polypyridyl complexes have been
employed as charge-transfer sensitizers in dye-sensitized solar
cells due to their favourable ground and exited state redox
properties. The electrochemical behaviour of these metal
complexes comprises a one-Ru'-based oxidation and several
ligand-based reductions. Depending on the electron density of
the ligands the redox potential of metal complexes can be
tuned to a specific potential. Indeed, ruthenium polypyridyl
complexes have proven to be particularly versatile in high-
energy lithium batteries involving both molecular wiring and
targeting approaches®® and in electrochemical biosensors.”

Ruthenium complexes have considerable potential in a
number of biomedical applications such as diagnostics and
therapeutics and a wide range of ruthenium compounds have
been evaluated as putative anticancer agents.” Two ruthenium
compounds, albeit not containing polypyridyl ligands, have
even completed phase | clinical trials.”” The biological proper-
ties of ruthenium complexes with bipyridyl ligands not too dis-
similar from the ruthenium dyes employed in the above-men-
tioned applications have been extensively studied with a focus
on how such compounds interact with DNA.®!

In this communication, we describe a new feature of ruthe-
nium polypyridyl dyes. We harnesseed their luminescent prop-
erties to show that they can target the cell membrane or small
organelles and induce cell death via a non-DNA pathway.
(Figure 1)
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Figure 1. Ruthenium(ll) tris(bipyridyl) complexes used in this study.

To assess the effect on cell growth, ovarian cancer cells were
grown for three days at 37°C in the presence of various con-
centrations of the ruthenium tris(bipyridyl) complexes, and fol-
lowing incubation, cell survival was monitored by using the
MTT assay. As shown in the table, the compounds exhibit simi-
lar cytotoxicities towards both the A2780 cell line and the cis-
platin-resistant A2780cisR variant. Compounds 1, 3, 4 and 5
are not particularly cytotoxic, but 2 is highly cytotoxic (<1 um;
Table 1). The high toxicity of 2 could be explained either by a

Table 1. Cytotoxicity and lipophilicity of 1-5.
A2780 ICs, [um] A2780cisR ICs, [um] logP (pH 7)
1 158 163 —1.21
2 <1 <1 0.55
3 100 121 —0.28
4 85 88 —-0.37
5 >200 >200 —0.99

high lipophilicity or by positive charges forming as its diethyl-
amine groups are protonated."” We therefore determined its
pK, (5.8) and measured the logP,., of the different com-
pounds. At the pH of the culture medium (pH 7), 2 is in its un-
protonated (and most lipophilic) form, making it more prone
to bind to the plasma membrane, and possibly explaining its
high cytotoxicity.

In order to gain insights into the uptake of the compounds,
we took advantage of their intrinsic fluorescence (Figure 2).
Compound 1 did not accumulate in the cell; this is consistent
with results found in the literature."! Compounds 3, 4 and 5
were observed to accumulate in dot-like structures in the cyto-
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Figure 2. Confocal fluorescence microscopy images showing that 2 labels the plasma membrane whereas 3, 4 and 5 accumulate in cytoplasmic organelles.
A) Control and cells incubated for 24 h at 37 °C with B) 2 (10 pum), C) 2 (1 um), D) 3 (50 um), E) 4 (50 pum), and F) 5 (200 pm). Pictures show the fluorescence of

the compounds (left) and transmitted light (right).

plasm, a feature previously reported for other ruthenium com-
pounds">' and probably corresponding to uptake via endo-
cytosis." Remarkably, the cells exposed to 10 um of 2 showed
a strong membrane-associated fluorescence pattern, whereas
at lower concentration (1 um) 2 was observed in cytoplasmic
structures. The concentration dependency of the localisation
of 2 is not in agreement with a passive diffusion of the com-
plex across the membrane,!’™ but fits with a model where the
internalisation of the compound depends on cellular machi-
nery that is either saturated or inhibited by high concentra-
tions of the compound.

To test if the difference of localisation of the various com-
pounds at high concentrations is due to different mechanisms
of cell uptake, their internalisation was studied by microscopy
at shorter exposure times and at different temperatures. A2780
cells were examined after incubation with 2, 3, 4 and 5 for 15
and 35min at 37°C and following incubation at 4°C for
35 min (Figure 3). Incubation at 37 °C for such short time expo-
sures, corresponding to tens of membrane cycling,"® allows
the early events of internalisation of the different compounds
to be explored, and incubation at 4°C, a temperature at which

ChemBioChem 2009, 10, 1796 - 1800
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active cellular mechanisms such as endocytosis are inhibited,
allow the uptake mechanism to be established. Compounds 1
and 2 were not included in this experiment because they were
not sufficiently internalised at the concentration of 10 um.

Compound 2 (1 pm) rapidly stained the plasma membrane
after 10 min of incubation at 37 °C, but none of the other com-
pounds was visible on the cell membranes or within the cells.
After 35 min of incubation at 37°C, all the compounds weakly
stained cytoplasmic structures, and compound 2 showed addi-
tionally a persistent membrane binding. It therefore appears
that the staining of the plasma membrane is unique to com-
pound 2. After 35 min of incubation with 2-5 at 4°C, no accu-
mulation of any of these compounds in the cell was observed
(data not shown), although 2 showed a faint plasma mem-
brane staining; therefore the binding of 2 to the membrane
could be a passive phenomenon, even though its internalisa-
tion is inhibited at 4°C (data not shown).

To test if the differences in cytotoxicity and cell internalisa-
tion are associated with diverging modes of actions of the
compounds, we compared their effects on cell apoptosis.
Apoptosis is a well-established mechanism of cell death involv-
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Figure 3. Confocal fluorescence microscopy images showing the cell internalisation of the various compounds after incubation at 37°C, for 10 or 35 min. Pic-
tures show the fluorescence of the compounds (left) and transmitted light (right).

ing active and precisely planed cellular functions and signalling
pathways, as opposed to necrosis, in which cell death is initiat-
ed by exogenous wounding and is thought to be passive. One
of the manifestations of apoptosis is a chromatin condensa-
tion, which can be detected by the observation of the cell
nucleus morphology."” 4 ,6-Diamidino-2-phenylindole (DAPI), a
fluorescent stain for DNA, was therefore used to compare the
nuclei of A2780 cells treated with 2 or cisplatin (cisPt), a plati-
num complex widely used in chemotherapy known to induce
apoptosis.'® Hence the percentage of cells presenting a con-
densation of the chromatin was determined. Figure 4 shows
that 5 h after incubation with the compounds, there is no sig-
nificant increase of the proportion of condensed nuclei upon
treatment with 2 versus untreated cells, whereas cisplatin
clearly causes a chromatin condensation. These results indicate
that 2 triggers cell death via necrosis.

The intracellular trafficking of three different fluorescent
ruthenium tris(bipyridyl) complexes was studied in order to
gain insights in their uptake mechanisms. Related ruthenium
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compounds with bipyridyl ligands have been extensively stud-
ied as DNA-damaging agents,"®?” although in vitro cellular
studies are rare.”"?? Growth inhibition tests performed on
A2780 ovarian cancer cells showed that the most lipophilic
compound, 2, is extremely cytotoxic whereas the more hydro-
philic compounds 1, 3 and 4 are essentially not toxic. Micros-
copy studies indicate that the subcellular localisation of the
compounds vary greatly, with 3 and 4 showing an intracellular
localisation comparable to other ruthenium complexes,?"*!
and 2 targeting the plasma membrane.

Accumulation in the cell nucleus was not observed for any
of the compounds; this indicates that DNA damage as a mech-
anism of cell death for this class of compounds is unlikely. An
alternative mode of action for 2 involving interference with
the dynamics of the plasma membrane presumably leads to
cell death. Indeed, ruthenium complexes have been shown to
interact with purified lipids in vitro.”*?' Compounds based on
ruthenium have been developed specifically for tracking appli-
cations in cell biology, mostly to gain insights into the uptake

ChemBioChem 2009, 10, 1796 — 1800
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Figure 4. A) Fluorescence microscopy images showing the nuclei morpholo-
gy of A2780 cells treated with 2 or cisplatin. Left: Control, untreated cells;
Middle: cells incubated at 37 °C with 2 (10 um); Right: cells incubated at

37 °C with cisplatin (10 pm). Arrows point to condensed nuclei characteristic
of apoptotic cells. B) Histogram showing the proportion of condensed nuclei
in the populations of cells treated with 2 (at concentrations of 2 and 10 pm)
and cisplatin (cisPt, at a concentration of 10 um).

of drugs, but some are also in routine use for staining.”® Until
recently ruthenium complexes were generally thought to be
internalised through endocytosis, with some emphasis on the
involvement of the transferrin receptor in the active uptake of
such molecules.””” Neugebauer et al. recently described the
behaviour of a polypyridyl compound that associated to the
plasma membrane and rapidly diffused in the cytoplasm.”® It
was hypothesised that the compound passively diffused
through the plasma membrane because its cellular uptake was
shown to be insensitive to both chemical metabolism inhibi-
tors and low temperature. Our results suggest an alternative
mechanism for 2, showing both energy-independent plasma
membrane binding and saturable and energy-dependent inter-
nalisation. This conclusion is based on the two following ob-
servations; first, at a high concentration, 2 tends to accumulate
at the plasma membrane, whereas at lower concentrations it is
efficiently internalised, and second, when the cells are incubat-
ed with 2 at 4°C, internalisation of the complex is blocked, but
not its binding to the plasma membrane. A passive adsorption
of 2 on the plasma membrane, probably favoured by its lipo-
philicity, would then be followed by an active internalisation
involving membrane receptors or transporters. Hence, mem-
brane staining would not be inhibited by either receptor satu-
ration or reduced temperatures, whereas the staining of cyto-
plasmic organelles would be impaired at low temperature and
reduced in the presence of high concentrations of 2.
Ruthenium red is a prominent example of a ruthenium com-
plex known to interact with the plasma membrane. Due to this
property it has been widely used in optical or electron micros-
copy to label the cell membrane and study membrane recy-
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cling dynamics. It is thought to bind to proteoglycans present
in the cell coat.” 3" Therefore such glycosylated proteins
could be a target for 2 and could mediate its uptake depend-
ing on the ratio between metal complex and proteoglycan
concentrations.

In conclusion, our studies show that, by changing the sub-
stituent groups attached to the bipyridine ligand, a variety of
metal complexes can be obtained that exhibit significantly dif-
ferent cytotoxicities and uptake mechanisms. DNA does not
appear to be a target for any of the studied compounds, as
they are not seen to accumulate in the cell nucleus, and future
studies will focus on delineating the actual biomolecular target
or targets that are responsible for cell death.

Experimental Section

Synthesis of ruthenium tris(substituted-bipyridine) complexes
[RuL;](Cl),: Compounds 2 and 4 were prepared as reported earlier
and 1 and 3 were prepared by following the same procedure with
the appropriate ligands.”

Cells and cell treatment: Human A2780 and A2780cisR cells were
obtained from the European Centre of Cell Cultures (ECACC,
Porton Down, UK). All cell culture reagents were obtained from
Gibco-BRL (Basel, Switzerland). The cells were grown in RPMI 1640
medium containing 10% foetal calf serum (FCS) and antibiotics.
The organometallic complexes were dissolved in DMSO as 40 mm
for stock solution and then diluted in complete medium to the re-
quired concentration. DMSO at comparable concentrations did not
show any effects on cell cytotoxicity (results not shown).

Determination of cytotoxicity: Cells were grown in 96-well cell
culture plates (Corning, NY) at a density of 2.5x10* cells per well.
The culture medium was replaced with fresh medium containing
complexes 1-4 at concentrations varying from 0 to 200 um, with
an exposure time of 72 h. Thereafter the medium was replaced by
fresh medium and cell survival was measured by using the MTT
test as previously described.®? Briefly, 3-(4,5-dimethyl-2-thiazoyl)-
2,5-diphenyltetrazolium bromide (MTT, Merck) was added at
250 pigmL™" and incubation was continued for 2 h. Then the cell
culture supernatants were removed, the cell layer was dissolved in
DMSO, and absorbance at 540 nm was measured in a 96-well mul-
tiwell-plate reader (iEMS Reader MF, Labsystems, Bioconcept, Swit-
zerland) and compared to the values of control cells incubated
without complexes. Experiments were conducted in quadruplicate
wells and repeated at least twice.

Determination of pK,: The pK, of 2 was determined by titration of
2 (100 pum), supplemented with HCl (0.6 mm), against NaOH
(2.5 mm). The titration was followed by potentiometry.

Determination of logP,,,: The lipophilicity of the compounds 1-
5 was determined by using the shake-flask method of octanol/
water phase partition. The compounds were dissolved in PBS
(pH 7) at concentrations corresponding to absorbance of 0.4 at
488 nm. Octanol (500 pL) was added to a solution of the rutheni-
um compounds in PBS (500 pL) in 1.5 mL microcentrifuge tubes.
The tubes were vigourously shaken for 10 min and the phases
were separated by centrifugation at 2000g for 5 min. The concen-
tration of ruthenium compounds were determined by their absorb-
ance at 488 nm and used to calculate log P,

Microscopy experiments: Cells were grown for 24 h on cham-
bered coverglass (Lab-Tek, NUNC) slides in complete medium at a
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density of 1x10* and later exposed to 2, 3 and 4 at 37°C in the
dark. Excess complex was washed away with PBS before observa-
tion. The measurement chamber was placed on the stage of an in-
verted confocal fluorescence microscope (LSM510, Zeiss) equipped
with a 63 x water immersion objective of 1.2 NA (Zeiss). The laser
line for excitation and filter for detection of Ru compounds were
488 nm and > 650 nm, respectively. Fluorescence signal intensities
were evaluated by using Zeiss LSM software.

DAPI staining of cell nucleus: Cells were grown for 24 h on cham-
bered coverglass (Lab-Tek, NUNC) slides in complete medium at a
density of 1x10* and later exposed to 2 and cisPt at 37°C in the
dark. The medium was then discarded, cells were rinsed twice with
PBS and fixed by incubation in Carnoy solution for 25 min at
—20°C. Cells were rinsed with MeOH and dried overnight. Cell
nuclei were stained with DAPI (10 ygmL™") for 15 min at room
temperature in the dark and rinsed with PBS. Cells were mounted
in PBS before being observed by fluorescence microscopy by using
a Zeiss Axiovert 200 M microscope equipped with a 40x air im-
mersion objective. The filters used for excitation and detection of
DAPI were 345 and 548 nm respectively. Fluorescence signal inten-
sities were evaluated by using MetaMorph software and cell nuclei
were manually counted.
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New, Highly Active Nonbenzoquinone Geldanamycin Derivatives by Using

Mutasynthesis

Simone Eichner,”” Heinz G. Floss,” Florenz Sasse,'” and Andreas Kirschning*®

Since its invention by Rinehart and Gottlieb,"! mutational bio-
synthesis (“mutasynthesis”?) has become a useful tool in the
portfolio of the synthetic natural product chemist™ for the
preparation of complex natural product derivatives with phar-
maceutical potential.’ Mutasynthesis requires the generation
of mutants of a producer organism that are blocked in the for-
mation of a biosynthetic building block of the end-product.
Administration of mutasynthons to the blocked mutant results
in new metabolites.” A natural product suitable for mutasyn-
thetic investigations is geldanamycin (1, Scheme 1), a potential
antitumor drug® that binds to the N-terminal ATP-binding
domain of heat shock protein 90 (Hsp90) and inhibits its ATP-
dependent chaperone activities.”” Most geldanamycin deriva-
tives reported to date are 17-aminated compounds and were
obtained by semisynthesis.”! Recently, two groups have uti-
lized blocked mutants of the microbial source of geldanamycin
to prepare several new derivatives.”'"

Benzoquinone-containing Hsp90 inhibitors depend on re-
ductive activation to the hydroquinone by the enzyme
NAD(P)H/quinone oxidoreductase 1 (NQO1).'*™ As the activi-
ty of this enzyme in different patients is variable, derivatives
that show binding to the ATP binding pocket of Hsp90 without
the need for activation by NQOT1 are highly desirable. Addition-
ally, the quinone moiety of geldanamycin is held responsible
for undesired side effects (for example, hepatotoxicity). The Mi-
chael addition of the thiol moiety of glutathione to the qui-
none is regarded as one source of problems."® Related to gel-
danamycin 1 is reblastatin 2, which is saturated across C4-C5
and has a benzene chromophore instead of a benzoquinone
or a hydroquinone moiety."” Importantly, reblastatin shows
lower cytotoxicity than geldanamycin but has a higher affinity
for Hsp90."”

The genes required for the biosynthesis of 1 have been
cloned, sequenced, and independently analyzed in several
streptomycetes."”The producing microorganism Streptomyces
hygroscopicus var. geldanus NRRL 3602 creates geldanamycin
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OH

type | PKS
1x acetate
4x propionate

2x glycolate
AHBA —»—»

o amide synthase

OH

seco-Progeldanamycin

oxidations,
O-methylation,
carbamoylation,
dehydrogenation

Progeldanamycin

1 Geldanamycin

MeO.7
HO 3_NH,
1
MeQ 07 >oH
3 AHBA

2 Reblastatin

Scheme 1. Principal biosynthetic pathway of geldanamycin (1) (ACP =acyl
carrier protein of last PKS-module)"® and structures of reblastatin (2) and 3-
amino-5-hydroxybenzoic acid (AHBA, 3).

through a biosynthetic machinery based on a polyketide syn-
thase (PKS) and additional post-PKS enzymes. The biosynthesis
of 1 is primed by the starter unit, 3-amino-5-hydroxybenzoic
acid (AHBA, 3), which originates from a shikimate-type biosyn-
thetic pathway (Scheme 1).%% The PKS generates seco-progel-
danamycin which is cyclised and released from the PKS by an
amide synthase. The resulting progeldanamycin is then further
modified by a set of tailoring enzymes, starting with the oxida-
tion of C21 and C17, followed by O-methylation at C17, intro-
duction of the carbamoyl moiety and finalized by dehydrogen-
ation across C4-C5.%*"! The oxidation of the hydroquinone
moiety to the quinone only takes place after oxidation at
C21."% Disruption of genes coding for AHBA formation leads
to blocked mutants without affecting the modules of the poly-
ketide biosynthetic genes (PKS 1).'¥

After our successful application of the mutasynthesis meth-
odology for the generation of ansamitocin P-3 derivatives®"

WWILEY )
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Table 1. Successful (not scaled-up) mutasyntheses with S. hygroscopicus K390-61-1 using 3-aminobenzoic acids

4-13.
Mutasynthon® t:® [min] Formula Proposed structure!®
“/\O H/\O
C31H47N207 [M+H]+3
o 1.85 calcd: 559.3383
NH, found: 559.3397 N—%
OH 4 wans H
OMe OMe
CaoHasN, O, IMA+H]*:
0O, NH 1.66 caled: 533.3227 N—
on 5 : found: 533.3252 e H
Cl
C,;H,,CINNaOg [M+Na]*: (@NH
n.d. caled: 534.2598 A :
cl found: 534.2579 seco-acid and
carbamoyl group at O-7
0 NH, cl
OH gld
C,5H43CIN,NaO;, [M+Na] ": NH,
n.d. calcd: 577.2656 v
found: 577.2679 seco-acid and
carbamoyl groups
at O-7 and O-11
OMe
C3oHayN, O, [IM4-H]F:
OMe 1.41 calcd: 547.3383
found: 547.3364 N—§
AN H
OMe
o NH, .
on 7 CaoHaN,05 IM4H] HO
1.68 calcd: 563.3332
found: 563.3336 N*E
wAns H
OMe
CyeHasN,NaO, [M+Na] *: HO OH
OMe 1.44 calcd: 587.2945
oH found: 587.2930 N—
o) NH OMe
OH 8 ’ CyoHysN,0q [M4H] " OH
1.53 calcd: 5493176
found: 549.3193 N—%
OH OH
OMe CyoHasN,Og [M+H]: OMe
Ie) 1.36 calcd: 549.3176
NH, found: 549.3165 N—}
oH 9 e H
OEt OEt
C3oHagN,NaO, [M+Na]*:
o 1.78 calcd: 569.3203
NH, found: 569.3188 ﬁ*é
OH 10 s
HO
CygHioN,NaO, [M+Na]*:
1.38 calcd: 541.2890 N—%
o found: 541.2894 e H
NH,
oH 11 C,H4oN,NaOg [M+Na]*:
1.69 calcd: 525.2941 N—%
H

found: 525.2932
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we now wish to report simi-
lar results on geldanamycin;
these new results comple-
ment and extend data re-
cently published on this
topic by Lee, Hong and co-
workers” as well as Menzella
etall'®™

Here, we describe the
generation and biological ac-
tivity of new geldanamycin
derivatives  obtained by
using mutational biosynthe-
sis with an AHBA-blocked
mutant of the geldanamycin
producer, Streptomyces hy-
groscopicus K390-61-1.18
Twenty different 3-amino-
benzoic acids were chosen
and individually added to
cultures of strain K390-61-1.
AHBA (3) and its derivatives
are expected to be activated
to the aryl adenylates, and
then attacked by phospho-
pantetheine-thiol to form
the  PKS-bound thioest-
ers."®2" Indeed, feeding the
natural precursor 3 to cul-
tures of strain K390-61-1 pro-
duced geldanamycin (1) in a
yield of about 400 mgL.™
Without supplementation
with 3, no geldanamycin
was detected in the extracts.

Remarkably, the majority
of the 3-aminobenzoic acids
tested were converted into
new geldanamycin deriva-
tives. Table 1 and Scheme 2
show the successful comple-
mentation examples, while
Figure 1 depicts com-
pounds 14-19, which were
not transformed into new
geldanamycin derivatives as
judged by UPLC-MS (ultra
performance LC coupled ESI-
MS). After supplementation
with aminobenzoic acids 6-
13, 20, 23, 25 and 28 and
harvest after seven days,
UPLC-MS analysis clearly re-
vealed m/z peaks consistent
with suggested geldanamy-
cin analogues.”” These were
commonly not oxidized at

ChemBioChem 2009, 10, 1801 - 1805
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Table 1. (Continued)

detected. It was our goal to
generate sufficient amounts

Mutasynthon' t:® [min) Formula Proposed structure™ of new geldanamycin ana-
ocDo, ocDb, logues for isolation and bio-
CaoHasDsN,0, [M+H]*: logical evaluation in order to

o 1.69 calcd: 536.3412 demonstrate the viability of
o 12 NH, found: 536.3417 1 H—é mutational biosynthesis as a
CO,Me COMe powerful synthetic tool for
CsoHaN,NaO, [M+Na]*: natural product chemists.

o 1.70 calcd: 583.2995 Mutasynthons 20, 23, 25
O 13 NH; found: 583.2999 I N— and the aminonicotinic acid

28 (Scheme 2) turned out to

[a] The preparation of mutasynthons are described in the Supporting Information. [b] Analysis by UPLC-HRMS.
[c] If not otherwise noted, the 4,5-hydro derivatives are proposed. [d] Mutaproducts obtained from 6 have
been described in ref. [9]. [e] n.d.=not determined, mass determined by ESI-mass spectrometry without LC
column. [f] Mutaproducts obtained from 11 have been described in ref. [11].

be the most promising can-
didates with respect to
yields. Fermentations were

OMe

Feeding to

blocked mutant
(K390-61-1)

of S. hygroscopicus

21 R=H, 4,5-single bond NH,
22 R=0H, 4,5-double bond

Feeding to

blocked mutant
(K390-61-1)

of S. hygroscopicus

OH
23
Feeding to
Br blocked mutant
(K390-61-1)

of S. hygroscopicus

OH
25
Feeding to
blocked mutant
N (K390-61-1)
~ | of S. hygroscopicus
(e]
NONH,
OH
28

Scheme 2. Successful (scaled-up) mutasyntheses with S. hygroscopicus K390-
61-1.

C4-C5, and thus lacked the additional olefinic double bond.
Oxidation of the aromatic moiety was fully or partially sup-
pressed. Only for mutasynthons 7, 8, and 11 (Table 1) as well
as 20 and 25 (Scheme 2) were the 17-hydroxylated products

ChemBioChem 2009, 10, 1801 - 1805
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repeated with these amino-
benzoic acid derivatives on a

CF, OMe
cl HO
o nH, © NH, ° NH,
OH 14 OH 45 OH 16
Cl Br
Br
o
o) NH, 0 NH, ﬂNHz
OH H OH
17 OH 18 19

Figure 1. Aminobenzoic acids 14-19, which were not accepted as mutasyn-
thons.

larger scale to obtain sufficient amounts of the new geldana-
mycin derivatives for NMR-analysis and bioassay. After harvest-
ing, the fermentation broths were extracted with ethyl acetate.
The extracts were subjected to three chromatographic purifica-
tion steps (silica gel chromatography, Sephadex size exclusion
chromatography and RP-HPLC). Fermentation yields of the
new geldanamycin derivatives were significantly lower than for
the natural product 1.”® Methoxy-derivative 20 and 3-amino-4-
fluorobenzoic acid 23 were processed in moderate yields (iso-
lation of 21, 22: 7mgL'and 2.4 mgL™', respectively; 24:
8 mgL™"). Lee, Hong and co-workers reported that their AHBA-
blocked mutant S. hygroscopicus AC2 with unnatural starter
units produces 4,5-dihydrogeldanamycin derivatives.”” Com-
monly, we also encountered inhibition of the last dehydrogen-
ation step (see Table 1). However, in the case of mutasynthons
20 and 21 (17-demethoxy-18-O-methylreblastatin) the 4,5-de-
saturated product (22) was also isolated.”” 3-Amino-5-bromo-
benzoic acid (25) also yielded two major new fermentation
products, namely 18-bromo-17-demethoxy reblastatin (26) and
18-bromo-17-demethyl reblastatin (27); however, isolated
yields were rather low for both mutaproducts (0.6 mgL™"). Re-
markably, heteroarene 28 was also accepted by the mutant
S. hygroscopicus K390-61-1 and yielded 18-aza-reblastatin (29,
1.4 mgL™"), the first among all ansamycin antibiotics described
in which the polyketide chain spans a heteroaromatic
moiety.”

1803
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The position of the 17-hydroxyl group in reblastatin deriva-
tives 22 and 27 was determined by heteronuclear multiple
bond correlation (HMBC) cross peaks for NH/C19, C20, and
C21. NMR analysis of the geldanamycin derivative 21 proved
to be difficult due to substantial signal broadening. The main
reason for this observation is a cis- and trans-amide isomerisa-
tion around the C1—N bond, which equilibrates slowly at room
temperature relative to the NMR time-scale. After thorough
solvent screening (CD,OD, CDCl;, CD,Cl,) and adjustment of
the recording temperature (295, 300, 310, 320 K) we were able
to collect sufficiently resolved spectra (see Supporting Informa-
tion). For the evaluation of their biological profiles as anticanc-
er agents, the new derivatives were administered to cultured
human tumour cell lines; except for the pyridine derivative 29,
all showed strong antiproliferative activity, and most of them
had IC, values in the nm range (Table 2). The most active com-

Table 2. Antiproliferative activity 1Cs, [nMm] of 21, 22, 24, 26, 27 and 29.
(Values shown are means of two determinations in parallel.)

Cell line 21 22 24 26 27 29 2
Origin

KB-3-1 109 470 73 123 34  >8000 53
cervix carcinoma

U-937 188 93 62 142 21 2600 9
lymphoma

PC-3 n.d. 300 42 118 36 2800 18
prostate carcinoma

SK-OV-3 113 1060 54 264 46 4000 125
ovarian carcinoma

MCF-7 38 320 18 123 120 870 nd.
breast carcinoma

A-431 60 840 62 228 17 1900 18
epidermoid carcinoma

n. d.=not determined.

pounds, 24 and 27, compare favourably with geldanamycin
(1). The MCF-7 breast cancer cells were generally the most sen-
sitive, but there were marked differences between the com-
pounds tested in their activity profiles against different cell
lines. This indicates that it is possible to generate derivatives
with a certain degree of cell specificity.

In their detailed biological evaluation of nonbenzoquinone
ansamycins, Menzella et al. showed that unlike quinone-based
geldanamycin derivatives, they exert activity that is independ-
ent of reductive activation by NAD(P)H/quinone oxidoreduc-
tase 1 (NQO1).'" Along this line, our nonbenzoquinone ansa-
mycins maintained strong antiproliferative activity. In the pres-
ent case, the new nonbenzoquinone geldanamycin derivatives
21, 24 and 27 show in vitro potencies comparable to those of
the lead Hsp90 inhibitors tanespimycin (IC;, SK-OV-3: 240 nm;
MCF-7: 58 nm) and alvespimycin (ICs, SK-OV-3: 122 nm; MCF-7:
71 nm), which are under clinical evaluation."

In conclusion, we have prepared new geldanamycin/reblas-
tatin derivatives by exploiting the concept of mutational bio-
synthesis. Six new compounds were isolated in amounts suffi-
cient for full structural characterization and for preliminary bio-
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logical testing. Except for the first aza-analogue of geldanamy-
cin (29) all new mutaproducts showed a pronounced to strong
inhibitory effect on cell growth. Thus, this mutasynthetic strat-
egy has great potential for accessing compound libraries of
highly potent and complex natural products like geldanamy-
cin. The bromo-derivatives 26 and 27 are ideal precursors for
further synthetic Pd-catalyzed transformations; thus, these
derivatives expand the opportunities to access new geldana-
mycin analogues. The combination of mutasynthesis with
semisynthesis has already successfully been achieved for ansa-
mitocin derivatives.?'?
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Multivalent Manno-Glyconanoparticles Inhibit DC-SIGN-Mediated HIV-1

Trans-Infection of Human T Cells

Olga Martinez-Avila,” Luis M. Bedoya,™ Marco Marradi,”

Soledad Penadés*

Viral entry is a critical step in human immunodeficiency virus
(HIV) infection that takes place through a series of sequential
interactions between the envelope glycoprotein gp120, cellular
receptor CD4, and coreceptors CCR5 or CXCR4 on Tcells.
Through a mechanism named trans-infection, dendritic cells
(DCs) efficiently transfer the virus to T lymphocytes where viral
replication occurs." Interference in HIV transmission in the
DC-lymphocyte synapse is a preferential but complex target in
the development of new compounds displaying anti-HIV activi-
ty. HIV-DC interaction is mediated by the glycans of gp120
and the C-type lectin DC-SIGN (dendritic cell-specific ICAM 3-
grabbing nonintegrin) expressed on DCs.? DC-SIGN is tetra-
meric and specifically recognizes N-linked high-mannose oligo-
saccharides (ManyGIcNACc,) through multivalent and Ca"-depen-
dent protein—carbohydrate interactions.” Mimicking the clus-
ter presentation of the oligomannosides on the surface of the
virus is a strategy for designing carbohydrate-based antiviral
agents. Mannose multivalent systems based on proteins,”
peptides,® liposomes,” and dendrimers® as scaffolds have re-
cently been prepared for targeting DCs and tested as inhibitors
of DC-SIGN binding to gp120 in ELISA and SPR experiments.
Nevertheless, none of these systems has so far been tested in
cell-based trans-infection models.

Glyconanoparticles (GNPs) are polyvalent, biocompatible
sugar-functionalized gold nanoclusters.”'® Glyconanoparticle
platforms offer the unique potential for simultaneous incorpo-
ration of different ligands in variable densities on a single gold
cluster. We have prepared a small library of GNPs (manno-
GNPs) coated with sets of different structural motifs of the N-
linked high-mannose undecasaccharide Many(GIcNAc), of
gp120 (or with an unnatural heptasaccharide) and have ob-
served that GNPs that display multiple copies of the disaccha-
ride Mana1-2Mana block DC-SIGN/gp120 binding at 120 nm in
surface plasmon resonance (SPR) experiments.""! The manno-
GNPs were designed to target DC-SIGN receptors present on

[a] Dr. O. Martinez-Avila, Dr. M. Marradi, Dr. C. Clavel, Prof. Dr. S. Penadés

Laboratory of GlycoNanotechnology, CIC biomaGUNE/CIBER-BBN

P° Miramén 182, 20009 San Sebastidn (Spain)

Fax: (4 34) 943-00-53-01

E-mail: spenades@cicbiomagune.es

Dr. L. M. Bedoya, Dr. J. Alcami

AIDS Immunopathology Unit, National Center of Microbiology

Instituto de Salud Carlos lll, Ctra.Majadahonda-Pozuelo Km. 2,200

Madrid (Spain)

E-mail: ppalcami@isciii.es

[c] Dr. C. Clavel

Current address: IBMM, UMR 5247CNRS-Universités Montpellier 2 et 1
ENSCM, Rue de I'Ecole Normale 8, 34296 Montpellier Cedex 5 (France)

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.200900294.

=

SR WWILEY R
{;)) InterScience*

1806

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

! Caroline Clavel,” < José Alcami,*® and

DCs by mimicking the clustered carbohydrate display of
gp120. In this work we present the results obtained with
manno-GNPs (Scheme 1) as inhibitors of DC-SIGN-mediated
HIV trans-infection of human activated peripheral blood mono-
nuclear cells (PBMCs). We show that manno-GNPs coated with
the linear tetrasaccharide Manal1-2Mana1-2Mana.1-3Mana in-
hibit HIV trans-infection of human Tcells similarly to GNPs
coated with more complex branched penta- and heptaoligo-
mannosides.

Hybrid gold manno-GNPs displaying different densities of
linear and branched mannose oligosaccharides were prepared
(Scheme 1). The manno-conjugates 6-10 were synthesized by
conjugation of ethylamino mannosides 1-5, obtained by the
protocol of Wong et al.,"? with isothiocyanate linker 11 and
subsequent removal of the acetyl group (Scheme 1A). A short-
er five-carbon atom aliphatic linker was used for the prepara-
tion of 5-mercaptopentyl (-p-glucopyranoside (GlcCsS), and
was hidden internally in order to allow correct presentation of
the oligomannosides. Manno-GNPs with 100, 50, or 10% densi-
ties of dimannoside (D-100, D-50, and D-10, respectively), tri-
mannoside (T-50 and T-10), tetramannoside (Te-50 and Te-10),
pentamannoside (P-50 and P-10), and heptamannoside (H-50)
were prepared from mixtures of manno-conjugates 6-10 and
gluco-conjugate GlcCsS by using a previously described meth-
odology (Scheme 1B)."® GNPs were characterized by transmis-
sion electron microscopy (TEM), 'H NMR, IR, UV/Visible, and el-
emental analysis as previously reported.” The average number
of (oligo)mannosides per GNP and their average molecular
weights (Table 1) were calculated from elemental analysis and
gold cluster size (1-2 nm as determined by TEM; see the Sup-
porting Information).

For trans-infection studies, we used Raji DC-SIGN transfected
lymphoblastoid B cells, which can capture and transmit HIV
with an efficiency similar to that of monocyte-derived DCs.!"
Manno-GNPs are nontoxic to Raji DC-SIGN* and to human acti-
vated PBMCs at concentrations of 100 ugmL~', as determined
by the CellTiter cell viability assay (Figure S9 in the Supporting
Information). The activities of manno-GNPs against R5 or X4
HIV-1 were evaluated through an original DC-SIGN transfer
assay in which inhibition of HIV-1 infection by GNPs was as-
sessed by use of recombinant viruses carrying the Renilla re-
porter genes in their genomes." In this assay, inhibition of
viral replication is proportional to Renilla-luciferase activity in
cell lysates. Briefly, Raji DC-SIGN™ cells were preincubated with
GNPs for 1h and were then pulsed with JR-Renilla (R5) or
NL4.3-Renilla (X4) recombinant viruses for 2 h. Afterwards, the
cell cultures were extensively washed and co-cultured with ac-
tivated PBMCs that would be infected through transfer of the
virus bound to DC-SIGN in Raji cells. Viral replication was as-
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Scheme 1. A) Structures of gp120 undecasaccharide Many(GlcNAc),, oligomannoside conjugates 1-5 and 6-10, and linker 11. Compounds 6-10, through their
disulfide functional groups, allowed the preparation of gold manno-GNPs that were tested as inhibitors of DC-SIGN-mediated HIV trans-infection of T cells.
The oligomannoside moieties were chosen on the basis of their recognition by the DC lectin, DC-SIGN. The linear oligosaccharides 6-8 and the branched
oligosaccharide 9 are Many(GIcNAC), structural motifs. The branched heptasaccharide 10 is an unnatural oligosaccharide. B) Schematic representation of
manno-GNPs. D, T, Te, P, and H stand for di- tri-, tetra-, penta-, and heptamannose conjugates, respectively; the numbers indicate the percentages of mannose
oligosaccharides on GNP, the rest being the stealthy GlcC,S conjugate component.

Table 1. Inhibitory activities of manno-GNPs against HIV-1-exposed Raji DC-SIGN cells co-cultivated with unin- expression. This experimental

fected activated PBMCs. setting tries to mimic the natural
GNPs Average M, Man per ICopenp [ng LT ICopenp (MM ICopus [MIP! route of virus transmission from

[KDal GNP R NL R NL JR NL DCs to T lymphocytes. A Raji cell
D-50 39 22 80.5 1469 204 37.2 44.9 818 line not expressing DC-SIGN (Raji
T-50 105 62 166 287 1.58 27 198 169 DC-SIGN") was used to allow for
Te-50 123 56 416 103 0.34 0.83 18.9 46.6 DC-SIGN-independent viral trans-
P-50 105 28 585 306 0.56 2.9 15.6 815 fer. Mannan was used as positive
H-50 150 58 79.2 199 0.53 13 30.7 77.3 1]

control.

[a] Average mannoside copy numbers per GNP. [b] ICs, is the concentration in GNP (ICgycnp) OF in mannoside The obtained results (Figure 1)

(ICsoman) that reduces luciferase activity by 50%. For data analysis of the best-fit curves for each GNP, see Fig-

ure S8 in the Supporting Information. indicate that the carbohydrate

density on the gold surface has
a notable effect on the inhibition
sessed 48 h post-infection by luciferase activity (RLUs) in cell ly-  of DC-SIGN-mediated trans-infection. At 1ugmL~', hybrid
sates. Under the conditions tested, Raji cells do not become in-  manno-GNPs with 10% density in oligosaccharides were much
fected and luciferase activity reflects PBMC infection and viral  less active than the corresponding GNPs with 50% density. The
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Figure 1. Anti-HIV evaluation of manno-GNPs at 1 ugmL~
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! in DC-SIGN-mediated trans-infection of human T cells. HIV-1 recombinant viruses JR-Renilla R5

(striped) or NL4.3-Renilla X4 (black) were used. Raji cells not expressing DC-SIGN (Raji DC-SIGN™) were used as control to allow for DC-SIGN-independent viral
transfer. Mannan (100 ugmL~") was used as a positive control. Results are expressed as percentages of infection related to untreated control.

latter class of GNPs showed similar inhibition activities (inhibi-
tion range 69-93 %), this indicates that 50% density in oligo-
saccharides is sufficient to achieve significant inhibition. GNPs
coated with analogous mono-mannose conjugate (50% and
100% density) were less active (inhibition range below 50 %).
GNPs incorporating only GIcCS (gluco-GNPs) were inactive
even at 10 ugmL™" (Figure S7 in the Supporting Information);
this shows that neither glucose moieties nor gold contribute
significantly to antiviral activities of hybrid manno-GNPs.

To evaluate the inhibitory activities of D-50, T-50, Te-50, P-50,
and H-50 better, ICs, values were calculated from concentra-
tion-response curves (Figure S8 in the Supporting Informa-
tion). All manno-GNPs proved to be potent inhibitors of R5
and X4 HIV, with ICy, values in the ngmL™' range (Table 1). The
IC5, values were also expressed in terms of molar concentra-
tions of GNP (ICs,cnpe) Or mannosides (ICsouan), by consideration
of the average molecular weights of the GNPs and the number
of mannosides per nanoparticle. Te-50, which incorporates 56
units of linear tetrasaccharide 8, was the most potent inhibitor
against both R5 and X4 tropic HIV, and similar to P-50 and H-
50, which incorporate 28 and 58 units of the branched penta-
and heptasaccharides 9 and 10, respectively. All GNPs coated
with 50% density showed excellent inhibition activities in the
nanomolar range. The calculated 1Cyy,, values for Te-50 were
82 nm for R5 and 361 nm for X4. At the same concentrations,
the monovalent tetramannoside 3 and the corresponding di-
valent conjugate 8 did not show any inhibitory effects (data
not shown). These results show that the multivalent display of
oligomannosides on the GNP is essential to enhance their
binding to DC-SIGN and subsequently to inhibit HIV-1 trans-
infection.

Because of the lack of previous trans-infection assays with
multivalent carbohydrate-based systems, we compared the
manno-GNPs with the few examples of efficient noncarbohy-
drate-based inhibitors of the DC-SIGN-mediated HIV-1 trans-in-
fection of Tcells reported in the literature.'® The diversity of
methods, concentrations, virus, and cell lines used in these ex-
periments makes an accurate comparison with our results
quite difficult. However, the ICs, values of the manno-GNPs
(Table 1) are better than those reported for most inhibitors.'
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Furthermore, it is remarkable that the activities of unbranched
oligomannosides match those observed for more complex
branched oligosaccharides when multivalently presented on
the gold surface (Te-50 versus P-50, H-50).

In conclusion, oligomannoside-functionalized gold glyco-
nanoparticles are able to inhibit the HIV DC-SIGN-mediated
trans-infection of Tcells at nanomolar concentrations. This, to
the best of our knowledge, is the first example of a synthetic
carbohydrate-based multivalent system that seems to function
as an anti-adhesive barrier at an early stage of HIV-1 infection,
prevent viral attachment to DC-SIGN-expressing cells, and sub-
sequently inhibit trans-infection of human T lymphocytes. The
multivalent presentation of mannosides on nanoparticles is es-
sential for efficient inhibitory activity to be reached. It is note-
worthy that the presentation of simple linear di-, tri-, and tetra-
oligosaccharides on the nanocluster results in efficiencies simi-
lar to those observed for complex branched penta- and hepta-
mannosides. Recently, a nice example of multivalence efficien-
cy of gold nanoparticles coated with inhibitors of HIV fusion
has been reported."” Gold GNPs are an advantageous alterna-
tive to other multivalent scaffolds such as dendrimers, poly-
mers, and liposomes, because they allow control over the de-
grees of multivalency and multifunctionality."® The natures of
the linkers (length, flexibility, amphiphilic properties) can also
be modified for each ligand as a function of the desired pre-
sentation. In addition, gold nanoparticles offer the potential to
use the singular optical and electronic properties of metal
nanoclusters for other biomaterial applications.

Experimental Section

Cell culture and preparation of PBMCs from blood: Raji cells
were kindly provided by Dr. Alfredo Torafio (Instituto de Salud Car-
los Ill, Madrid, Spain), and Raji DC-SIGN™ cells were kindly provided
by Dr. Fernando Arenzana-Seisdedos (Institut Pasteur, Paris,
France). Both cell lines were cultured in RPMI 1640 medium con-
taining fetal bovine serum (10% v/v), L-glutamine (2 mwm), penicillin
(50 IlUmL™), and streptomycin (50 pgmL™"; all from Whittaker M.A.
Bio-Products, Walkerville, MD, USA). The 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing fetal
bovine serum (10% v/v), L-glutamine (2 mwm), penicillin (50 IUmML™),
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and streptomycin (50 pgmL™"). The 293Tcells were cultured at
37°C in a humidified atmosphere with CO, (5%) and split twice a
week. PBMCs were obtained from buffy coats from healthy donors.
Briefly, PBMCs were harvested from buffy coats by centrifugation
over Lymphoprep (Sigma-Aldrich) gradient by standard proce-
dures, stimulated with interleukin-2 (IL-2, 300 IlUmL™"; Chiron) and
phytohaemagglutinin (PHA, 5pgmL™"), and incubated at 37°C
under humidified CO, (5%) for 48 h.

Cell viability assay: The cell viability test was performed in Raji
DC-SIGN* or in Raji DC-SIGN* plus preactivated PBMCs by the
same protocol as described for the Raji DC-SIGN-mediated trans-in-
fection assay, but in the absence of viral supernatants. After 48 h
CellTiter-Glo reagent (CellTiter-Glo® Luminescent Cell Viability
Assay, Promega) was added to cell cultures and viability was quan-
tified in a luminometer (Figure S9 in the Supporting Information).

Trans-infection assay: Raji or Raji DC-SIGN™ cells (10° cells per
well) were incubated with GNPs for one hour prior to addition of
either R5 or X4 tropic recombinant viruses (JR-Renilla or NL4.3-Re-
nilla, respectively; both 200 ng p24 per well) and left for 2 h at
37°C for efficient adsorption. Afterwards, cells were washed exten-
sively with PBS, followed by the addition of preactivated PBMCs
(10° per well). Viral replication after trans-infection was followed by
measurement of RLU activity in cell lysates. Briefly, cells were har-
vested and lysed after 48 h and sample activity was measured with
the Renilla luciferase assay system (Promega) according to the
manufacturer’s protocol. Relative luminescence units (RLUs) were
obtained by using a luminometer (Berthold Detection Systems,
Pforzheim, Germany) after the addition of substrate to cells ex-
tracts. To rule out possible interference from DC-SIGN-independent
mechanisms all the experiments were performed in parallel with
nonexpressing Raji cells as control. ICs, values were calculated with
GraphPad Prism Software (Sigmoidal dose-response analysis). Re-
sults are each representative of at least three independent experi-
ments (Figure S8 in the Supporting Information).
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Precisely Programmed and Robust 2D Streptavidin
Nanoarrays by Using Periodical Nanometer-Scale Wells
Embedded in DNA Origami Assembly

Akinori Kuzuya,* Mayumi Kimura, Kentaro Numajiri, Naohiro Koshi, Toshiyuki Ohnishi,

Fuminori Okada, and Makoto Komiyama*®

A new punched DNA origami assembly with periodic nanome-
ter-scale wells has been successfully designed and constructed.
Through the attachment of two biotins at the two edges of
each well, just one streptavidin (SA) tetramer (d=5 nm) was
size-selectively captured in each 6.8x12x2.0 nm well; this al-
lowed formation of a 28 nm-period SA nanoarray of individual
molecules. The position of SA capture can be fully controlled
by placement of biotins in the nanoarray well. Moreover, con-
struction of a 2D nanoarray of individual SA tetramers through

Introduction

Nanoarrays of regularly ordered and oriented individual pro-
tein molecules should play indispensable roles in future pro-
teome studies. DNA nanotechnology,”"? which is based on pro-
grammed assembly of branched DNA helices, has recently
attracted great interest as a key technology in the preparation
of scaffolds for the nanopatterning of proteins. Various DNA
nanostructures have been used as scaffolds for protein nanoar-
rays and analyzed by atomic force microscopy (AFM).®
Mostly, fixation of proteins to the scaffold has been achieved
by connecting protein and DNA through a single flexible
linker, and those proteins are then situated on the surface of
the scaffold. However, it is not easy to obtain well-resolved,
clear AFM images of such protein molecules because they are
often scratched off of the array under repetitive AFM-tip scan-
ning. This may become a critical problem in the development
of future practical applications of protein nanoarrays, such as
single-molecule immunoassay with use of AFM imaging for
signal detection.

We have recently proposed a new fixation strategy that
leads to more robust and regulated protein nanoarrays: pro-
duction of nanometer-scale wells embedded in a DNA sheet
and selective capture of the target protein there in a single-
molecule manner, by “mooring” it with two linkers.'”” We pre-
pared a tape-like DNA scaffold by assembling U-shaped DNA
tiles made of nine DNA helices, and positioned regularly ar-
ranged nanometer-scale wells in it. By attaching two biotins at
the two edges of each well, we successfully and size-selectively
captured just one SA tetramer in that well to form 28 nm-
period SA nanoarrays. Although the means of fixation are pre-
cise and robust, limited control over the 1D-scaffold assembly
has been the major obstacle to achieving further application
of the system. Uniformity of the object of interest is one of the
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selective positioning of SA tetramers in any desired wells in a
complex of such punched origami motifs is also possible. The
stability of the SA captured by this fixation strategy (DNA wells
and two biotin linkers) was directly compared on the same
molecule with the stability of SA captured with other possible
strategies that do not employ wells or two linkers. In this way,
the robustness of this means of fixation was clearly estab-
lished.

essential target requirements for a practical analytical system.
To overcome this and to develop useful protein nanoarray sys-
tems, as well as to validate the generality of our fixation strat-
egy, we focused on DNA origami assemblies in which long
single-stranded DNA is folded into a designed planer nano-
structure with the aid of many short staple strands."® We have
designed a new punched DNA origami with periodic nano-
meter-scale wells, have successfully positioned exactly one SA
tetramer in each predetermined well in a complex of such
punched origami motifs, and have formed robust 2D nano-
arrays of individual SA tetramers, just like putting marbles in
any desired indentations on a peg solitaire board (Figure 1).

Results and Discussion
Design and construction of the punched DNA origami

The structure of the monomeric punched origami is shown
in Figure 2. The circular 7249-nucleotide single-stranded
M13mp18 genome is used as the scaffold. Figure 2A shows
the folding pattern of this viral DNA. A total of 267 staple
strands (18-46 nucleotides, Figure 2B) are used to fold it into a
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Figure 1. lllustration of the 2D SA nanoarray constructed in this study.

Size-selective capturing of

Al 7.5 turns 2.0 turns 5.0 tums 3.5 turns single SA molecules in wells
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[ — e Formation of SA nanoarrays on
% % % % % % % % % 5% the punched origami was per-
E formed as follows: Pairs of staple
G‘\ 5 ——— strands in the set intended for
Single-stranded portion (5531-5561) placement adjacent to the wells
B) were replaced with 5-biotinylat-
Well #1 #2 O #3 #4 #5486 47 #8849 ed pairs (a total of nine pairs/
o : _ r 18 strands, red strands in Fig-
F= .J% - ] I - m 10 ure 2B).  These biotinylated
%*{:EE* *‘EE*E_E*E 5*5 E*‘ELS* *%% strands each bear a biotin-tri-
= ethyleneglycol (TEG) residue at
the 5-end, and two biotins are
C) D) accordingly fixed in each well.

Figure 2. The structure of the punched DNA origami assembly designed in this study. A) Folding pattern of single-
stranded M13mp18 viral DNA. Dimensions of the motif are 76 turns (theoretically 260 nm) wide and ten helices
long (30 nm). B) Hybridization pattern of the staple strands. In total, 267 strands are used (see Figures S1-S3 and
Table S1 in the Supporting Information for details). Positions at which 5’-biotin-TEG residues were attached for
streptavidin capturing are indicated by the asterisks. C) An AFM image of the punched origami motifs. The range
of the image is 600 x 600 nm. D) A zoomed image of a motif. The range of the image is 350350 nm. Periodic rec-
tangular holes are clearly observable. The apparent period of the holes is 26 £1 nm.

narrow, rectangle, 76 turns wide (theoretically 260 nm) and ten
helices long (30 nm). Inside of this motif, nine hollow sections,
each two turns wide and four helices long (theoretical dimen-
sions are 6.8x12x2.0 nm), are periodically located every seven
turns (24 nm). These hollow sections are used as nanometer-
sized wells to capture single SA tetramers inside. Successful
formation of the origami was confirmed by AFM analyses of
annealed mixtures of viral DNA and staple strands in 1xTAE/
Mg buffer. Flat, tape-like structures with an average height of
2.440.5 nm, width of 2941 nm, and regular length of about
300 nm, were clearly imaged on mica (Figure 2C, D). In addi-
tion, well-defined, periodic rectangular holes were observable
in the motifs. The observed periodicity of the holes was 26 +
1 nm; this is in good accordance with the expected pitch of
the wells.
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After the staples had been an-
nealed with viral DNA, excess SA
was added to the solution, and
the solution was immediately
deposited on freshly cleaved
mica for AFM imaging. The
length of the TEG linker connect-
ing biotin and DNA is about
23nm,™ and the linkers are
connected to the edges of a
well such that they are 6.8 nm
(two helical turns) apart. The
two biotins in a well can thus
come as close as 2.2 nm, so that
the TEG linkers act like anchors
and cooperatively moor a SA
tetramer to the well (Figure 3A).
Figure 3B shows a typical AFM image of a SA nanoarray
formed on the punched origami. Exactly nine periodically ap-
pearing bright spots are observed in each motif. According to
the height profile (Figure 3B, right), these bright spots appear
every 2841 nm, which is quite close to the observed pitch of
the wells. Moreover, these spots are 2-3 nm higher than the
DNA helices around them. Since SA tetramer’s diameter is
5 nm,"" they are attributed to individual tetramers accommo-
dated in the 2 nm-deep wells (Figure 3B, bottom). The occu-
pancy of the wells in 60 reasonably resolved motifs (a total of
540 wells) was checked, and only seven wells were found to
be empty (Figure S5 in the Supporting Information). The esti-
mated yield of SA capture is thus 98.7 %.

The biggest advantage of using DNA origami as the scaffold
for a protein nanoarray is that each of the wells in the motif is
easily distinguishable. By simply selecting the staple to be bio-
tinylated, the well in which a tetramer is to be captured can
be freely chosen. Figure 3C-E shows some examples of the se-

ChemBioChem 2009, 10, 1811-1815



www.chembiochem.org



2D Streptavidin Nanoarray

A)

A e
WA AMARAR Y

¥

2.3 nm

N
St sata e
AUAV AV A

28+ 1nm

5.0 I_I

H
00O g O N
OH

FULL PAPERS

Formation of a 2D SA nano-
array on a punched origami
assembly

Nanoarrays made with punched
origami are not limited to 1D
arrays: 2D arrangements are also
possible by merging two (or
more) punched origami motifs
together. Figure 4A shows a
complex of two motifs that are
separately annealed and then
joined together at their longer
edges. In one of the motifs in
the complex, staple strands that
face one of the longer edges
were exchanged with ten pairs

C) D)

EEEECEREE

(O00000H00 ]

Figure 3. Construction of a streptavidin nanoarray by size-selective capture of one streptavidin tetramer in each
well. A) Strategy of capture. Two biotin-TEG residues are attached to the two edges of each well, and cooperative-
ly moor one streptavidin tetramer to the well. B) A 350x350 nm AFM image of nanoarrays (left), a height profile
of a nanoarray (right), and a schematic illustration of the nanoarray (lower). C) A 450 X450 nm AFM image of a
punched origami with biotin modification only in the central well. Exactly one SA molecule is selectively captured
there. D) Selective capture of SA in the seventh well. The range of the image is 350350 nm. E) Selective capture
of two SA molecules in the third and the eighth wells. The range of this image is 450 X450 nm.

lective capture of one (or more) tetramers in a predetermined
well. When only the fifth well was modified with biotins, SA
was only found in the fifth well, as shown in Figure 3C. In Fig-
ure 3E, both the third and the eighth wells were modified with
biotins. The yields of the desired products were quite high. A
total of 52 motifs with biotin modifications in the third and
the eighth wells were examined, for example, and 50 of them
successfully captured exactly two SA tetramers in the third and
the eighth wells (see Figure S6 in the Supporting Information;
the other two motifs were each found with one additional SA
tetramer). The number of SA units and the positions of capture
are precisely controllable.

ChemBioChem 2009, 10, 18111815
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of joint strands possessing eight
or ten additional nucleotides
complementary to the corre-
sponding region in the longer
edge in the other motif (see Fig-
ure S7 and Table S2 in the Sup-
porting Information for details).
The other motif in the complex
was annealed without the cor-
responding staple strands to
accept the sticky-ends on the
first motif.

Construction of 2D SA nanoar-
rays by positioning SA tetramers
selectively in desired wells is also
possible. A hetero-complex of
two punched origami motifs—
one biotinylated only in the
even-numbered wells and the
other only in the odd-numbered
wells—was prepared, and SA
was added to the solution. As
clearly shown in Figure 4B, the
desired 2D SA nanoarray in a
zigzag arrangement was achieved in fairly high yield.

A)

Figure 4. Streptavidin 2D nanoarray formed as a complex of two punched
origami motifs. A) A 400x400 nm AFM image of the complexes of two
punched origami motifs. B) A 350 x 350 nm AFM image of 2D streptavidin
nanoarrays in zigzag arrangement.
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Direct comparison with other fixation strategies

One of the most important features of this fixation strategy is
the robustness of the resulting nanoarray. For purposes of
comparison, SA tetramers in the even-numbered positions
were placed “on” the origami, but not through accommoda-
tion in a well. To position all the tetramers on one side of the
motif, biotins for the even-numbered positions were instead
attached to dumbbell hairpins sticking out of the same origa-
mi surface (Figure 5A). The structures of mono- or bis-biotiny-
lated dumbbell hairpins employed in this study are shown in
Figure 5B. Additional four strands and 24 extended staple
strands were used for the annealing of the motif to fill out the
even-numbered wells with four DNA helices, and the dumbbell
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was attached to the second one from the top (Figure 5C, see
Figure S9 and Tables S3 and S4 in the Supporting Information
for details). As can be seen in Figure 5D, a 1D array of SA tet-
ramers was also successfully obtained with this motif. However,
most of the tetramers trapped on the mono-biotinylated
dumbbells disappeared over the course of a few AFM meas-
urements. One interesting finding for the bis-biotinylated
dumbbell system is that only one SA tetramer is trapped on a
dumbbell, although two biotins are attached to it (Figure 5E).
Cooperative binding of biotins is also suggested for the dumb-
bell system. Such tetramers were fairly stable, but were still
more likely to be scratched off the array with repeated AFM
scanning than those accommodated in the odd-numbered
wells.

We then checked the necessi-
ty of the two-linker system and
compared the dual-anchor strat-
egy to the simpler single-anchor
strategy. Both involve molecular

1 accommodation in a well but

HN’M‘NH ioti

L the latter uses only one biotin to
W\"HW oog capture the SA. Here, f)fid-nuTn-

o bered wells were modified with
two biotins as described above,
whereas for each even-num-
bered well only one biotinylated
staple strand was used. As
shown in Figure 6, even if all of
the wells were initially filled with
SA tetramers, all of those in the
even-numbered wells had dis-
appeared after as few as four
successive AFM scans, whereas
those in the odd-numbered
wells were still clearly imaged.
This result shows that the dual-
anchor strategy is preferable. A
direct comparison between the
single-anchor strategy and that
based on dumbbell hairpins with
one biotin was also performed
(Figure S10 in the Supporting
Information). Each strategy in-
volves only one biotin, but the
former places it in a well and the
latter on the origami surface. As
would be expected, SA on
dumbbell hairpins disappeared

Figure 5. Stabilities of the SA tetramers accommodated in the wells. A) Schematic illustration of the two systems.
In this dual-anchor strategy, the SA tetramer is accommodated in a 2 nm-deep DNA well (upper). For comparison,
the SA tetramer was also attached to a dumbbell hairpin sticking out of an origami surface (lower). B) The struc-
ture of the dumbbell hairpin used in this experiment. The even-numbered wells were each filled with four DNA
helices, and this dumbbell hairpin was attached to the second one. Biotins were attached to the nucleobases in
the T4 loops (indicated by the asterisks). C) A 400x400 nm AFM image of punched origami motifs with dumbbell
hairpins in the even-numbered positions. No SA was added to the solution. Small projections can be observed be-
tween the wells. D) Dual-anchor vs. dumbbell hairpin with one biotin. SA tetramers trapped by the dumbbell hair-
pins, which look slightly larger, disappeared after a few scans (indicated by the arrows). The range of the image is
450% 450 nm. E) Dual-anchor vs. dumbbell hairpin with two biotins. SA tetramers on the dumbbell hairpins prefer-
entially disappeared (indicated by white arrows), whereas only one SA tetramer disappeared from a well (yellow
arrow). The range of the image is 400x 400 nm.
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more rapidly in AFM imaging.
Overall, the order of robustness
of fixation is as follows: dual-
anchor in a well>a dumbbell
hairpin with two biotins > single-
anchor in a well>a dumbbell
hairpin with one biotin.

ChemBioChem 2009, 10, 1811-1815
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Figure 6. Direct comparison of the dual-anchor fixation strategy and single-
anchor strategy. The odd-numbered wells in the motif were each modified
with two biotin-TEG residues and the even-numbered wells with only one
biotin. After four successive AFM scans, all of the SA tetramers in the odd-
numbered wells had disappeared (indicated by the arrows). The range of
the image is 400 X400 nm.

Conclusions

We have successfully designed a new punched DNA origami
assembly that can selectively capture exactly one SA tetramer
each of any of its predetermined wells and stably accommo-
date them. One of the latest topics in DNA nanotechnology is
whether proteins attached to DNA scaffolds still preserve their
intrinsic structures and functions.?>2" Although the possibility
of trivalent capturing of one SA tetramer in a well has been
confirmed (data not shown), it is still unclear whether the
empty binding sites in an SA embedded in a well are accessi-
ble from the external solvent and maintain their strong biotin
binding activity in that environment. If this is the case, howev-
er, attachment of secondary biotinylated proteins to SA to es-
tablish future applications of nanoarrays would be quite feasi-
ble. The native uniformity of DNA origami should make it
much easier to purify desired protein nanoarrays by various
conventional methods such as size-exclusion chromatography.

Experimental Section

Staple DNA strands were purchased from Integrated DNA Technol-
ogies (Coralville, IA, USA) and were used without further purifica-
tion. Formation of the motifs was carried out with M13mp18
ssDNA (5 nm, Takara, Japan) and staples (50 nm for each strand) in
a solution containing Tris (40 mm), acetic acid (20 mm), EDTA
(2mm), and magnesium acetate (12.5mm, 1xTAE/Mg buffer,
50 pL). This mixture was cooled from 90°C to 25°C at a rate of
—1.0°Cmin~' by use of a PCR thermal cycler to anneal the strands.

AFM imaging of DNA origami was performed with a SPA-300HV
system (SIl, Japan). Annealed mixture (3 uL) was deposited on
freshly cleaved mica, additional 1xTAE/Mg buffer (200 pL) was
added, and the imaging was performed by use of the fluid DFM
scanning mode with a BL-AC40TS tip (Olympus, Japan).

Biotin-TEG-modified staple strands and the strands for biotinylated
dumbbell hairpins were chemically synthesized from appropriate
phosphoramidite monomers (Glen Research, VA, USA) and were
purified by denaturing polyacrylamide gel electrophoresis or re-
versed-phase HPLC. The annealed mixture of a biotinylated origami
was first treated with a gel-filtration micro spin column equilibrat-
ed to 1xTAE/Mg buffer (Microspin S-400HR, GE Healthcare, UK) to

ChemBioChem 2009, 10, 18111815

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPERS

remove excess staple strands, and SA (3 equiv to the number of
wells; for example, 135 nm for Figure 3B) was added to the solu-
tion. The mixture was immediately deposited on mica and imaged
by AFM.

Merging of two origami motifs was carried out as follows: firstly,
punched origami motifs (10 nm) were separately annealed with or
without joint staple strands, and treated on a gelfiltration micro
spin column. Eluted fractions were then mixed together and con-
centrated to half volume under vacuum. After overnight incuba-
tion at room temperature, SA was added to the solution, and
imaging was immediately carried out.
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Primary Steps of pH-Dependent Insulin Aggregation
Kinetics are Governed by Conformational Flexibility

Jurgen Haas,™ Esteban V6hringer-Martinez,”” Andreas Bégehold,” Dirk Matthes,”
UIf Hensen,® Avishay Pelah,’” Bernd Abel,”’ and Helmut Grubmiiller*®

Insulin aggregation critically depends on pH. The underlying
energetic and structural determinants are, however, unknown.
Here, we measure the kinetics of the primary aggregation
steps of the insulin monomer in vitro and relate it to its con-
formational flexibility. To assess these primary steps the mono-
mer concentration was monitored by mass spectrometry at
various pH values and aggregation products were imaged by
atomic force microscopy. Lowering the pH from 3 to 1.6 mark-
edly accelerated the observed aggregation kinetics. The influ-
ence of pH on the monomer structure and dynamics in solu-
tion was studied by molecular dynamics simulations, with the

Introduction

Insulin regulates the uptake and storage of glucose in the liver
and muscles as well as the biosynthesis of triglycerides by fat
cells. It is produced in the p-cells of the islets of Langerhans in
the pancreas and is stored there as zinc-ligated hexamer mi-
crocrystals in acidified secretory granules."? Upon release into
the blood serum, and triggered by the accompanying pH
change, the hexamer dissociates into three dimers and then
subsequently into monomers,”! which is its physiologically
active form.

Disorders in human insulin metabolism can cause type Il dia-
betes, a disease affecting a large share of the population. A no-
torious complication for intravenous insulin injection and sub-
cutaneous infusion is the pathogenic deposition of the protein
at the injection sites due to aggregation at high local concen-
tration.*! Moreover, insulin aggregation still poses a major
challenge for pharmaceutical production and clinical formula-
tion.®” Accordingly, insights into this deposition process can
facilitate the development of improved insulin variants.

A particular type of aggregation is the formation of amyloid
fibrils, observed, for example, in Alzheimer’s disease®™ or in the
degradation of protein-based drugs.”’ The transition to well-or-
ganized fibrils with characteristic cross-f sheet motif has also
been observed at low pH for insulin under various condi-
tions;"*'? this renders insulin a well-defined prototypic system
for the study of fibril formation, in vitro. Bovine insulin, in par-
ticular, which differs from the human protein at three amino
acid positions, has been shown to aggregate faster compared
to the human variant.?” Despite several investigations at lower
pH values®?" no systematic study of the primary aggregation
steps as a function of pH has been reported. Moreover, the in-
soluble and uncrystallizable nature of amyloid fibrils still limits
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protonation states of the titrable groups obtained from elec-
trostatic calculations. Reduced flexibility was observed for low
pH values, mainly in the Cterminus and in the helix of the
B chain; these corresponded to an estimated entropy loss of
150 Jmol'K™". The striking correlation between entropy loss
and pH value is consistent with the observed kinetic traces. In
analogy to the well-known @ value analysis, this result allows
the extraction of structural information about the rate deter-
mining transition state of the primary aggregation steps. In
particular, we suggest that the residues in the helix of the
B chain are involved in this transition state.

the access to structural high-resolution data. Recently, two
short segments of the human insulin sequence have been
identified to form amyloid-like fibrils as well as microcrystals,
which might help to elucidate structural details of the aggre-
gation process.?>*

The exact mechanism of insulin amyloid fibril formation,
however, remains unresolved.'>?¥ Despite the vast number
of studies about fibrils and aggregation intermediates, only
little is known about the primary steps of the aggregation.!'”*")
The main reason for this slow progress in most experimental
as well as theoretical approaches is related to the fact that the
aggregation mechanism consists of multiple steps and that the
rate-limiting transition state is still unknown.

It is likely that the titrable groups of insulin play a crucial
role in these primary steps (Figure 1). At its isoelectric point of
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Primary Steps of pH-Dependent Insulin Aggregation Kinetics
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Figure 1. Crystal structure of insulin displaying the A chain (21 residues) con-
taining an intrachain disulfide bond, and the B chain (30 residues) with two
additional disulfide bonds linking the chains (PDB ID: 2BN3). The titrable
groups in the pH range of 1 to 7 are highlighted with blue circles. The C-ter-
minal regions are shown in dark red (Cyg), glutamates are depicted in light
red and histidines in yellow.

pH 5.3, insulin is neutral, and one might expect that protona-
tion at lower pH results in charged monomers. This effect
would slow down the first aggregation steps of the monomers
via long range electrostatic repulsion. In addition, depending
on the involved residues, protonation at low pH alters the hy-
drophilicity of the protein surface, which in turn would also
affect the aggregation kinetics.”” An entropic effect on the di-
merization process was suggested from theoretical studies.
Zoete etal. have estimated the insulin dimerization binding
free energy®™ based on the crystal structure of the dimer.*
Calculation of the entropic contribution to this binding free
energy revealed a loss in translational and rotational entropy
as a dominant factor that is not overcome by the gain in vibra-
tional entropy, which was estimated by normal mode analy-
sis.’”” The main entropic contribution, however, is expected
from the protonation of titrable groups, which might affect
the atomic fluctuations of a protein. Depending on how much
these fluctuations are altered in any transition state between
monomers and oligomers, the first steps of the aggregation
process might also be influenced entropically.

In all three cases, an influence of pH on the primary aggre-
gation steps of insulin is expected. If entropy plays a major
role, structural information of the transition state can be ex-
tracted from the measured aggregation kinetics. Furthermore,
any correlation of the monomer decay with the primary steps
of aggregation could imply an early rather than a late transi-
tion state in the insulin aggregation kinetics, which eventually
leads to fibrils.

Here, we test these hypotheses by a combined experimental
and computational approach. The pH-dependent aggregation
is addressed by monitoring the monomer concentration of
bovine insulin by mass spectrometry, while the pH-dependent

ChemBioChem 2009, 10, 1816 - 1822
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entropies of the monomer are calculated from computer simu-
lations.

Results
Aggregation kinetics

The influence of pH value on the aggregation rate of the insu-
lin monomer was investigated with time-resolved liquid beam
(laser) desorption mass spectrometry by monitoring the de-
crease of insulin monomer abundance in aqueous solution as
a function of time. The experiments were carried out at near
ambient temperature (313 K) and between pH 1.6 and 3 with
typical insulin concentrations of 50 um. The obtained concen-
tration profiles are characterized by sigmodial time traces (Fig-
ure 2A) and a lag time 7, which can be quantified by the time
between the start of the kinetics and the time of half
decay.®®* This lag time as a function of pH can be observed
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g 0.8 - \\.}\ pH 25
3 . O Ny

g 06 \= \\\

@ \ ~. PE:?
w . a

= 0.4 \:‘1‘

E \ “oH2
G 0.2 a P

g -\\.-u as -

Figure 2. A) Relative intensities of the insulin monomer MS peak versus
time. Intensities were measured relative to the mass peak intensity of an un-
aggregated protein sample at the corresponding pH value. The data points
were fitted with a sigmodial function. The transparent bands around the
time-resolved data points in the traces reflect the overall experimental un-
certainties. Atomic force microscope images of the aggregated samples
after 72 h at pH: B) 1.6, C) 2.0, D) 2.5, E) 3.0. The black bar corresponds to a
length scale of T um.
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in the time-resolved experiments. Significant populations of
oligomers at higher masses have not been observed. For the
employed experimental conditions, we verified that the mono-
mer is the major species in the system using static light scat-
tering, and calculated the equilibrium constant for dimerization
as a function of pH (see the Supporting Information). Changes
in monomer concentration due to a shift of the equilibrium
cannot account for the pH-dependent differences observed in
the kinetics since the dependence of the kinetics on insulin
monomer concentration has been found to be very small in
the considered concentration range.

The measured kinetics depicted in Figure 2A display the
smallest lag time at the lowest pH of 1.6 and increased t
values by at least a factor of three at higher pH values. This
pH-dependence is consistent with data obtained at a higher
temperature (T=358 K) by Nielsen et al.,*® who followed the
kinetics of fibril formation by means of thioflavin fluorescence.

Subsequent to the kinetic experiments the samples were
cooled to 283-288 K, which terminated the aggregation pro-
cess. To monitor the formation of short fibrils, spherical protofi-
brils, and, in particular, to verify that this process is correlated
with the monomer-decay kinetics, the aggregation products
were imaged with atomic force microscopy (AFM). Indeed, the
images and overall features agree with the results obtained by
Jansen et al"™® The morphology of the observed aggregation
products appeared to depend on the pH of the system (Fig-
ure 2B). In the pH range of 1.6 to 2.5 the products consisted of
short, rod-like aggregates, several longer fibrils and a few fairly
disordered aggregates. In contrast, at pH 3, at which also
rather slow kinetics was measured, only spherical aggregation
species were observed. The more pronounced fibril structures
for fast aggregation and the spherical nonfibrillar structures for
slow overall kinetics suggest that in all cases a similar pathway,
but different intermediates on the way to larger fibrils, were
observed. The difference in the experiments appears to be the
timescale of the overall aggregation kinetics and the stage of
the aggregation when it was monitored with AFM.

Since lowering the pH of the solution is accompanied with
successive protonation of titrable amino acids and in turn with
an increase of the overall charge of the monomers, it might at
first sight appear counterintuitive that a lower pH correlates
with faster aggregation. The higher charge should increase the
electrostatic interaction, that is, the repulsion between equally
charged species, which is expected to slow down an encounter
and in turn the aggregation.

To assess the influence of this electrostatic interaction, which
would be reflected in a large contribution of the activation en-
thalpy to the total activation free energy, aggregation kinetics
were also measured at a temperature of 358 K and pH 2 (see
the Supporting Information). Assuming an Eyring transition
state model in combination with an Arrhenius behavior in this
temperature range,®” these measurements yield a free energy
activation barrier with entropic and enthalpic contributions that
are in the same order of magnitude. At high pH and reduced
charges on the monomers, a correspondingly reduced enthalp-
ic contribution is expected, and, therefore, the total activation
free energy barrier would include a larger entropic part.
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These results assign the entropy an important role in the
aggregation kinetics. Especially at around pH 2 small changes
in pH result in pronounced changes in observed kinetics.

pH-dependent flexibility

In order to understand this result and to assess the influence
of pH on the internal dynamics, energetics, and entropies of
the insulin monomer, extensive all-atom MD simulations were
carried out at pH values ranging from 1 to 7. Upon changing
the pH in this range, the protonation sites will be deprotonat-
ed in the sequence: carboxyl groups of the C termini (Cyg), car-
boxyl groups of the glutamates (E), and the imidazole nitro-
gens of the histidines (H; Figure 1). Four different static proto-
nation states of the protonable groups in the monomer were
considered, and the respective pH was derived from pK, values
obtained from continuum electrostatic calculations (see the
Supporting Information).B"

All titrable groups were found to be protonated at pH< 1.
Correspondingly, system HEC;;; was set up with doubly pro-
tonated histidines, glutamates and C termini to describe this
pH range. Similarly, for T<pH<2 (system HE) histidines
(doubly) and glutamates were protonated; for 2<pH <5 (sys-
tem H) all histidines were doubly protonated; and from pH>5
(system 0) one of the two nitrogens in each histidine was de-
protonated. Accordingly, systems HE and H correspond to the
measured kinetics at pH values below or above pH 2, respec-
tively. All four systems were each simulated for 95 ns at 313 K.

Figure 3 A shows the four ensembles obtained. System H dis-
plays an increased flexibility of the C-terminal B chain; this is in
agreement with previously reported experimental and theoret-
ical studies.>>*? The secondary structure of the insulin mono-
mer in all systems is overall preserved, except for system H, in
which initial unfolding events in the first helix of the A chain
and the helix of the B chain are observed. This is in agreement
with a previously reported increase in AGyfoiing iN '"H NMR
spectroscopy titrations of human insulin.”'? For a pH between
1 and 2 (system HE) an unexpectedly reduced flexibility was
observed.

The differential flexibility is largely due to competing pH-
dependent interactions between the three pairwise contacts
formed by the C terminus of the B chain (Ala51) and the N-ter-
minal residues of the A chain (Gly1 and Glu4). Due to steric re-
straints, only two of these three contacts are formed at a time.
When all titrable groups, including Ala51, are protonated, and
Glu4 and Ala51 are neutral (system HECg), the interactions be-
tween all three pairs are equally weak, which implies frequent
competitive contact-pair formation and rupture; this explains
the observed high flexibility (see the Supporting Information).
In contrast, for system HE, Ala51 is deprotonated, and one
single, strong salt bridge is formed between Gly1 and Ala51;
this effectively locks the Cterminus of the B chain. For the
other two systems (H and 0) Glu4 is also deprotonated; this
allows for the formation of two competing salt bridges to
Gly1. This results in a strong competitive interaction between
Gly1, Glu4, and Ala51, and explains the higher overall flexibility
at pH 2-5. Finally, at high pH the singly protonated histidines

ChemBioChem 2009, 10, 1816 - 1822
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10 50

100ns

Figure 3. A) lllustration of the fluctuations of the four simulated systems.
From top to bottom: 0 (pH >5), H (pH 2-5), HE (pH 1-2), HECg; (PH < 1).

B) Comparison of the respective conformational space sampled (data shown
in nm). The individual trajectories were projected onto the two most promi-
nent, global eigenmodes, which were obtained from a principal component
analysis (PCA) over the C, atoms of the combined trajectories of the four
systems.

allow for interactions between Ala51 and Ser30; this effectively
locks the C terminus again, albeit at a different position, and is
in agreement with NMR spectroscopy data.””

The flexibility of each system is quantified by a principal
component analysis (PCA). The projection of the four trajecto-
ries onto the common essential subspace spanned by the first
two eigenvectors with the largest eigenvalues (Figure 3B) de-
scribes those dominant collective motions of the protein that
contribute most to the atomic fluctuations observed in the
simulations. The area covered represents the extent of the
explored conformational space, and quantifies the reduced
flexibility for system HE as compared to the other systems. Ap-
parently, the largest fluctuations are observed for system H.

Entropy estimate

The larger area seen for system H suggests a higher entropy.
To quantify the conformational entropies of each system, a full
correlation analysis (FCA)®**% in combination with a density es-
timate of the complete configurational space was carried out
(see the Supporting Information). This entropy estimate, how-
ever, depends on how complete the configurational phase
space density is sampled and, hence, on the simulation time.

ChemBioChem 2009, 10, 1816 - 1822
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Accordingly, estimates obtained from short trajectories tend to
underestimate the entropy. To address this convergence issue,
we calculated the individual entropies of the C, atoms using
trajectories of different lengths, which had been started from
different points during the simulations.

Figure 4 displays the entropies of the four systems obtained
as a function of the time length used for analysis. A significant-
ly larger entropy (~150 Jmol~'K™") for all analysis time lengths
was observed for system H compared to all other systems.

—e— 0
2 L H
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T +—8— HEC g
X
E 2500
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g
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©
=
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2200 M ” ”
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Figure 4. The FCA/density estimated entropies obtained for different trajec-
tory lengths of the four simulated systems. The largest entropy was ob-
served in the range of pH 2-5 (system H). From top to bottom: 0 (pH >5), H
(pH 2-5), HE (pH 1-2), HECygg (PH < 1).

As a control, we also applied the established Schlitter
method.*>*¢ Although this method relies on a (quasi-)har-
monic approximation of the phase-space density and, there-
fore, does not account for nonlinear correlations, it has the
advantage that it provides an upper bound for the entropy.
Indeed, the entropies calculated with the FCA method were
consistently smaller for all systems and, therefore, are assumed
to be more accurate.

Discussion

The observed entropy difference between systems HE and H,
together with the faster, measured aggregation kinetics of the
charged monomers at low pH and the temperature-dependent
measurements at pH 2 imply that entropy is an important
factor in the primary aggregation steps. Furthermore, valuable
information about energetics, and, to some extent, structural
features of the transition state, which defines the rate limiting
aggregation step, might be obtained.

In the simplest case, this transition state corresponds to a bi-
molecular encounter complex. As shown in Figure 5 (left-hand
blue bar), the calculated entropy difference implies a free
energy difference between the monomers of system H and HE
(TAS~313 Kx 150 Jmol "K' =47 kimol™"); for the purposes
of the illustration the enthalpy difference between the two sys-
tems is set to zero.

For comparison with the observed kinetics, the activation
enthalpy difference AAH* =AH;.—AH; between the two sys-
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Figure 5. Free energy profiles of the aggregation process for systems H
(yellow) and HE (red). Free energies are based on entropy calculations for
the monomers (left) and also include enthalpy estimates for the encounter
complexes (right). The extent of the entropic contributions to the encounter
complexes is characterized by the @ value. A @ value of 0.36 matches the
measured difference in the free energy barriers (EXP). Note that deviating
from the usual convention, AS™ =S5 —S/. denotes the difference between
entropies at the barrier.

tems as well as the change in activation entropy AAS™=
AST—AS=AS;—AS}. need to be considered, which in Figure 5
appear at the encounter complex. Taking into account the
overall excess charge of system HE (+4) and the neutrality of
system H, we assume AAH™ to be dominated by electrostatic
repulsion between the HE monomers. We estimate this contri-
bution of 14 kimol™' from the electrostatic interactions be-
tween two solvated charged spheres at a distance of 2 nm.

@ values

In contrast, AAS™ cannot be readily estimated. Rather, AAS™
depends on how much the flexibility of those “entropy-rele-
vant” residues, which mainly contribute to the monomer en-
tropy difference calculated above, is affected by the formation
of the encounter complex. In analogy to the well-known @
value,®” which describes the energetic contribution of mutat-
ed amino acids to the transition state of a protein folding pro-
cess, and thus yields structural information on the transition
state, here we assign a @ value to the aggregation process at
hand, @s=(AS—AS)/AS. This value quantifies the extent to
which the monomer entropy difference is affected in the
encounter complex and should, therefore, provide structural
information on the encounter complex.

Figure 5 illustrates the range of possible @, values. For &=
0, the monomer entropy difference is fully maintained at the
barrier, so that the fluctuations of the entropy-relevant resi-
dues are unaffected by the formation of the encounter com-
plex—most likely because they are not involved in the respec-
tive contact interfaces. In this case, the free energy barrier of
system HE is increased with respect to the neutral system H
only by the estimated enthalpic contribution of 14 kimol™".
This activation free energy difference, however, would imply
that system H should aggregate approximately 200-times
faster than system HE; this is not observed experimentally. If
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the monomer entropy difference is not fully maintained (&>
0), the barrier heights of both systems would increase due to a
correspondingly reduced entropy in the encounter complexes.
Assuming that the entropy reduction is more pronounced for
the more flexible system H, its barrier height will increase
faster; this implies a less pronounced difference in the aggre-
gation kinetics of the two systems. For @;=1, the entropy dif-
ference vanishes, and the activation free energy difference is
TAS—AH* =33 kimol™' (rightmost energy levels in Figure 5).
In this case, system HE would display faster aggregation kinet-
ics, in accordance with the experimental findings, albeit by
orders of magnitude faster.

Since the three-times faster aggregation kinetics measured
for system HE results in an activation free energy difference of
28 kimol™', a @ value of 0.36 is obtained (Figure 5, right-
hand blue bar), and 64% of the entropy difference is main-
tained in the encounter complex. The corresponding partial re-
duction of the entropy difference from 47 kJmol™" in the mon-
omeric systems to 30 kJmol™" in the encounter complexes sug-
gests that only one of the two flexible regions identified above
(C-terminal site or the helix of the B chain) is actually involved
in contact formation. Considering that the two glutamates in
the helix of the B chain are neutral in system HE, which would
enthalpically favor the formation of the encounter complex
due to diminished local electrostatic repulsion, this region
seems a likely candidate.

The discussion above considered the simplest case of a bi-
molecular encounter complex, which implies a very “early”
transition state in the mechanism of fibril formation. Account-
ing for the polydispersity of the aggregation process on the
pathway to fibrils the existence of intermediate oligomers
cannot be ruled out. The observed correlation of the monomer
decay with the formation of fibrils, however, renders an early
transition state more likely. In any case, should the rate deter-
mining step—contrary to our expectation—correspond to a
“late” transition state with an oligomeric complex structure,
the discussion above would still apply, since entropy is also
then expected to play an important, if not dominant role.

Conclusions

In summary, our combined study has revealed that the primary
steps of pH-dependent insulin aggregation are determined by
the conformational flexibility of the monomer. The enthalpic
and entropic contributions to the pH-dependent activation
free energy for aggregation have been quantified. Further, the
observed correlation between the pH-dependent monomer
decay and fibril formation is consistent with an early rather
than a late transition state in the insulin aggregation kinetics.

Contrary to what one might expect, the charged species
(system HE) showed faster kinetics despite its enhanced solu-
bility and electrostatic repulsion. This anomaly is explained in
terms of an entropic overcompensation. Accordingly, com-
pared to the charged monomers the neutral ones (system H)
display a larger flexibility, which is reduced in the encounter
complex of the primary aggregation steps. This resulting en-
tropic cost, which should be also present in an encounter com-

ChemBioChem 2009, 10, 1816 - 1822



www.chembiochem.org



Primary Steps of pH-Dependent Insulin Aggregation Kinetics

plex rendering more an oligomeric rather than a bimolecular
structure, increases the activation free energy barrier and
thereby drastically slows down the aggregation kinetics.

The close relation of the pH-dependence in the primary ag-
gregation steps and entropy, which this study has revealed
combined with the atomistic simulations, provides a micro-
scopic picture and, in particular, allows the extraction of struc-
tural information on the encounter complex. Specifically, we
suggest the residues in the helix of the B chain to be part of
the contact surface; this favors the idea that the interaction
site of the encounter complex is structurally different from the
dimer interface in the crystal structure.””

Indeed, a sequence of this helix (named the “steric zipper”
motif involving residues B12-B17) was recently found to be
crucial for the formation of amyloid-like fibrils and is incorpo-
rated in their cross-f spines.”>?

Experimental Section and Computational
Methods

Aggregation assays: Bovine insulin was purchased from Sigma-Al-
drich (Product No.15500) and was used without further purifica-
tion. Hydrochloric acid (1N) was purchased from Merck. Solvents
were prepared by diluting the necessary amount of hydrochloric
acid (1N) with double distilled water to give the required pH (1.6,
2, 25 and 3) and were then filtered through a syringe filter
(0.45 um pore size). Insulin (5.8 mg) was dissolved in the solvent of
the required pH (20 mL) to give a 50 um final solution. The pH
values of the solvent and the final solution were verified to be
within 0.1 of the desired value with a pH meter (Hanna Instru-
ments). Aliquots (1 mL) were transferred into PP reaction vessels
(1.5 mL) and shaken at 800 rpm and 40°C in a block heater. Ali-
quots (50 pL) were sampled from the solution and stored at —25°C
for mass spectrometric analysis.

Mass spectrometry: The MS-based method for measuring the bio-
kinetics of insulin in the present work was time-resolved liquid
beam desorption mass spectrometry.***? The samples were intro-
duced into the liquid water jet by using an HPLC injection valve
(Rheodyne MX9925). For the laser desorption of protonated insulin
the idler wave of a LiNbO; optical parametric oszillator (OPO,
GWU) with a wavelength of 2800 nm was employed. The OPO was
pumped by the fundamental of a Nd:YAG laser (Spectra Physics,
Quanta Ray INDI). Each injection resulted in 80 usable single shot
spectra at 20 Hz repetition rate. The median average of the mono-
mer peak intensities was calculated for further data analysis. The
obtained traces (Figure 2A) usually consisted of several experi-
ments (between 2 and 4), which were averaged in order to obtain
a satisfactorily signal-to-noise ratio.

Atomic force microscopy: The solution containing the aggrega-
tion products was diluted by a factor of ten, 5-10 uL of which
were spin coated to dryness on a freshly cleaved mica surface. A
Digital Instruments (Veeco) MultiMode scanning probe microsco-
pe llla was used. Samples were imaged in air at a 1 Hz scan rate by
using silicon tips.

Molecular dynamics simulations: The MD simulations with indi-

vidual trajectory lengths of 95 ns were conducted with the GRO-
MACS software package™ at 313 K by using the OPLS all-atom
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forcefield.“**! Electrostatic interactions were calculated at every

step with the particle mesh Ewald method.“®*” The starting struc-
ture for bovine insulin was obtained from the Protein Data Bank
(PDB ID: 2BN3). Overlapping water atoms, alternate atoms with
lower B factors, as well as missing side chain atoms were corrected
with the “FASTMD” command of the WHAT IF modeling soft-
ware.”® The MEAD package was used to calculate pK, valuest®"*!
(see the Supporting Information). Each simulation box contained
the protein monomer solvated in explicit water (TIP4P);®” sodium
or chloride ions were added to achieve a zero net charge of the
system. The integration time step was chosen to be 1 fs and weak
coupling algorithms were applied to the system over the course of
the simulations to keep the temperature and pressure constant. All
analyses were performed over the last 75 ns of each trajectory to
exclude initial relaxation motions. The C, atoms were used for all
principal component analysis. From a principal component analysis
over the combined trajectories, after assembling and diagonalising
the covariance matrix of atom pairs, the eigenvectors and eigenval-
ues were obtained. VMD was used for all 3D structure plots.”"
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Translational Diffusion and Interaction of a Photoreceptor
and Its Cognate Transducer Observed in Giant Unilamellar
Vesicles by Using Dual-Focus FCS

Jana Kriegsmann,® Ingo Gregor,”™ Iris von der Hocht,*“ ¢ Johann Klare, Martin Engelhard,™

[b]

Jérg Enderlein,” and Jérg Fitter*®

In order to monitor membrane-protein binding in lipid bilayers
at physiological protein concentrations, we employed the re-
cently developed dual-focus fluorescence correlation spectros-
copy (2fFCS) technique. In a case study on a photoreceptor
consisting of seven transmembrane helices and its cognate
transducer (two transmembrane helices), the lateral diffusion
for these integral membrane proteins was analyzed in giant
unilamellar vesicles (GUVs). The two-dimensional diffusion co-
efficients of both separately diffusing proteins differ significant-

Introduction

Membrane proteins have to cope with various specific tasks in
the cell. They ensure interaction and communication of the
cell with its environment by forming channels or providing
receptor molecules that transfer various kinds of information.
In order to fulfil these requirements, larger oligomeric protein
complexes often need to be formed in the cell membrane. A
well studied example in this respect is given by a photorecep-
tor (NpSRIl) and its cognate transducer (NpHtrll). Together they
form a photo-signaling complex in Natronomonas pharaonis.?
NpSRIl consists of seven membrane-spanning a-helices, while
NpHtrll is made up of two membrane-spanning helices and a
cytoplasmic domain composed of a coiled-coiled four-helix
bundle. EPR-spectroscopy and crystallographic studies on the
Np(SRII-Htrll)-complex with a truncated version of the trans-
ducer (NpHtrlls;, which is missing the cytoplasmic domain) in-
dicated that NpSRIl and NpHtrll form a 2:2 complex with a
twofold symmetry axis perpendicular to the lipid membrane
surface. This complex formation is facilitated by the intermo-
lecular binding of transmembrane transducer helices.®>* Ac-
cording to these results the 2:2 complex is assumed to be the
functional unit and both Np(SRII-Htrll) and Np(Htrll-Htrll) bind-
ing are essential to form the complex. Recent Forster reso-
nance energy transfer (FRET) measurements at protein concen-
trations (molar protein/lipid ratios: 1:200-8000) much lower
than those used in electron paramagnetic resonance (EPR) and
crystallographic studies (typical protein/lipid ratio: 1:50) re-
vealed much stronger Np(SRII-Htrll) binding than Np(Htrll-
Htrll) binding.” Most likely, the cytoplasmic transducer domain
(missing in the above-mentioned studies) is essential to ensure
a stronger Np(Htrll-Htrll) binding, which is required to obtain
functional photosignalling complexes in the cell. However, in
the cell the concentration of photoreceptors is even lower,
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ly, with D=2.2x10"8cm?s™" for the photoreceptor and with
D=4.1x10"%cm?s™" for the transducer. In GUVs with both
membrane proteins present together, we observed significant-
ly smaller diffusion coefficients for labelled transducer mole-
cules; this indicates the presence of larger diffusing units and
therefore intermolecular protein binding. Based on the phe-
nomenological dependence of diffusion coefficients on the
molecule’s cylindrical radius, we are able to estimate the
degree of membrane protein binding on a quantitative level.

with approximately 400 molecules per cell;® this corresponds
to a molar protein lipid ratio on the order of 1:1000000. To
achieve such low protein concentrations in a lipid bilayer
system we incorporated the membrane proteins into giant uni-
lamellar vesicles (GUV) for membrane-protein binding studies.
GUVs, which have an average size (diameter ~10-40 um) very
similar to that of cells, have often been used as well-defined
cell membrane models.”® In contrast to supported lipid bilay-
ers in which the bilayer may interact with the solid support,
GUVs provide a free standing (top) bilayer.”'® This advantage
is valuable for determining the precise lateral diffusion of inte-
gral membrane proteins and for analyzing membrane protein
binding in an unperturbed environment. To measure how such
protein complexes are formed in lipid bilayers at physiological
protein concentrations is still an experimental challenge. Ad-
vanced spectroscopic techniques such as fluorescence correla-
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tion spectroscopy (FCS), single particle tracking, as well as
other kinds of single molecule techniques have been success-
fully applied to investigate proteins in artificial lipid bilayer sys-
tems or in cell membranes.""'¥ Here we applied the recently
developed dual-focus FCS (2fFCS) technique” to measure the
lateral diffusion of integral membrane proteins in GUVs. The
measurement of changes in the diffusion coefficients between
samples of labelled transducer molecules in the absence or
presence of nonlabelled receptor molecules allowed the detec-
tion of intermolecular protein binding.

Results and Discussion
GUVs and membrane protein incorporation

For the incorporation of functional membrane proteins into
GUVs, we fused proteoliposomes with fluorescently labelled
membrane proteins onto surface-tethered GUVs (for details see
refs. [18], [19], and the Experimental Section). The functional
capability of the fusion process in our system is demonstrated
in Figure 1. In the wide-field fluorescence image a high con-
centration of fluorescently labelled transducer molecules incor-

1 min

3 min

10pum 2 min

Figure 1. A) A phase contrast and B)-F) a series of wide-field fluorescence
images are shown for a GUV loaded with Alexa633-labelled transducer mole-
cules. The fluorescence images were taken at different times after the GUV
was incubated with fusion-peptide equipped proteoliposomes (molar pro-
tein/lipid ratio 1:2000). At the given concentration of proteoliposomes
(which was rather high here) the fusion process was almost completed after
5 min. For subsequent FCS measurements we performed liposome fusion
with the GUVs by using a 100-fold diluted proteoliposome solution, which
was finally removed by a buffer solution after 10 min in order to decrease
background fluorescence of nonfused proteoliposomes.

porated into the GUV membrane is visible after a few minutes
incubation time with proteoliposomes. For FCS measurements
much lower protein concentrations in the GUV were em-
ployed. The fusion process was always terminated by replace-
ment of the buffer containing proteoliposomes. The final pro-
tein concentration was obtained from the measured autocorre-
lation curves and was typically between 0.3-3.2 proteins per
um?. In principle we had no control over the orientation of the
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incorporated membrane proteins with respect to the GUV
membrane and also do not know the orientation of proteins.
However, it can be assumed that for Np(SRII-Htrll) binding the
relative orientation of both membranes with respect to each
other is of importance. Since both possible orientations are
represented by subpopulations still with a high number of
molecules (in the order of thousand) we can assume that
proper complex formation is possible.

The lateral protein diffusion in the GUV membrane

Because the measurements were performed at 25+ 1°C, which
is well above the phase transition temperature (T.=—2°C for
palmitoyl oleoyl phosphatidyl choline [POPC]), the lipids in the
GUV are in the liquid phase. Therefore free lateral two-dimen-
sional diffusion can be assumed for the membrane embedded
molecules (truncated NpHtrll,s;, NpSRIl, and the lipid 1,2-dilino-
leoyl-sn-glycero-3-phosphoethanolamine [DOPE]), which were
first measured separately. The precision of the determined dif-
fusion coefficients relies critically on the accurate vertical posi-
tioning of the laser focus with respect to the intersecting
upper GUV membrane (Figure 2 A). If the laser is not focussed
onto the membrane at the correct z-position, the divergence
of the laser leads to a larger detection area and thereby to a
larger radial beam waist w and to larger diffusion times. In
order to find the correct vertical position of the laser focus a
so called z-scan has to be performed.”” For each focal plane
along the z-axis of the instrument at which the detection
volume intersects the GUV surface one measures the fluctuat-
ing intensity signals of diffusing molecules from which diffu-
sion times as well as corresponding diffusion coefficients can
be obtained. As shown by Hof and co-workers such a z-scan
can also be used for an intrinsic calibration and absolute diffu-
sion coefficients can be determined without the use of addi-
tional reference measurements.”?” In a recent study discrepan-
cies in results obtained from the z-scan technique and extrinsic
calibration are reported; such discrepancies may occur if the
confocal detection volume cannot be approximated sufficiently
well by a three dimensional Gaussian profile.”" However, in
this study we employed 2fFCS, which makes use of an addi-
tional laterally shifted laser focus that is positioned at a known
distance with respect to the first focus. Due to the introduction
of this external ruler, 2fFCS requires no extrinsic calibration.!"”
In 2fFCS the measured data consist of two auto-correlation
functions (one for each focus) and one cross-correlation func-
tion (across foci) which is fitted globally (for details see the
Experimental Section). In most cases the data could be fitted
satisfactorily with a one-component two-dimensional diffusion
model. For global fits, one fitting parameter describing the
radial beam waist w, one for the molecule concentration in the
detection area, and one for the diffusion coefficient were em-
ployed, while the known lateral distance between both foci
(403 nm) was fixed.”? Fitting results obtained from data mea-
sured at different z-positions are shown in Figure 2B and C. In
contrast to z-scans with a single beam focus, diffusion times in-
creased with increasing vertical distance (Az) from the central
position of the laser beam with respect to the bilayer plane. In

ChemBioChem 2009, 10, 1823 - 1829
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Figure 2. A) Schematic side view of a GUV with intersecting beam foci (red
color: central intersection with the GUV surface; green and blue color: non-
central intersection with the GUV surface, see also arrows in (B). B), C) Here
the typical dependence of the apparent lateral 2D diffusion coefficients and
of the radial beam waist on the z-position of the laser beam focus is shown
for a GUV containing labelled NpHtrll. Each presented data point was a
result from a fit of the 2fFCS data (see Experimental Section and Figure 4).
The resulting values were fitted with a parabolic curve (solid lines).

2fFCS we observe an increase of apparent diffusion coefficients
with increasing Az. Due to the clipping of the detection
volume by the pinhole at larger Az, we observe effectively that
the centres of gravity of the two foci move closer to each
other (that is, smaller foci distance d); this leads to larger ap-
parent diffusion coefficients. However, the minimum values ob-
tained from z-scans represent the correct values because they
were measured at a position where the projection of the con-
focal aperture in sample space is significantly wider than the
total size of illuminated area.
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Table 1. For the three fundamental molecules (DOPE, NpHitrll, NpSRIl) the
measured lateral two dimensional diffusion coefficients (mean values and
the standard deviations of the mean) are shown in this table. For these
molecules the cylindrical radii were calculated from the known cross sec-
tional areas of the molecules (for the lipid 70 A2 for both membrane pro-
teins based on the crystal structure). In addition, the measured diffusion
coefficients are given for two protein mixtures of labelled NpHtrll and
nonlabelled NpSRIl (for details see section “Intermolecular membrane
protein binding” and the Experimental Section). Based on the 1/R de-
pendence of the measured diffusion coefficients of these mixtures (see
Figure 3), cylindrical radii and cross-sectional areas were obtained by
inter- or extrapolation. One can determine which fractions of NpHtrll mol-
ecules formed a complex with NpSRII. The values in brackets represent
radii and corresponding cross-sectional areas, assuming that NpHtrll has
formed a complex with NpSRIl to 100 %.

My, Cylindrical ~Cross-sectional D,y

[kDa] radius [A] area [A%] [cm?s]™"
lipid (DOPE) 1.5 4.7 70 7.9+035%x10°8
Htrll 17.4 9.3 271.71 41+0.39%x10°®
SRII 26.5 174 951.14 2.240.40x10°®
1) SRII+Htrll_dye 43.9 12.2 467.59 3.14+0.46x107®
(19.7) (1222.85)
2) SRIl+ Htrll_dye 439 18.0 1017.87 2.14048x10°8
(19.7) (1222.85)

The diffusion coefficients and the corresponding cylindrical
radii from our measurements are given in Table 1 and in Fig-
ure 3. The obtained value for lipid diffusion (D,p,=7.9%
1078 cm?s) is in agreement with recently observed values, also
measured with FCS in GUVs.” """ For NpSRII, comparable data
has been published for the very similar Bacteriorhodopsin (BR,
also a seven helix membrane spanning integral membrane
protein with an almost identical cylindrical radius). The ob-
served diffusion coefficients of BR range from 0.08-1.4x
107% cm?s as measured with FCS or with fluorescence recovery

lipid

8.0x10 ° % D, ~1/R
‘o 6.0x10°1
E
2 Hrll Htrll
o 4.0x10° 0 +SRIl

SRIl 9
2.0x107° 1 ‘% .
4 6 8 10 12 14 16 18 20 22

RIA

Figure 3. Two-dimensional diffusion coefficients are given as a function of
the cylindrical radius of a lipid (DOPE), the transducer, and the receptor
(black open squares; values taken from Table 1). The dependence of the lat-
eral diffusion on the cylindrical radius R was fitted with a 1/R proportionality
(red solid line) for the two membrane proteins. The dependence of the diffu-
sion on R according to the Saffman-Delbrtick model with D, = (ksT/47u,,h)
[In(uh/u,,R)—0.5772)] would show a much weaker R dependence (T: abso-
lute temperature, u,, : viscosity of surrounding water, u.,: viscosity within the
lipid matrix, h: thickness of the membrane, R: cylindrical molecule radius).
The blue symbols represent diffusion coefficients of labelled NpHtrll in the
presence of unlabelled NpSRII molecules (for more details see section “Inter-
molecular membrane protein binding”).
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after photobleaching (FRAP).*?2%) Dye to the fact that BR is
still another protein as compared to NpSRIl, that the measure-
ments have been performed partly at rather different protein
concentrations, and that FRAP is a technique sensitive to other
length and time scales as compared to FCS, we cannot expect
a better accordance with the value we obtained for NpSRIl
(Dyp=2.2 x 1078 cm?s). Within the limits of error, the obtained
diffusion coefficients for our membrane proteins do not vary
with the protein concentration used in this study. At much
higher protein concentrations (molar protein/lipid ratio:
1:2000) as used in a recently published study employing FRET,
partial homodimerization was observed for NpHtrll and for
NpSRILE' However, for the protein concentrations used here
(three orders of magnitude lower than those in the FRET study)
we do not expect any homodimerization and therefore
assume monomeric diffusing molecules.

A theoretical description of particle diffusion in free lipid bi-
layers was given by Saffman and Delbriick (SD).** In this
model, cylindrical objects are embedded in a two-dimensional
lipid matrix and the observed lateral diffusion is due to thermal
motions. According to this model the 2D diffusion coefficient
depends only logarithmically on the particle’s cylindrical radius
R (see legend of Figure 3). Because in SD theory the lipid bilay-
er is treated as a two-dimensional continuous fluid, reasonable
predictions of diffusion coefficients should be expected only
from particles significantly larger than the lipid molecules, such
as proteins or protein complexes. The obtained two dimen-
sional diffusion coefficients of both membrane proteins are
well described by a 1/R dependence, and this differs signifi-
cantly from the classical SD model. This deviation is not unex-
pected, because the molecule radius of the transducer is only
two times larger than a radius of a lipid molecule (see Table 1),
and the SD model is valid only for diffusing particles with sig-
nificant larger radii. A similar 1/R behaviour was recently ob-
served by Gambin etal. for various peptides and relatively
small transmembrane proteins.”® This disagreement with the
SD model was explained by a breakdown of the hydrodynamic
calculation in the case of too small radii of the diffusing parti-
cles. However, based on the relativly strong dependence of the
diffusion coefficient on the molecule’s radius in the regime of
R=5-20 A, we can employ the phenomenological 1/R relation
to estimate to the degree of the receptor-transducer binding.

Intermolecular membrane protein binding

Based on the above described size-dependent diffusion prop-
erties, we investigated the NpSRII/NpHtrll binding by fusing
nonlabelled NpSRIl molecules together with labelled NpHtrll
into the GUVs. For this purpose, transducer molecules and
photoreceptor molecules were reconstituted in different pro-
teoliposomes that were subsequently fused into GUVs. Upon
Np(Htrll/SRIl) binding we would expect a slower diffusion coef-
ficient of NpHtrll as compared to the diffusion of an unbound
transducer. Indeed, as shown in Figure 3 (open blue symbol),
we clearly observe a significantly slower diffusion in GUVs in
which the transducer and the photoreceptor are present to-
gether. The corresponding diffusion coefficient of NpHtrll
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(3.1£0.46x10°%cm’s at 1.4 molecules per um?) is already
smaller than that one for the single transducer (4.1+0.39x
108 cm?s) and therefore indicates that a fraction of all NpHtrll
in the GUV binds NpSRIl. In a second set of experiments, we
reconstituted labelled transducer and nonlabelled photorecep-
tors together at the same molar stoichiometry into proteolipo-
somes and thereafter fused them into GUVs. For this sample
we observed an even smaller diffusion coefficient (2.1+0.48x
1078 cm?s at 1.2 molecules per um?), which is rather close to a
value predicted from the 1/R dependence of the Np(Htrll/SRII)
structure (solid blue symbol in Figure 3). The latter result indi-
cates that at the given protein concentration (molar protein/
lipid ratio ~1: 2000000) nearly 80% of the transducer mole-
cules form a Np(SRII/Htrll) complex with the related photo-
receptor (see the Experimental Section). Most probably, in the
first experiment we do observe only a partial NpHtrll/NpSRIl
complex formation (~20% complexes), because NpSRll-loaded
proteoliposomes did not fuse to GUVs to the same extent as
NpHtrll-loaded liposomes. In the second approach the equal
stoichiometry of NpHtrll and NpSRIl is guaranteed intrinsically.

Conclusion

In the present study we demonstrated that measuring lateral
diffusion of integral membrane proteins with a sufficient preci-
sion is a fruitful method to quantify the degree of intermolecu-
lar binding or oligomerization of membrane proteins at almost
physiological protein concentration in lipid bilayer systems. We
showed that intermolecular binding between the photorecep-
tor NpSRIl and its related transducer NpHtrll is extremely
strong because we observe heterodimeric complexes in giant
vesicles with a 20 pm diameter in which only ~1000 mem-
brane proteins of each type are present. Future studies with
full length transducers should offer the possibility to study the
NpHtrll-NpHtrll binding; this would provide insight into the
topology of the functional photo-signalling complex. By using
this technique in the future, we can analyze receptor-signal-
ling complexes as part of the signalling cascade; these are
supposed to form higher order structures or clusters.>?" |t
appears that 2fFCS applied to diffusing proteins in GUVs is a
valuable technique to obtain information about unperturbed
membrane proteins.

Experimental Section

Protein expression, cysteine mutants and labeling with fluoro-
phores: Expression of the photoreceptor NpSRIl and the N-termi-
nal fragment of the transducer NpHtrll consisting of residues 1-
157 (NpHtr,s,), was carried out in E. coli. For purification purposes,
both proteins carry a C-terminal His,-tag. Cysteine mutations were
introduced by using the overlap extension method and details on
protein expression and purification were described in earlier
work.%?® Cysteine mutants were labelled with maleimide-function-
alized dyes (Alexa633 from Invitrogen, Karlsruhe, Germany). Puri-
fied protein (2-10 um) was dialysed against our standard buffer
(10 mm Tris-HCI, 150 mm NacCl, 0.05% DDM, pH 7.4) for 24 h. In this
buffer the proteins react with a three- to sevenfold excess of dye
overnight a 4°C. Unbound dye was removed using a gel-filtration

ChemBioChem 2009, 10, 1823 - 1829



www.chembiochem.org



Lateral Diffusion and Intermolecular Binding of Membrane Proteins

column (Sephadex G-25, Amersham Biosciences). Further details on
determination of label ratios are described elsewhere.”

GUV preparation and protein transfer into GUV: GUV preparation
was performed by using the electroformation technique described
by Angelova and Dimitrov.”? A solution of POPC (1 mgmL™) in
chloroform  with 1,2-dilinoleoyl-sn-glycero-3-ethlphosphocholine
(EDOPC, 0.5 mol%) and biotinyl-DOPE (0.1 mol%) was deposited
on an indium tin oxide (ITO)-coated cover glass, and the solvent
was evaporated under vacuum for 30 min. A neutravidin (Pierce
Biotechnology Inc., Rockford, IL, USA) solution (0.1 mgmL™",
500 pL) was placed on a second ITO-coated glass slide, and was
dried for 15 min under nitrogen flow. Subsequently, both ITO-
coated slides, a silicon gasket, and two stripes of a self-adhesive
copper foil were employed to form a closed chamber. Through an
inlet port a glucose solution (300 uL, 111 mm) was filled into the
chamber. An alternating current (1.5 V at 15 Hz) was applied to the
chamber for two hours. After this time GUVs were formed and the
chamber was flushed carefully and incubated for 1 h with a saccha-
rose solution (111 mm). Because of the lower specific density of the
encapsulated glucose solution inside the GUV they ascend and
biotinylated lipids in the GUVs bound to the neutravidin layer of
the upper cover slide. After immobilizing individual GUVs (with 20-
40 um in diameter) on the upper cover slide, the chamber was
turned headlong and the glucose buffer was exchanged with stan-
dard buffer (50 mm NaCl, 10 mm Tris, pH 7.4). In order to incorpo-
rate membrane proteins into GUVs, proteoliposomes were fused
with GUV.'®™ For this purpose liposomes were made from DOPE-
PDP and POPC (1:20 mol/mol) with a radius of about 100 nm, and
membrane proteins were reconstituted into the vesicles at a molar
protein-to-lipid ratio of 1:2000 (for details see ref. [5]). The fusion
peptide WAE-11 (synthesized by JPT Technologies, Berlin, Germany)
was bound to the proteoliposomes through a disulfide bridge
before the liposomes were fused into GUV."® A successful incorpo-
ration of fluorescently labelled membrane proteins was monitored
by a time series of fluorescence wide-field exposures (see Figure 1).

GUV imaging and FCS measurements: Surface-tethered GUVs
with incorporated fluorescently labelled membrane proteins were
imaged by employing an inverted microscope (Olympus IX-71) in
wide-field illumination mode. Excitation light at 640 nm was pro-
vided by an argon-ion laser-pumped dye laser (Radiant Dye Laser
& Accessories GmbH, Wermelskirchen, Germany). The light was re-
flected by a dichroic mirror (Q660LP, Chroma Technology, Rocking-
ham, VT, USA) into the high numerical aperture objective. Fluores-
cence emission was collected by an UPlan 1.3 N.A./x 100 oil-im-
mersion objective (Olympus, Hamburg, Germany), passed through
a discriminating filter (690DF40, Omega Optical, Brattenboro, USA),
and imaged onto a high-sensitivity Peltier-cooled CCD camera
(iXon DV885, Andor Technology, South Windsor, CT, USA).

Diffusion coefficients were measured at room temperature (25=+
1°C) by using the recently developed 2fFCS."” Two alternately
pulsing laser diodes (LDH-P-635, PicoQuant, Berlin, Germany) emit
light beams at 640 nm that are linear polarized, but orthogonal to
each other. The light of both diodes is combined into a single
beam by employing a polarizing beam splitter (narrow band polar-
izing beam splitter cube 633, Ealing, St. Aspah, UK). The light is re-
flected by a dichroic mirror (Q660LP, Chroma Technology, Rocking-
ham, VT, USA) and subsequently passed through a DIC-prism (U-
DICTHC, Olympus, Hamburg, Germany) into a high numerical aper-
ture objective (UPLAPO 1.3 N:A/60x water immersion). Due to dif-
ferent polarization orientations for each laser pulse, we obtain two
laterally shifted and overlapping laser foci at a fixed and known
distance (400 nm). Collected emission light from each focus is
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imaged into a pinhole (200 um), collimated, split by a 50/50 beam
splitter, and finally detected by two single photo avalanche diodes
(SPCM-AQR-14, Perkin-Elmer, Wellesley, MA, USA). In addition to
the setup described above, we also performed 2fFCS measure-
ments with an adapted MicroTime 200 from PicoQuant (Berlin, Ger-
many; for details see Application Note “AppNote 2fFCS”, Pico-
Quant 2007). The power of the exciting laser was ~1 uW in order
to avoid photobleaching of the fluorophores. The measuring time
was generally between ten and 20 min for each z-position as part
of a whole z-scan. In some cases, high intensity bursts, which most
probably represent larger protein aggregates but show up rarely,
were cleaned from time traces. The measured data was processed,
analyzed, and displayed with the software SymPhoTime (Pico-
Quant, Berlin, Germany), with custom written Matlab routines, and
with OriginPro 7.5 (OriginLab Corp., Northhampton, MA, USA).

Calibration and determination of diffusion coefficients: Calibra-
tion measurements of the setup were performed with Alexa633
freely diffusing in solution. Subsequently lateral diffusion of fluores-
cently labelled molecules was measured for different z-positions
above the cover slide surface. Using a model for two-dimensional
diffusion, we fitted simultaneously two autocorrelation (ACF for
each focus) and a cross-correlation (CCF between both foci) func-
tion(s) to the measured data and determined related diffusion co-
efficients (see Figure 4 and ref. [17] for more details). For purely
two-dimensional diffusion, the data were fitted by using Equa-
tions (1) and (2)1:

wefc 1 0>

Geer(t,0) = G (0) + TWQXP(—W) M
and

ae’c 1 5
Guce () = Goo + =4~ ap s @

in which G is an offset value, D is the two dimensional diffusion
coefficient, w is the radial diameter of the Gaussian detection vol-

x 10°

14

Correlation

0 i A A
10? 10* 108
x 10° t/ys
o
@©
=0
2 0 -
17}
&
20 A A 2
102 104 108

Figure 4. The two autocorrelation functions (blue and green lines) and a
cross-correlation function (red line) were calculated from data recorded for
laterally diffusing NpHtrll using 2fFCS setup. The correlation functions were
fitted with a model for two-dimensional diffusion and the result of the
global fit is shown with the corresponding fitting curves.
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umes, J the distance between both foci, ¢ the molecule concentra-
tion per area, and € a parameter describing the overall excitation
power times detection efficiency. With the known value of 6=
403 nm, ¢, & w, and D were the fit parameters. In the case of
planar membranes intersecting the focus beam at different z-posi-
tions the dependence of the beam waist on z is given by Equa-
tion (3):

w(z) = w, {1 + ( foi2 ﬂ " 3)

2
awzn

Here w, is the beam waist in the focal plane, A is the excitation
wavelength, and n is the refractive index of the immersion
medium (water). Resulting beam waists and corresponding diffu-
sion coefficients as obtained from data measured at different z-po-
sitions are shown in Figure 2B and C. All presented diffusion coeffi-
cients and corresponding standard deviations (Table 1, Figure 3 A)
were obtained from four to eight individual z-scans as measured
in different GUVs. According to Hof and co-workers,” for some
z-scans the diffusion coefficients were calculated from autocorre-
lation functions by taking the minimum values of the parabolic
dependence on the z-position by using Equation (4):

w? AexZ \?
o= 4_5 {1 + (nw2n> } “)
0

The diffusion coefficients obtained from z-scans by using a single
focus were the same compared to those obtained from 2fFCS
within the limits of error (see also ref. [30]).

Calculation of the complex-forming transducer fraction: In prin-
ciple the fraction of complex-forming NpHtrll can be determined
by the use of a two-component fit—one component for only
NpHtrll and one for the Np(Htrll/SRIl) complex. Unfortunately the
difference in diffusion coefficients between pure NpHtrll and
Np(Htrll/SRIl) complexes was too small for a successful application
of this approach. Therefore we also fitted the data from measure-
ments with both proteins in the GUV with a single component and
extracted a single diffusion coefficient, which represents a mean
value originating from two subpopulations. Based on the known
molecular structure, a cross-sectional area and the corresponding
cylindrical radius were calculated for both diffusing membrane pro-
teins (A, Asg) @s given in Table 1. The fraction of transducer mole-
cules that form Np(Htr/SRIl) complexes was estimated by using in-
terpolated or extrapolated radius values (respectively the cross sec-
tional area values A, as obtained from the 1/R dependence (see
Figure 3). The expected cross-sectional area for the complex
(NpHtrll plus NpSRII) is 1222.85 A%, which corresponds to a cylindri-
cal radius of 19.7 A if all transducers in the sample form a complex.
Because we observed experimentally smaller values for samples
with NpHtrll and NpSRIl in the GUVs for both measurements with
Np(Htrll/SRIl) mixtures, complex formation is not 100 %. The result-
ing fraction of transducers that form complexes (f.,m,) is calculated
as follows [Eq. (5)]:

o Ameas B AHfr
fcomp - T (5)

Using this relation we obtained f,,,=0.21 for the first measure-
ment and f,,,=0.78 for the second measurement with Np(Htrll/
SRII) mixtures in the GUV.

Abbreviations: EDOPC: 1,2-dilinoleoyl-sn-glycero-3-ethlphospho-
choline; EPR: electron paramagnetic resonance; FCS: fluorescence
correlation spectroscopy; FRAP: fluorescence recovery after photo-

1828

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Fitter et al.

bleaching; FRET: Forster resonance energy transfer; GUV: giant uni-
lameller vesicle; DOPE: 1,2-dilinoleoyl-sn-glycero-3-phosphoetha-
nolamine; NpHtrll: Natronomonas pharaonis transducer of sensory
rhodopsin II; NpSrll: Natronomonas pharaonis sensory rhodopsin I;
ITO: indium tin oxide; POPC: palmitoyl oleoyl phosphatidyl chol-
ine.
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The resolution of methyl (4)-3-hydroxypentanoate catalysed
by Candida antarctica lipase B has been performed by using
ammonia and benzyl amine as nucleophiles. In all cases, the
lipase reacts faster with the R enantiomer of the ester, but
when benzyl amine is used, the enantiomeric ratio is approxi-
mately three times as high as that measured for ammonia. The
analysis of the molecular dynamics simulations carried out
over the corresponding deacylation transition state analogues
indicated specular binding modes between enantiomers that

Introduction

Enzymes are efficient catalysts in the enantioselective prepara-
tion of chiral compounds."” Among all the enzymatic transfor-
mations available, the lipase-catalysed nucleophilic attack
upon carboxylic acids and their derivatives is, by far, the most
studied and applied.” In these processes, if any of the sub-
strates are either racemic or meso, the transformation leads to
optically active products, of which the enantiomeric excess de-
pends on the degree of enantioselectivity shown by the lipase.
Rationalisation of the enzymatic enantioselectivity in terms of
protein-substrate interactions is a very useful approach be-
cause it usually allows for the formulation of simple rules that
govern how substrates and/or enzymes can be engineered to
attain high enantioselectivities. For instance, in the case of
lipases and racemic secondary alcohols, an empirical rule has
been formulated on the basis of the size of the substituents at
the stereocentre.” This rule states, from a qualitative point of
view, that the bigger the difference in size between substitu-
ents, the higher the enantiomeric ratios. Structural studies
have revealed that this behaviour is due to the presence of
two pockets of different size in the nucleophilic binding site of
lipases.™ As this pocket is highly conserved among members
of this family,™ the rule is also valid for the majority of them,
and it can be extrapolated to other serine proteases and relat-
ed nucleophiles such as disubstituted primary alcohols and
isosteric primary amines.” Unfortunately, both the structural
diversity of the acyl binding sites of lipases” and the lack of
experimental 3D structures that contain mimic inhibitors of
chiral acyl donors are responsible for the fact that rules ex-
plaining the chiral preference of lipases towards this kind of
substrate have only been formulated for a few cases® and
cannot be generalised.
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vary greatly upon the nucleophile used. For the case of ammo-
nia, an intramolecular hydrogen bond between the (3-hydroxyl
group and the protons of the nucleophile is established. How-
ever, the presence of the substituent in benzyl amine disrupts
this interaction. Instead, the acyl chain binds to a more restric-
tive area of the protein where the higher number of contacts
established with the side chains of Thr40, GIn157 and Ile189
have been identified as the reason for the higher enantioselec-
tivity observed in the aminolysis reaction.

Although the enantioselectivity displayed by an enzyme to-
wards a series of substrates can be generally explained on the
sole basis of the structure, this procedure is seriously limited in
cases in which this is not the major contribution to enantiose-
lectivity. One of the factors ignored by this approach is the
role played by the other reagents that also participate in the
reaction mechanism. Thus, for a given substrate or a series of
substrates, the structure—enantioselectivity profile can be com-
pletely altered depending on the reagents employed. For in-
stance, it has been demonstrated that, in the lipase-catalysed
resolution of racemic nucleophiles, the enantioselectivity is
considerably enhanced by using a “substrate matching” meth-
odology between the incoming nucleophile and the leaving
group;® the closer the structural similarity, the more efficient
the resolution, even though the enantiodiscrimination of each
nucleophile takes place during different steps of the catalytic
mechanism (Tl; and Tl,, Scheme 1). On the other hand, solvent
molecules, apart from solvation/desolvation contributions to
the energetics of enantioselectivity, can also bind to the active
site of enzymes and play a role during enantiodiscrimination.
For instance, it has been recently explained at the molecular
level how the water present in the reaction medium enantiose-

[a] Dr. E. Garcia-Urdiales, N. Rios-Lombardia, J. Mangas-Sdnchez,

Dr. V. Gotor-Ferndndez, Prof. V. Gotor
Departmento de Quimica Orgdnica e Inorgdnica
Instituto Universitario de Biotecnologia de Asturias,
Universidad de Oviedo
C/Julidn Claveria 8, 33006 Oviedo (Spain)
Fax: (4 34) 985103448
E-mail: vgs@fq.uniovi.es

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.200900204.

ChemBioChem 2009, 10, 1830 - 1838





Effect of Nucleophile on CALB

Asp

Asp

Asp . . "
His His His
187 187 187
_ 224 224
Jkoo; CO3_ CO3 224
“H, Ser R TH,
N N D3
W] —— T R
\Ho H
R1 ._t\o H\ (@)
2 (0]
R20=( RO?(L\FU R2 O)\R1
o .
Michaelis
Complex Ty AEIl
- R*NHCOR! + RONH,
+R'CO,R? -R%OH
Asp .
187 b5 1A§'7’ His
€Oz co; 224
NN Ser R
<y, O
N - =N
L . j/
H (O 'H
\ \ O
RN NHROY
(’ R 41\ 1
o_ 0J R
Tl, AEI

Scheme 1. Simplified mechanism for the serine hydrolase-catalysed ammonolysis and aminolysis of esters. Only the Michaelis complex, early tetrahedral inter-
mediates (Tl, and Tl,) and the acyl enzyme intermediate (AEI) are shown. The intermediate selected to carry out the MDS (Tl,) study is highlighted.

lectively inhibits the esterification of a secondary alcohol cata-
lysed by Candida antarctica lipase B (CALB).!"”

Acyl donors have a dramatic influence on both the activity
and the enantioselectivity displayed by lipases in the resolu-
tion/desymmetrisation of nucleophiles."" Accordingly, the op-
posite should also be true. However, little rationalisation has
been done in this field,"? which has been mainly left to a trial
and error process. We have been traditionally interested in the
CALB-catalysed, enantioselective preparation of [3-hydroxyest-
ers by means of aminolysis and ammonolysis processes."® In
general, we have observed that ammonia tends to be a less ef-
fective nucleophile than a primary amine (Scheme 2), the best

OH O OH O
WJ\OEt c OEt
NH3, E =17 NH3, E =44
BnNHy, £ > 52 BnNH,, £ > 100

Scheme 2. Examples of racemic f-hydroxyesters for which the CALB-cata-
lysed ammonolysis shows a lower enantioselectivity than the corresponding
aminolysis with benzyl amine 34

of which depends on the (3-hydroxyester employed. In order to
elucidate the role played by the nucleophile in the enantio-
recognition mechanism of this type of chiral acyl donor, we
report herein a study on the dependence of the enantioselec-
tivity of the resolution of methyl (+)-3-hydroxypentanoate,
selected as a model (-hydroxyester, with two nitrogenated
nucleophiles: ammonia and benzyl amine. First, the resolutions
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were carried out under standard experimental conditions.
Second, suitable intermediates were selected to carry out the
computational study. According to the accepted mechanism
for serine hydrolases,"" the different enantioselectivity dis-
played by CALB depending on the nucleophile used should
stem from those steps corresponding to the deacylation of the
catalytic serine (Tl,, Scheme 1). Moreover, and due to the
higher nucleophilicity of amines as compared to alcohols, early
Tl,s were assumed to best represent the enantioselectivity-
determining step."™ Accordingly, the corresponding molecular
dynamics simulations (MDS) were performed. The analysis of
the obtained trajectories allowed us to examine the key inter-
actions responsible for the experimental behaviour observed.
Representative snapshots of the major conformations were
energy-minimised and used to illustrate the hypotheses.

Results and Discussion

Enzymatic kinetic resolution of methyl (+)-3-hydroxy-
pentanoate [(+)-11:

For both ammonia and benzyl amine, CALB reacts faster with
the R enantiomer of the hydroxyester [(R)-1], and thus affords
the corresponding R amides [(R)-3a,b] and the S hydroxyester
[(5)-1] as the major products and substrate, respectively
(Scheme 3). Due to the uncertainty in the concentration of am-
monia (2a) in the reaction medium, it is not possible to deter-
mine which reaction is actually faster. However, the enzyme is
approximately three times more enantioselective when benzyl
amine (2b) is used as the nucleophile (Table 1).
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Scheme 3. CALB-catalysed aminolysis and ammonolysis of (4)-1 and sub-
sequent derivatisation for the ee measurement.

Table 1. CALB-catalysed resolution of (£)-1.

Entry R' conversion (c) [%]® enantioselectivity (£)®
1 H 31 15.1+0.3
2 benzyl 49 419422

[a] Reaction time: 40 min. [b] Fitted from data obtained at reaction times
of 10, 20, 30 and 40 min.

CALB structure

CALB (Uniprot"® ID: P41365) is a triacylglycerol hydrolase (EC
3.1.1.3) comprised of 342 amino acids. The enzyme belongs to
the a/B-hydrolase superfamily™” and shows no interfacial acti-
vation. Many 3D structures of this enzyme, either in the apo
form or complexed with different inhibitors, have been deter-
mined in recent years."® These structures have revealed that
the binding site of CALB (Figure 1) consists of a catalytic triad

Figure 1. Active site of CALB. The catalytic triad (dark grey), the amino acids
of the oxyanion hole (grey) and Trp104 (light grey), the “floor” of the active
site, are shown in stick mode.
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(Ser105, His224 and Asp187) and the following pockets: one
for the nucleophile, also termed the stereospecificity pocket,
one for the acyl chain and one for the oxyanion hole, formed
by the backbone amide groups of GIn105 and Thr40 and the
side chain hydroxyl group of the latter. The starting structures
for each of the tetrahedral intermediates studied here
(Scheme 4) were built so that the nucleophile was allocated in

Ser105 H—N
/CA*CB TE CN CX
o— 0G (‘ZD-”"NZ{ \(|:o/ c|:P
CcK CH cT CR
o s~
‘ BnNH,
oM

3-hydroxy-pentanoate

Scheme 4. Atom names of the deacylation tetrahedral intermediates with
benzyl amine [TI,-(R/S)-3 b].

the stereospecificity pocket, the acyl chain in the acyl binding
site and the oxyanion in the oxyanion hole (see the Experimen-
tal Section for details). Subsequently, 1 ns MDS were carried
out, and the last 0.9 ns of the trajectories were used for analy-
sis.

Catalytic hydrogen bonding

The average geometries of the catalytic hydrogen bonds were
calculated and analysed for the four diastereomeric tetrahedral
intermediates corresponding to the two nucleophiles studied
here (Table 2). The distances between the nucleophilic nitrogen
atoms and the Ne of His224 are, on average, slightly longer for
the fast- (Table 2, Entries 1 and 5) than for the slow-reacting
enantiomers (Table 2, Entries 3 and 7). However, as both the
magnitude of these differences and the fact that the trend is
the same regardless of the nucleophile used, we conclude that
this interaction is not responsible for the different enantio-
selectivity observed (Table 1). It is worth noting that when am-
monia is employed as the nucleophile, all the hydrogens on
the incoming nucleophilic nitrogen can establish a hydrogen
bond with His224 equally well by rotation around the CD-NZ
axis. However, for benzyl amine, this equivalence is disrupted,
and only the pro-R hydrogen of the nucleophilic nitrogen is
able to bind to the catalytic histidine. Concerning the stabilisa-
tion of the oxyanion, we observed that the hydrogen bond
with GIn106 is the weakest one and, for the case of ammonia,
the one that shows a largest difference between the fast-
(Table 2, Entry 1) and the slow-reacting (Table 2, Entry 3) enan-
tiomers. If we assume that the three hydrogen donors of the
oxyanion hole of CALB can equally stabilise the oxyanion, it is
logical to think that a weaker hydrogen bond can be compen-
sated by a stronger one. Therefore, for the oxyanion, we decid-
ed to compare average distances and angles rather than indi-
vidual hydrogen bonds. As can be seen in Table 2, for ammo-

ChemBioChem 2009, 10, 1830 - 1838



www.chembiochem.org



Effect of Nucleophile on CALB

Table 2. Catalytic hydrogen-bonding distances (&) and angles (°).

Intermediate Nucleophilic nitrogen (NZ)

fact, the conformation adopted
by the tetrahedral intermediate

oxyanion (OE) with ammonia (Figure 2) is quali-

His224 (Ne2) GIn106 (H)  Thr40 (H)  Thr40 (Hy1) Average™ tatively similar to the one pro-

1 qRe3a distance [A] 3.10£0.16 2274020 200+0.15 1.86+0.17 2.04 posed to account for the unusu-
2 2 angle [] - 1585+11.7 163.0+87 1648+83 1621 ally high enzymatic acylation
3 distance [A] 3.05+0.15 2474024 2014015 1924021 2.13 .

-(5)- rate of amines when ethyl eth-
4 T0OF3a angle [°] -l 1609+11.1 163.8+87 162.8+10.5 1625 . y
5 e  distance A 3204021 2144018 1924011 1904£018 199 oxyacetate is used as the acyl
6 2 angle [°] -l 162.2+£104 1648+83 1642+9.1  163.7 donor."® Although we cannot
7 T1,-(5)-3b distance [A] 3.17+0.18 215+0.18 191+0.12 1.924+0.20 1.99 ru'e out the poten‘“al Contribu_
8 2 angle [°] b 158.24+11.7 1635+9.0 16324102 161.6

tion of the different “strength”

gen was involved in the hydrogen bond.

[a] Average distance/angle per bond. [b] Angles were not measured because more than one equivalent hydro-

of this intramolecular interaction
to the enantioselectivity mea-

nia, although the oxyanion is slightly less stabilised in the
slow- than in the fast-reacting enantiomer, the difference is
too small (=~ 0.1 A) to be regarded as significant. When benzyl
amine is the nucleophile, there is practically no difference be-
tween enantiomers, and the oxyanion is slightly better stabi-
lised than it is in the ammonolysis reaction. Therefore, the re-
sults indicate that the catalytic hydrogen-bonding network
should not play a role in the different enantioselectivity dis-
played by CALB towards (+)-1 depending upon the nucleo-
phile used.

Binding of the acyl chain

The other hydrogen-bonding group of the substrate is the 3-
hydroxyl group of the acyl chain. Due to the hydrophobic
nature of the acyl binding site of CALB, there are not so many
hydrogen-bonding partners in its vicinity. These are limited to
the oxygen of the side chain amido group of GIn157 (Og1), the
nitrogen of which is in turn interacting with the side-chain
oxygen of Thr40, and the carboxylic acid moiety of Asp134.
However, when ammonia is the nucleophile, the 3-hydroxyl
group prefers to accept one of the protons of the incoming
ammonium group; it thus forms an intramolecular six-mem-
bered ring, which makes the acyl chain adopt a hairpin-like
conformation (Figure 2). This interaction is longer and sharper
for the slow- (2.38+0.29 A and 128.1+£9.4°) than for the fast-
reacting diastereomeric, tetrahedral intermediates (2.08+
0.17 A and 136.5+10.8°). Moreover, in this conformation, the
hydroxyl hydrogen of Tl-(R)-3a, but not that of TI-(5)-3a,
establishes an additional (but weak) hydrogen bond with the
backbone carbonyl oxygen of Ala281 (2.83+0.94 A, 1134+
26.3°). Conversely, the employment of benzyl amine leads to a
completely different scenario (Figure 3). Although there is also
one proton from the nucleophilic nitrogen available for inter-
action with the 3-hydroxyl oxygen of the acyl donor, this inter-
action is not established. Alternatively, the 3-hydroxyl group re-
mains mainly unpaired although it also shows, for both Tls,
short-lived interactions with the Oy of the catalytic serine, the
oxyanion (OE) and the oxygens of the side chains of GIn157
and Asp134.

Intramolecular hydrogen bonds have previously been ascri-
bed a key role in both enzymatic activity and selectivity." In

ChemBioChem 2009, 10, 1830 - 1838
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sured for the ammonolysis of

(£)-1 (Figure 2), we lean towards
ascribing to this interaction an “anchoring” effect that deter-
mines a different binding mode for the acyl chain during the
catalytic mechanism. Thus, we hypothesise that the benzyl
substituent of the amine hampers the required approach of
the secondary 3-hydroxyl moiety towards the ammonium

Figure 2. A) 3D, representative, energy-minimised conformations of (R)-
(black) and (S)-configured (grey) deacylation tetrahedral intermediates corre-
sponding to the ammonolysis of (+)-1. Only side chain polar hydrogens are
shown. The corresponding 2D versions are depicted in B) and C), respective-
ly.
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Figure 3. A) 3D, representative, energy-minimised conformations of the (R)-
(black) and (S)-configured (grey) deacylation tetrahedral intermediates corre-
sponding to the aminolysis of (+)-1 with benzyl amine. Only side chain
polar hydrogens are shown. The corresponding 2D versions are depicted in
B) and C), respectively.

group by “shielding” the hydrogens of the incoming NZ
(Figure 3). Therefore, and conversely to the case described for
ethyl ethoxyacetate,"™ the intramolecular hydrogen bond is
only possible when a sterically undemanding nucleophile, such
as ammonia, is used (Figure 4). On the other hand, the pres-
ence or absence of the intramolecular hydrogen bond indeed
causes the acyl chain of (+)-1 to adopt two different confor-
mations, and hence, to face two different binding environ-
ments in the CALB acyl pocket, depending upon the nucleo-
phile used (compare Figures 2 and 3 and see Figure 4). Thus,
when ammonia is employed (Figure 2), the acyl chain is locat-
ed closer to the entrance of the binding site than it is when
benzyl amine is employed (Figure 3).

Inspection of the representative conformations obtained for
the four tetrahedral intermediates studied here (Figures 2 and
3) shows that, for each of the nucleophiles, mirror-image bind-
ing orientations are obtained. On the one hand, when ammo-
nia is the nucleophile, the restraints imposed by the hydrogen-
bonding network and the absolute configuration of the chiral
centre make the reactive carbonyl group lie slightly outside of
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Figure 4. 3D, representative, energy-minimised conformations of the fast-re-
acting enantiomers of the deacylation tetrahedral intermediates correspond-
ing to the aminolysis of (4)-1 with benzyl amine (black) and ammonia
(grey). Only side-chain polar hydrogens are shown.

the oxyanion hole (Figure 2). These different locations occu-
pied by the reactive carbonyl group would account for the
aforementioned differences observed in the geometries of the
catalytic hydrogen bonds of the enzymatic ammonolysis
(Table 2, entries 1 and 3). On the other hand, when benzyl
amine is employed (Figures 3 and 4), the acyl chain occupies a
more “crowded” are of the acyl pocket. Accordingly, this loca-
tion should be more restrictive than the one occupied by the
acyl chain in the ammonolysis mechanism (Figures 2 and 4). In
order to quantify this observation, we have counted the
number of snapshots of the MDS trajectories containing both
close®?" and “normal” contacts®"?? between non-hydrogen
atoms of the acyl chain and the amino acids lining the acyl
binding site. The results obtained show that, for both binding
modes (Figures 2 and 3), the acyl binding site offers enough
space to accommodate the acyl chain of the substrate as is
suggested by the lack of serious steric clashes. However, and
as has been previously observed, when benzyl amine is the nu-
cleophile, the binding location of the acyl chain is more crowd-
ed; this is reflected in the fact that for both Tl,s leading to
amide 3b, the acyl chain presents 64009 “normal” contacts,
while those leading to amide 3a only present 44343 (Tables S6
and S7 in the Supporting Information).

A more detailed inspection of the different number of
normal contacts established by the atoms of the acyl chain of
(£)-1 in the four tetrahedral intermediates studied here was
carried out. The aim was the identification, if possible, of the
interactions between the acyl donor and the enzyme that
more significantly contribute to the experimental enantioselec-
tivity. To be more precise, a normal contact involving hydro-
phobic atoms was considered a van der Waals interaction and

ChemBioChem 2009, 10, 1830 - 1838
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assumed to accelerate the reaction rate of the tetrahedral in-
termediates where it was present. Otherwise, when incompati-
ble polarities were present, the contact was assumed to desta-
bilise the corresponding intermediate. As a general feature,
due to the fact that the binding modes obtained for both the
aminolysis and the ammonolysis of (4)-1 are specular, favoura-
ble and unfavourable interactions usually cancel out between
enantiomers. However, the acyl binding site is not completely
symmetric, and some interesting differential interactions have
been identified. In the ammonolysis of (+)-1 (Figure 5), Thr40,
GIn157 and 1le189 turn out to be key amino acids.”® GIn157

90001

(o2
o
o
o

Number of contacts ——

30001

el

_CH-Q157 Cl-Q157 CK-Q157 OM-1189  CI-T40

Figure 5. Number of contacts established between non-hydrogen atoms of
the acyl chain of (R)-1 (black) and (S)-1 (grey) and the amino acids of the
binding site of CALB during the ammonolysis reaction. All contacts involve
atoms of unsuitable polarities.

interacts through its Og1 atom with the carbon atoms CH, Cl
and CK of the acyl chain. Therefore, because of the polarities
of the atoms involved, these contacts destabilise the tetrahe-
dral intermediates where they occur. In particular, the interac-
tion between GIn157 and CH favours the reactivity of the fast-
reacting enantiomer. However, the effect is the opposite for Cl
and CK (Figure 5). Thus, if we assume that each of these con-
tacts contribute equally to the energetics of the enantioselec-
tivity, the net contribution of GIn157 is deleterious to the
enantioselectivity of the ammonolysis of (+)-1; Tl,-(R)-3a and
TI,-(S)-3a present with the carbon atoms of the acyl chain a
total of 8234 and 6040 contacts, respectively (Table S6). Addi-
tionally, Thr40 also disfavours the R enantiopreference shown
by CALB, since its Oyl atom establishes more contacts with
the Cl atom of the acyl chain in Tl~(S)-3a than it does in Tl,-
(R)-3a. It is worth noting that the CL terminal carbon of the
acyl chain does not seem to play any significant role in the
enantiorecognition mechanism of the CALB-catalysed ammo-
nolysis, because it does not establish a significant amount of
interactions with the amino acids of the binding site. Finally,
the 3-hydroxyl group (OM), in addition to its intramolecular in-
teraction with NZ, also seems to be a key atom for the prefer-
ence shown by CALB towards (R)-1. Although the interactions
established with the Cy2 atom of 1le189 preferentially stabilise
the slow-reacting enantiomer, the large number of contacts es-

ChemBioChem 2009, 10, 1830 - 1838
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tablished with the Oy1 atoms of Thr40 in TI,-(S)-3a strongly
favour the preferential conversion of (R)-1.

For the tetrahedral intermediates of the aminolysis reaction,
although the same amino acids participate in the most signifi-
cant contacts,””® the atoms of the acyl chain involved and the
number of contacts present vary considerably (Figure 6). Thus,
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Figure 6. Number of contacts established between non-hydrogen atoms of
the acyl chain of (R)-1 (black) and (S)-1 (grey) and the amino acids of the
binding site of CALB during the aminolysis reaction with benzyl amine (3b).
Contacts marked with an asterisk involve atoms of unsuitable polarities.

now the Oel of GIn157 establishes contacts with all the
carbon atoms of the acyl chain. In particular, the interaction
with Cl and CK favour the preferential transformation of (R)-1,
while the contacts with CH and CL play the opposite role.
Globally, Oe1 of GIn157 establishes 8659 and 12896 contacts
with the carbon atoms of the acyl chain of Tl,-(R)-3b and Tl,-
(S)-3b, respectively (Table S7). On the other hand, the binding
mode shown by the acyl chain in both TI,-(R/S)-3b makes
lle189 preferentially stabilise the fast-reacting enantiomer by
means of van der Waals interactions with Cl and CK. Converse-
ly to the ammonolysis reaction, the destabilisation of the 3-hy-
droxyl group by interactions with Thr40 is not observed. Final-
ly, the Oy1 atom of Thr40 interacts with the a-carbon of the
acyl chain (CH) in the fast-reacting enantiomer; this makes it
less stable than the slow-reacting one.

The interactions present in the four tetrahedral intermedi-
ates studied here were also grouped into three different
classes based on an atomic criterion (Figure 7):** 1) C—C con-
tacts or van der Waals interactions, 2) C—O and 3) O—O con-
tacts, the last two of which are deleterious for the energy of
the tetrahedral intermediate where they occur. As can be seen
in Figure 7, van der Waals interactions are only present during
the aminolysis reaction and clearly support the preferential
transformation of (R)-1. Conversely, O—O contacts are only
present in the ammonolysis, where they also favour the trans-
formation of the fast-reacting enantiomer of the substrate.
Finally, C—O contacts are present in both processes and, al-
though they always favour the transformation of the slow-
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Figure 7. Number of non-hydrogen atomic contacts established between
the acyl chain of ()-1 and the amino acids of the binding site of CALB
during the ammonolysis and aminolysis with benzyl amine. (R)-Tl,-3a: black;
(S)-Tl,-3 a: light grey; (R)-Tl,-3b: dark grey; (S)-Tl,-3 b: white.

reacting enantiomer of the substrate, this effect is more pro-
nounced for the ammonolysis reaction.

Conclusions

Mirror-image binding modes have been proposed for each of
the enantiomeric series of the tetrahedral intermediates corre-
sponding to the deacylation of the catalytic serine during the
CALB-catalysed ammonolysis and aminolysis with benzyl
amine of methyl (+)-3-hydroxypentanoate. However, the bind-
ing modes significantly differ depending on the nucleophile
used. This was explained on the basis of an intramolecular hy-
drogen bond between the 3-hydroxyl group of the acyl chain
and the nucleophilic nitrogen atom; this bond would only be
established in cases in which a low-steric-demand nucleophile,
like ammonia, is used.

For the ammonolysis reaction, the R enantiopreference
shown by the lipase has been ascribed to an imbalance in the
nature and amount of contacts established between the acyl
chain and the side chains of the amino acids surrounding it.
Thus, the interactions between CH and the Og1 of GIn157,
and, especially, OM and the Oy1 of Thr40 have been identified
as the major contributions to the observed enantioselectivity.
On the other hand, the bulkier benzyl amine would make the
acyl chain bind to a more restrictive area. In this binding loca-
tion, the preferential stabilisation of Cl and CK of the R enan-
tiomer of the substrate by means of van der Waals interactions
with 1le189, and their destabilisation in the slow-reacting enan-
tiomer by means of contacts with the Oe1 of GIn157, have
been indicated as the reason for the higher enantioselectivity
measured for the aminolysis process.

Experimental Section

General experimental methods: Lipase B from Candida antarctica
(SP 435) was a gift from Novozymes (Bagsveerd, Denmark). Methyl
3-oxopentanoate was purchased from Alfa Aesar (Karlsruhe, Ger-
many, and benzyl amine and sodium borohydride were obtained
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from Aldrich. Amines were distilled prior to use. Dry ammonia was
purchased from Carburos Metalicos (Barcelona, Spain). 1,4-Dioxane
was purchased from Prolabo (Barcelona, Spain) and dried prior to
use by refluxing over sodium by using benzophenone as an indica-
tor. HPLC-grade hexane and propan-2-ol were purchased from
Romil (Cambridge, United Kingdom). Flash chromatography was
performed using silica gel 60 (230-240 mesh). High performance
liquid chromatography (HPLC) analyses were carried out with a
Hewlett Packard 1100 chromatograph equipped with a UV detector
and a Daicel Chiralcel OD column (25 cm x 4.6 mm, Chiral Technolo-
gies, Europe, llikirch, France). 'H, *C NMR and DEPT experiments
were obtained with a DPX-300 ('H, 300.13 MHz and *C, 75.5 MHz)
Bruker spectrometer.

Preparation of racemic methyl 3-hydroxypentanoate [(£)-1]:
Commercially available methyl 3-oxo-pentanoate (1.3 g, 10.0 mmol)
was dissolved in methanol (20 mL), and sodium borohydride
(265 mg, 7.0 mmol) was slowly added at 0°C. After 2 h at RT, the
reaction was quenched with a saturated aq solution of ammonium
chloride (5 mL), and the solvent was evaporated under reduced
pressure. The resulting mixture was dissolved in water (5 mL), and
HCI (3 N) was added until a pH value of 2 was reached. The aque-
ous phase was then extracted with methylene chloride (3x15 mL),
the organic phases were combined and dried over Na,SO,, and the
solvent was removed by distillation under reduced pressure. The
corresponding crude material was purified by flash chromatogra-
phy (10% EtOAc/hexane), and thus afforded the hydroxyester 1 in
56 % yield.

Preparation of racemic 3-hydroxypentanamide [(£)-3al: The
ester (+)-1 (100 mg, 0.76 mmol) was dissolved in a saturated solu-
tion of ammonia in methanol. The reaction mixture was stirred at
70°C for 48 h in a sealed tube. Afterwards, the solvent was evapo-
rated at reduced pressure, and the resulting crude material was
purified by flash chromatography using EtOAc as the eluent. The
corresponding amide (+)-3a was obtained in 89% yield.

Preparation of racemic N-benzyl-3-hydroxypentanamide [(+)-
3b]: The ester (£)-1 (100 mg, 0.76 mmol) and the amine 2b
(166 pL, 1.51 mmol) were mixed in a sealed tube and stirred at
105°C for 16 h. The resulting crude material was then purified by
flash chromatography using an eluent gradient (30 to 70% EtOAc/
hexane). Amide (+)-3 b was obtained in 87 % yield.

Preparation of 1-substituted-1-oxopentan-3-yl benzoates (4 and
5a,b): Methyl 3-hydroxypentanoate (1) or the corresponding 3-hy-
droxyamide (3a or b, 0.38 mmol) was dissolved in methylene chlo-
ride (1 mL) and triethylamine (61 uL, 0.76 mmol), 4-N,N-dimethyl-
aminopyridine (9.8 mg, 0.08 mmol) and benzoyl chloride (88 L,
0.76 mmol) were successively added. After 4 h at RT, the reaction
was stopped, the solvent was evaporated, and the resulting crude
material was purified by flash chromatography (40% EtOAc/
hexane) to yield the corresponding benzoylated derivatives 4 and
5a,b in 91-97 % yield.

Enzymatic aminolysis/ammonolysis of methyl (+)-3-hydroxy-
pentanoate [(£)-1]: To a suspension of the ester (+)-1 (50 mg,
0.38 mmol) and CALB (22.7 mg), 1,4-dioxane (1.5 mL) and the
amine 3b (42 pL, 0.38 mmol) were subsequently added under a ni-
trogen atmosphere. For the case of ammonia (3a), a dry, saturated
solution of it in 1,4-dioxane was used instead. The resulting mix-
ture was shaken at 30°C and 250 rpm for 10, 20, 30 and 40 min.
Afterwards, the enzyme was filtered off, washed with methylene
chloride, and the organic solvents were evaporated under reduced
pressure.
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Effect of Nucleophile on CALB

Determination of enantiomeric excesses and the enantiomeric
ratio: The enantiomeric excesses of the substrate and products of
the enzymatic reactions were determined by means of the HPLC
analysis of their benzoylated derivatives (4 and 5a,b). A propan-2-
ol/hexane mixture (10%) was employed as the eluent. The enantio-
meric ratio was measured by means of the Rakels’ method.??

General computational methods: All molecular dynamic simula-
tions and energy minimizations (EMs) were performed on an iMac
by using the molecular modeling package Molecular Operating En-
vironment (MOE) 2007.09 (Chemical Computing Group, Inc., Mon-
tréal, Canada).”” In all cases, the Amber94 force field® and the
corresponding dictionary charges were used as implemented in
MOE. Due to the lack of parameters for 1,4-dioxane compatible
with the force field used, we opted for a continuum solvation
method, an approach that has already afforded good results in
similar studies."®'*' |n particular, a distance-dependent relative
dielectric constant of two was selected as a good compromise be-
tween the dielectric constant of 1,4-dioxane™™ and that of a globu-
lar protein matrix.”® A nonbonded cut-off of 8 A with a smoothing
function acting in the 8-10 A range were used. In all MDS, the NVT
ensemble and the Nosé-Poincaré-Anderson (NPA) equations were
selected. The initial and simulation temperatures were set to 0 and
300 K, respectively. No constraints were imposed on any bond, and
a step size of 1 fs was used. For the 1 ns MDS, a heating period of
10 ps was used, and the temperature relaxation time was set to
0.1 ps. Snapshots of the trajectory were saved every 0.1 ps, and
only those corresponding to the last 900 ps of the simulation were
used for analysis. For the 1 ps MDS, the heating period duration
and the temperature relaxation time were set to 1 ps and 10 fs, re-
spectively. The convergence criterion of the EM was set to a gradi-
ent value of 0.01 kcalmol™' when only parts of the protein-ligand
complex were minimised. However, if the whole enzyme-substrate
complex was minimised it was lowered to a value of 0.001 kcal
mol~". High-quality pictures of representative structures were gen-
erated with PyMOL 0.99.*

Preparation of the enzyme model: The enzyme starting structure
to be used in all computations was prepared in a similar way to
that described by Raza et al."® Thus, the coordinates of CALB were
retrieved from the Brookhaven Protein Data Bank®” (ID: 1TCA[®)
and used to build the tetrahedral intermediates of the slow- and
fast-reacting enantiomers, respectively, of 3-hydroxypentanoate
with ammonia [Tl,-(R/S)-3a] and benzyl amine [TI,-(R/S)-3b]. In all
cases, the two sugar units (N-acetyl-p-glucosamine) were removed,
the carboxy- and amino-terminal groups of the protein backbone
were changed to carboxylate and ammonium, respectively, and
Asp134 was protonated.” In order to improve the initial orienta-
tion of the hydrogens, a series of 1 ps MDS (heating period of
1 ps) and EMs were carried out as follows."? First, only water hy-
drogens and, subsequently, hydrogens of the side chains of certain
amino acids (Ala, Cys, lle, Leu, Lys, Met, Ser, Thr, Tyr and Val) were
allowed to move. Next, subsequent EMs were carried out over the
water molecules and the side chains of all the amino acids. At this
stage, any crystallographic water molecule not establishing any hy-
drogen bond with either the protein or another water molecule
was removed by means of the LigX tool within MOE. Finally, sub-
sequent EMs over the remaining water molecules, the side chains
of the amino acids and the ligand, and the whole protein-ligand
complex were carried out.

Preparation and 1 ns MDS of the tetrahedral intermediates: The
transition states responsible for the enantioselectivity displayed by
CALB in the aminolysis and ammonolysis of methyl (+)-3-hydroxy-
pentanoate were approximated to the tetrahedral intermediates of
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the deacylation step of the catalytic serine.®" They were built man-

ually by the modification of the side chain of Ser105 in the enzyme
model as follows: 1) a tetrahedral carbon covalently bonded to the
Oy of Ser105 and to aliphatic carbon, nitrogen and oxygen atoms
was built. In all cases, a formal charge of —1 was set on the oxyan-
ion atom, the catalytic His (His224) was kept neutral, and the nu-
cleophilic nitrogen was assigned a formal charge of +1; 2) torsions
were modified so that each substituent was placed in the corre-
sponding pocket; 3) an EM of the so-created atoms was carried
out; 4) the acyl chain was built atom by atom, and we used 1 ps
MDS to explore the preferred location of each “new” atom in the
acyl binding pocket of CALB and 5) the whole side chain of the
created amino acid and 6) finally, the whole tetrahedral intermedi-
ate were energy minimised. These structures were subjected to
1 ns MDS. The analysis of the trajectories of the simulations exclud-
ed the heating period and the first 100 ps of the simulations. In
particular, distances and angles of hydrogen bonds®? and the tor-
sions of the substrate were analysed and clustered. For the major
cluster (Figures S2-S5), the structure that showed the lowest inter-
nal and interaction energy for the substrate (acyl chain, incoming
nucleophile and side chain of the original Ser105) was selected as
representative and used for visualization purposes after EM of the
whole protein-substrate complex.
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Potent Triple Helix Stabilization by 5’,3'-Modified Triplex-

Forming Oligonucleotides

Nouha Ben Gaied,” Zhengyun Zhao,” Simon R. Gerrard,” Keith R. Fox,”™ and Tom Brown*"!

Anthraquinone and pyrene analogues attached to the 3’ and/
or 5’ termini of triplex-forming oligonucleotides (TFOs) by vari-
ous linkers increased the stability of parallel triple helices. The
modifications are simple to synthesize and can be introduced
during standard solid-phase oligonucleotide synthesis. Potent
triplex stability was achieved by using doubly modified TFOs,
which in the most favourable cases gave an increase in melt-

Introduction

Triplex-forming oligonucleotides (TFOs)"" have previously been
employed in attempts to modulate gene function in vitro and
in vivo due to their ability to interfere with transcription and
replication by binding to the major groove of double-stranded
DNA.2 TFOs composed of pyrimidine bases bind in a parallel
orientation to the purine strand of oligopurine-oligopyrimidine
duplexes"™ and form T-AT and C*-GC triplets (Figure 1). To

CH,
R-N \/ H R—N/i
+ /N =0
2NN 2N
o 4 H oy =
: r : CH
......... H—N NI 3
/N /O m (/N NH C{>*4\S
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N—HO o R
H
C*-GC T-AT

Figure 1. Structure of C*-GC and T-AT triplets in DNA; R = deoxyribose.

achieve recognition of mixed-sequence DNA, a variety of nu-
cleoside analogues have been introduced in internal positions
of TFOs to selectively target AT"' TA33 G2 and GC
base pairs.?"

Despite these advances, the use of TFOs is limited by their
weak binding to DNA duplexes, particularly above pH 6.%%%
Triplex stability can be increased by incorporating duplex
cross-linking agents, such as psoralen,”>” or by employing ar-
omatic analogues to stabilize the triplex by intercalation.®'
For in vivo applications it would be valuable to combine ther-
modynamic stabilization of triplexes with protection of the
TFO against exonucleases, which degrade 3’-unmodified oligo-
nucleotides. With this in mind we have designed a variety of
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ing temperature of 30°C over the unmodified counterparts
and maintained their selectivity for the correct target duplex.
Such TFOs can produce triplexes with melting temperatures of
40°C at pH 7 even though they do not contain any triplex-
stabilizing base analogues. These studies have implications for
the design of triplex-forming oligonucleotides for use in biol-
ogy and nanotechnology.

simple 3’-oligonucleotide modifications based on pyrene, an-
thraquinone and tertiary amines. Biophysical studies have
been carried out on TFOs containing these modifications in
combination with stabilizing base analogues in order to corre-
late triplex stability with the nature of the 3’ terminus of the
TFO. The influence of the duplex sequence at the triplex-—
duplex junction (T-D junction) has been investigated and the
properties of TFOs containing both 5’- and 3'-stabilizing modi-
fications have been studied.

Results and Discussion
Synthesis of pyrene analogues

Pyrene has previously been used in the nucleic acid field as a
fluorescent reporter,” an intercalating agent at bulges in the
middle of triplexes®* 33" and as a component of RNA recogni-
tion probes.®¥ Very recently 3'-pyrene-labelled TFOs have been
used to inflict sequence-specific damage on DNA in the form
of strand breaks and adducts.®” In the current study we were
interested in evaluating pyrene as a stabilizer at the 3'ter-
minus of triplexes. Three different precursors were prepared
for use in oligonucleotide synthesis, two were based on 2-
deoxy-p-ribofuranose and a third one had an L-threoninyl
backbone. Precursor 2 was synthesized in 76% yield
(Scheme 1) by coupling 1-f-aminohexyl-2-deoxyribose deriva-
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tive 15 to pyrene-1-butyric acid with DCC and HOBt activa-
tion.

In order to produce a 3'-pyrene derivative with a shorter
linker, 1-pyrenemethylamine was coupled to 2-deoxy-b-ribofur-
anose-1-B-ethanoic acid derivative 3,°? with HBTU and DMAP
activation (Scheme 2) to give precursor 4.

A pyrene-L-threoninyl analogue 6 was synthesized by a
simple two-step procedure to provide further structural diversi-
ty (Scheme 3). Dimethoxytritylation of the primary hydroxyl
group of L-threoninol followed by coupling of its amino func-
tion to activated pyrene-1-butyric acid gave precursor 6. No
ester formation was detected during this reaction.

Synthesis of anthraquinone analogues

Anthraquinones interact with DNA principally by intercalation.
They have been added both to the 5-end and at internal sites
of oligonucleotides,“” but there are fewer examples of anthra-
quinones at the 3’-end.*"*? |n the present study two deoxyri-
bose analogues were prepared with and without an aminohex-
yl chain on the anthraquinone, in addition to an L-threoninol
derivative. Anthraquinone deoxyribose derivatives 13 and 14
were prepared in a suitable form for resin functionalization ac-
cording to Scheme 4. The key step is the amide coupling reac-
tion between the ethanoic acid derivative of deoxyribose ana-
logue 3 and the primary amine on the aminohexyl side chain
of anthraquinones 7 and 10. Anthraquinone 7 was prepared
by nucleophilic displacement of the chlorine atom at posi-

DMTrO
b :
@ N H2 ‘\/\/
CO,H

Scheme 1. a) Pyrene-1-butyric acid (1.1 equiv), DCC (2 equiv), HOBt (1.5 equiv), NEt;, CH,Cl,, room temperature,

overnight, 76 %.

DMTrO

ture, 4 h, 65%.

CO,H
oou *”

L-threoninol
((2R,3R)-2-amino-1,3-
butanediol)

Scheme 3. a) DMTrCI (1.5 equiv), DMAP (0.5 equiv), pyridine, room temperature, 3 h, 65%; b) pyrene-1-butyric acid
(0.9 equiv), HBTU (2 equiv), DMAP (1 equiv), DMF, room temperature, 4 h, 57 %.
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Scheme 2. a) 1-Pyrenemethylamine hydrochloride (1 equiv), HBTU (2 equiv), DMAP (2 equiv), DMF, room tempera-
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tion 1 of the chloroanthraquinone with hexamethylenedia-
mine. A similar reaction on anthraquinone 9, which was made
by trifluoroacetylation of chloroaminohexylanthraquinone 8,
gave intermediate 10.

Compound 9 was also used to prepare 11, which was con-
verted to phosphoramidite 12 for addition to the 5-end of
TFOs (Scheme 4). L-Threoninylanthraquinone derivative 17 was
prepared according to Scheme 5. The free amine on DMTr-
threoninol 5 was coupled to commercially available anthraqui-
none-2-carboxylic acid. Initially a mixture of HBTU and DMAP
in DMF was used to promote amide bond formation, but the
reaction gave two products. After purification by column chro-
matography the less polar compound was recovered in 75%
yield. NMR spectroscopy and mass spectrometry indicated sub-
stitution at both the amine and the alcohol (compound 15) so
the ester bond was cleaved selectively by K,CO; in methanol
to give the desired compound 16 (71% for the two steps).
This double substitution was not observed when HBTU was
replaced by EDC. Attempts to functionalize a succinic acid
derivatized oligonucleotide synthesis resin with 16 were un-
successful, presumably due to steric hindrance.

The problem was solved by succinylating the hydroxyl func-
tion of 16 to give the unhindered succinic acid derivative 17,
which was then coupled successfully to aminoalkyl-functional-
ized resin for use in oligonucleotide synthesis. Compound 16
was also used as a precursor to prepare the corresponding
phosphoramidite 18 with a very short linker for introduction at
the 5’-end of TFOs.

O‘ When anthraquinone and pyrene
analogues are incorporated into

2 single stranded TFOs an increase
in triplex stabilization is expect-
ed due to intercalation. We were
also interested in investigating
the stabilizing effect of an amino
group at the 3’-end of the TFO,

Synthesis of substituted
tertiary amines

which will be protonated at
physiological pH, and should
therefore interact with the

anionic charge of the phospho-
diester backbone in the triplex.
To this end, two monomers were
prepared by amide bond forma-
tion between deoxyribose etha-
noic acid derivative 3 and either
N,N-dimethylethylenediamine or
procainamide, to yield com-
pounds 19 and 20, respectively
(Scheme 6). Procainamide is of
particular interest as it carries
both an aromatic phenyl ring
and a tertiary amine.

f\

ODMTr
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NN
O HN NH

H,N(CH5) GNH O

NH(CH,)gNH, NH(CH3)sNHCOCF;
8 9

H(CH,)sNHCOCF;

~

NN
HO NH O N. ,O\/\/\/\NH o

* T e L
—>
o
o) OH
o

H(CH,)sNHCOCF; 12 O NH(CH,)sNHCOCF;
DMTrO
7 or 10

H R

A L
H °H
3 13: R=H 0
14: R=NH(CH,)sNHCOCF;
Scheme 4. a) hexamethylenediamine (3 equiv), xylene, reflux, 2 h, 42%; b) ethyl trifluoroacetate (5 equiv), NEt; (10 equiv), CH,Cl,, room temperature, 90 min,

63 %; c) hexamethylenediamine (5 equiv), xylene, reflux, 16 h, 82%; d) NH,(CH,)¢OH (5 equiv), xylene, reflux, 18 h, 36 %; €) [N(iPr),],PO(CH,),CN (1 equiv), DIHT
(0.5 equiv), CH;CN, 86 %; f) 7 or 10 (1 equiv), HBTU (2 equiv), DMAP (1 equiv), DMF or pyridine, room temperature, 2 h, 67 % (13) and 26 % (14).

OH On"coH
b)
ODMTT ODMTr

ODMTTr
c) e)
d) NC(CHZ)QO\ -N
( A4 X
(5 e N0
Q O ODMTr
HN o
0 ODMTr o
15 18

Scheme 5. a) Anthraquinone-2-carboxylic acid (1 equiv), EDC (1.5 equiv), DMF, room temperature, 2 h, 70%; b) succinic anhydride (1.5 equiv), DMAP

(0.5 equiv), pyridine, room temperature, 7 h, 38 %; c) anthraquinone-2-carboxylic acid (1 equiv), HBTU (2 equiv), DMAP (1 equiv), DMF, room temperature, 2 h,
75%; d) K,CO; (10 equiv), CH,Cl,/MeOH (1:1, v/v), room temperature, 1 h, 95%; ) N(iPr),P(Cl)O(CH,),CN (1.5 equiv), DIPEA (4 equiv), CH,Cl,, room temperature,
4 h, 38%.
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overnight, 43 %.

The various modifications and abbreviations used in this
study are summarized in Figure 2, and the sequences of the
corresponding duplexes and TFOs are shown in Table 1.

Ultraviolet melting triplex stability studies

Intercalators placed at the 3’-end of TFOs have been found to
be relatively ineffective in stabilizing parallel triplexes™**" de-
spite the fact that they are strongly stabilizing when attached
to the 5-end.B"*% This has been attributed to the theory
that TFO dissociation involves unzipping from the 5-end of
the TFO.®" However, an alternative explanation might be that
3" intercalation is highly sequence dependent. Indeed, most
studies have been carried out on duplexes with RpR or RpY
base-stacking steps at the junction between the 3’-end of the
TFO target and the duplex (3'-T-D junction), which are not the
best binding sites for most intercalators. YpR is a better inter-
calation site,*? and duplexes with this step at the 3'-T-D junc-
tion should be better targets, even though inclusion of a pyri-
midine at the 3-end of the purine-rich target strand would
normally reduce the binding affinity. To investigate this hy-
pothesis, and to evaluate the modifications described in this
study, we carried out ultraviolet melting studies on parallel tri-
plexes with various dinucleotide steps at the 3’-end of the tri-
plex target site. Hairpin duplexes with a flexible hexa(ethylene
glycol) linker between the two strands were used throughout
this work (Table 1), as these duplexes have very high stability,
which allows clear differentiation between duplex and triplex
melting temperatures (T,,). Initial studies were carried out on
constructs with RpR and RpY steps at the site of intercalation.
Two TC-rich 18-mer TFOs, TFO-1 with 3’-propyl, and TFO-7
with a potentially stabilizing 3’-anthraquinone, were added to
hairpin duplexes DAT1 and DAT2 and allowed to form parallel
triplexes. These constructs have ApA and ApT steps, respective-
ly, at the 3'-T-D junction and T-AT triplets at the 3'-end of the
triplex. In both cases the anthraquinone significantly increased
triplex stability across the pH range from 5.5 to 6.6 (Table 2, en-
tries 1 vs. 5, 7 vs. 11). Experiments on the triplexes formed be-
tween TFO-2 and TFO-5 and duplexes DGC1 and DGC2, which
have 3'-C-GC triplets and GpA and GpT steps at the 3'-T-D
junction, showed similar stabilization (Table 2, entries 13 vs. 14
and 16 vs. 17). This is a clear demonstration that triplexes with
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Scheme 6. a) N,N-Dimethylenediamine (1 equiv), HBTU (2 equiv), DMAP (1 equiv), DMF, room temperature, over-
night, 35%; b) procainamide hydrochloride (1 equiv), EDC (2 equiv), DMAP (1 equiv), pyridine, room temperature,
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RpR and RpY base stacking steps
NH at the 3'-T-D junction can be

\_\ stabilized with suitable 3’ inter-
/N_ calators, and that there is little
difference in the degree of stabi-
lization at these two intercala-
tion sites.

The presence of thymine and
cytosine bases within the purine
strand of polypurine—polypyrimi-
dine duplexes generates TA and
CG inversions, which reduce the
stability of parallel triplexes.
Methods to increase the stability
of such constructs are particular-
ly valuable. With this in mind, we investigated triplexes with
TA and CG inversions at the 3'-T-D junction. The first series of
experiments was conducted on the DTA duplex, which has a
TpA step at the 3'-T-D junction and generates an unstable T-
TA triplet with TFO-1 and TFO-7. Large increases in T,, relative
to the 3’-propyl control were observed when 3’-anthraquinone
and pyrene modifications were present in the TFO (Table 2, en-
tries 24, 25 vs. 19). These results were very encouraging, and
prompted us to find methods for achieving further stabiliza-
tion, which is particularly important with in vivo applications in
mind. It is known from previous triplex studies that the S-base
is a potent stabilizer of TA inversions" (Figure 3 A), so we next
investigated the stability of triple helices containing 3'-S-TA
triplets using TFOs with or without 3’-anthraquinone and
pyrene modifications (Table 2, entries 21, 26-33).

As expected, the presence of the S-base had a major stabiliz-
ing effect (entry 21 vs. 19) and the added benefit of the 3’
intercalator was observed at higher pH (entries 26-31 vs. 21).
The contribution of AnthdR was particularly significant and
increased triplex T, by 6.2°C relative to S alone, and around
12°C compared to T. With in vivo applications in mind, studies
with 3’-anthraquinone TFOs were also carried out in the pres-
ence of spermine (2 mm), a component of cell nuclei. Major in-
creases in stability were observed with melting temperatures
close to 50°C (entries 26 and 27). The stabilizing effect of an
extended aromatic system at the 3'-end of the TFO was con-
firmed by comparing these results with TFOs containing 3'-ter-
tiary amines without such groups. These were only slightly sta-
bilizing at low pH, and were found to be ineffective at pH 6.6
(entries 32 and 33). Although S was originally designed to rec-
ognise TA base pairs, it also binds to CG. Therefore, having es-
tablished the potency of 3’ intercalators in combination with
the S-base to stabilize triplexes with 3'-TA inversions, we next
evaluated the same TFOs against the DCG duplex with a CG
base pair and a CpA step at the 3'-T-D junction. Anthraqui-
none strongly stabilizes such triplexes (entry 35 vs. 34) but
there was very little added benefit from the S-base (generating
an S-CG triplet) compared with T (generating T-CG; compare
entries 38-43 vs. 35). In this series S-AnthThr and S-MeAcPyr
gave the greatest increases in T,,. As previously noted, 3'-terti-
ary amines with no attached intercalators were ineffective, par-
ticularly at pH 6.6 at which triplex stabilisation by protonation
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Figure 2. Structure of the oligonucleotide modifications used in this study.

of the amine would be limited (entries 44 and 45). After estab-
lishing that anthraquinone stabilizes 3'-T-AT, C*-GC, T-TA, S-
TA and S-CG triplets we carried out similar studies using TFOs
containing the CG-stabilizing R*" base (Figure 3B) to target the
DCG duplex.*>33% Surprisingly the R*" base was less effective
than S at targeting CG in this duplex (compare entries 47-50
vs. entries 38-43). No advantage was gained by incorporating
R™ into the TFO and these complexes were no more stable
than those with a 3'-T-TA triplet preceding the anthraquinone.
Experiments were then carried out by using the same TFOs
containing a 3-R* in combination with the DTA duplex, to
examine TA recognition by R* (entries 51-55). Aminohexylan-
thraquinone attached to deoxyribose (R*-AnthdR) was by far
the best analogue particularly in the presence of spermine,
and was as effective as S-AnthdR (entry 52 vs. 26). In all the
TFOs modified with 3'-R*", the beneficial contribution of the
3" intercalator to triplex stability is very clear. It is also notewor-
thy that when R* is placed at the 3'-end of the TFO adjacent

ChemBioChem 2009, 10, 18391851
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to an intercalator it switches its selectivity to TA rather than CG
recognition.

After demonstrating the benefit that can be achieved by the
use of 3’ modified TFOs, we next studied TFOs with intercala-
tors at both the 5- and 3’-ends, and focussed on the most
promising 3" modifications, ThrPyr and AnthdR. The 5'-anthra-
quinone alone gave increases in triplex stability of around
10°C (Table 3, entry 10 vs. 13) and this was greatly increased
to around 20°C when modifications were introduced at both
the 5'- and 3’ termini of the TFO. This was true for duplex tar-
gets with either TA (Table 3, entries 5, 6 vs. 1) or AT base pairs
at the 3’-end of the triplex (Table 3, entries 14, 15 vs. 10 and
23, 24 vs. 19). To investigate the influence of linker length be-
tween TFO and 5" modification on its ability to intercalate into
the duplex, TFOs with 5'-threoninyl anthraquinone (AnthThr;
short linker) were compared to those with 5-AnthHex (long
linker). In general, the 5-AnthThr was much less effective
(Table 3, entry 7 vs. 4, 16 vs. 13, 25 vs. 22); this confirms the
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Table 1. Oligonucleotide sequences used in ultraviolet melting experi-
ments.

Duplexes/triplex
TCCTTCTCTTTTTTCTTYm

5'-GTGTTAGGAAGAGAARAARAAGAAXXGGT
3'"-CACAATCCTTCTCTTTTTTCTTZZCCA

H=hexa(ethylene glycol) linker; XX and ZZ indicate dinucleotides that
are varied at the 3’-end of the TFO targets site (underlined); XX is written
5 to 3 and ZZ is 3' to 5; DTA: XX=TpA, ZZ=ApT; DAT1: XX=ApA,
ZZ=TpT; DAT2: XX =ApT, ZZ=TpA; DCG: XX =CpA, ZZ=GpT; DGC1:
XX=GpA, ZZ=CpT; DGC2: XX=GpT, ZZ=CpA. The general TFO se-
quence is shown in italics (Y=T, C, S or R*", m =3'-modification).

Triplex-forming oligonucleotides (TFOs)
TCCTTCTC CTTX-P
TFO-1: X=T, TFO-2: X=C, TFO-3: X=S5, TFO-4: X =R""

TCCTTCTC CTTC-Z
TFO-5: Z=AnthdR, TFO-6: Z=ThrPyr

TCCTTCTC CTTT-Z
TFO-7: Z=AnthdR, TFO-8: Z=ThrPyr

TCCTTCTCTTTTTITCTTS-Z

TFO-9: Z=AnthdR, TFO-10: Z=AnthdR-NH,, TFO-11: Z=AnthThr,
TFO-12: Z=AmBuPyr, TFO-13: Z=ThrPyr, TFO-14: Z=MeAcPyr,
TFO-15: Z=DAEdR, TFO-16: Z=Pam

TCCTTCTC CTTR™-Z
TFO-17: Z=AnthdR, TFO-18: Z=AnthdR-NH,, TFO-19: Z=AmBuPyr,
TFO-20: Z=ThrPyr

TFO-21: AnthHex-TCCTTCTCTTTTTTCTTT-P
TFO-22: AnthHex-TCCTTCTCTTTTTTCTTT-AnthdR
TFO-23: AnthHex-TCCTTCTCTTTTTTCTTT-ThrPyr
TFO-24: AnthThr-TCCTTCTCTTTTTTCTTT-P
TFO-25: AnthThr-TCCTTCTCTTTTTTCTTT-AnthdR
TFO-26: AnthThr- TCCTTCTCTTTTTTCTTT-ThrPyr

TFO-27:TC CTTT-P
TFO-28: AnthdR-TC CTTT-ThrPyr

Table 2. Results of ultraviolet melting experiments (T,,).

TFO description pH55%  pH62®  pH6.6"

\ Y oh, N ew,
) "
H
H N‘H -------------- Q N
HsC, = N < =
(\‘{N 20 A |
N =N R
< o R Qe H-N
H
A) S-TA B) RA"-CG

Figure 3. A) Structure of S-TA triplet in DNA. The S monomer is able to form
three hydrogen bonds with a TA base pair involving O4 on Tand N6, N7 on
A. B) Structure of R*"-CG triplet in DNA. The R"" monomer binds to a CG
base pair through three hydrogen bonds established with N4, C5 on C and
N7 on G; R=[3-2-deoxyribose attached at carbon 1.

importance of having a sufficiently long linkage between the
anthraquinone moiety and the TFO to permit intercalation into
the duplex. Triplex stability at pH 7 is of particular interest for
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Target duplex DAT1; 3'-AT base pair with ApA intercalation site

1 (TFO-1) T P 43.2 34.8 27.6
2 (TFO-2) C 389 30.1 22.5
3 (TFO-5) C- AnthdR 46.9 37.6 29.4
4 (TFO-6) C-ThrPyr 48.0 38.1 29.6
5 (TFO-7) T-AnthdR 51.3 40.5 325
6 (TFO-8) T-ThrPyr 52.2 40.0 321

Target duplex DAT2; 3'-AT base pair with ApT intercalation site

7 (TFO-1) T P 435 347 27.1
8 (TFO-2) C 385 30.0 224
9 (TFO-5) C- AnthdR 47.2 37.6 29.4
10 (TFO-6) C-ThrPyr 473 37.3 29.0
n (TFO-7) T-Anthdr 51.3 40.7 324
12 (TFO-8) T-ThrPyr 53.2 40.1 321

Target duplex DGC1; 3'-GC base pair with GpA intercalation site

13 (TFO-2) C-P 43.8 328 24.6
14 (TFO-5) C-AnthdR 50.1 38.8 30.2
15 (TFO-6) C-ThrPyr 52.1 404 317

Target duplex DGC2; 3'-GC base pair with GpT intercalation site

16 (TFO-2) C-P 45.1 34.1 259
17 (TFO-5) C-AnthdR 51.0 38.6 29.9
18 (TFO-6) C-ThrPyr 515 39.6 30.9

Target duplex DTA; 3'-TA base pair with TpA intercalation site

19 (TFO-1) T+ P 38.7 27.3 <20

20 (TFO-2) C 38.0 28.9 <20

21 (TFO-3) S 49.9 34.0 26.2 (39.2)*
22 (TFO-5) C- AnthdR 46.1 371 28.7

23 (TFO-6) C-ThrPyr 454 36.1 27.8

24 (TFO-7) T-AnthdR 48.1 35.6 284

25 (TFO-8) T-ThrPyr 47.9 344 28.7

26 (TFO-9) S-AnthdR 517 39.2 32.4 (48.8)*
27 (TFO-10) S-AnthdR-NH, 50.2 38.7 30.8 (48.7)*
28 (TFO-11) S-AnthThr 49.3 36.8 30.2

29 (TFO-12) S-AmBuPyr 49.0 377 30.1 (46.3)*
30 (TFO-13) S-ThrPyr 49.1 36.5 29.1 (44.8)*
31 (TFO-14) S-MeAcPyr 50.7 37.6 30.8

32 (TFO-15) S-DAEdR 45.7 341 27.6

33 (TFO-16) S-Pam 44.5 33.0 26.7

Target duplex DCG; 3'-CG base pair with CpA intercalation site

34 (TFO-1) T-P 375 26.5 <20

35 (TFO-7) T-AnthdR 47.3 36.0 288

36 (TFO-8) T-ThrPyr 48.2 36.4 289

37 (TFO-3) S-P 429 333 25.9 (38.7)*
38 (TFO-9) S-AnthdR 473 35.1 28.1 (42.4)*
39 (TFO-10) S-AnthdR-NH, 46.9 358 28.1 (41.6)*
40 (TFO-11) S-AnthThr 489 37.0 30.1

41 (TFO-12) S-AmBuPyr 434 345 27.0 (40.8)*
42 (TFO-13) S-ThrPyr 47.2 36.1 28.4 (41.7)*
43 (TFO-14) S-MeAcPyr 49.1 374 30.2

44 (TFO-15) S-DAEdR 439 333 <20

45 (TFO-16) S-Pam 422 31.7 24.8

Target duplex DCG; 3'-CG base pair with CpA intercalation site

46  (TFO-4) R™-P 372 263 <20 (33.6)*

47 (TFO-17) R™-AnthdR 475 35.1 283 (42.8)*
48 (TFO-18) R*-AnthdR-NH,  45.6 3438 27.4 (41.8)
49 (TFO-19) R*™-AmBuPyr 437 318 25.0 (38.8)*
50  (TFO-20) R*-ThrPyr 428 333 25.9 (39.2)*

Target duplex DTA 3'-TA base pair with TpA intercalation site
51 (TFO-4) RA-P 374 271 <20 (33.3)*

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. (Continued) Table 4. UV melting study of short (12-mer) TFOs (T,,).

TFO description pH5.5%  pH62®  pH 6.6 TFO description pH55 pH62 PpH66
52 (TFO-17) R*"-AnthdR 54.5 39.2 32.6 (49.1)* Target duplex DAT1; 3'-AT base pair with ApA intercalation site
53 (TFO-18) R*-AnthdR-NH,  47.0 35.6 28.5 (43.4)* 1 (TFO-27) T-P <20 <20 <20 (22.3)*
54 (TFO-19) R*-AmBuPyr 44.6 34.0 26.3 (40.8)* 2 (TFO-28) 5'-AnthHex-T-3'-ThrPyr 471 421 383 (52.0%
55 (TFO-20) R*-ThrPyr 42.8 31.7 24.3 (37.5)*

Target duplex DAT2; 3'-AT base pair with ApT intercalation site
3 (TFO-27) T-P <20 <20 <20 (25.3)*
4 (TFO-28) 5'-AnthHex-T-3'-ThrPyr 46.9 419  37.6 (51.5)*

[a] 10 mm acetate buffer (AcOH/AcONa), NaCl (200 mm) adjusted at
pH 5.5; [b] 10 mm phosphate buffer (Na,HPO,/NaH,PO,), NaCl (200 mm)
adjusted at pH 6.2 or 6.6; melting temperature (T,)* was performed at
pH 6'6. in phosphate buffer, (10 mm), Na.CI .(200 mwm) in the presence of Target duplex DTA; 3'-TA base pair with TpA intercalation site
sp.er.mlne (2 mm). Bas.e. at 3 Tend of TFOA:ndlcated by.C. (cyt95|ne), T (thy- 5 (TFO-27) T-P <20 <20 <20 (< 20)*
midine), S (TA recognition, Figure 3A), R*" (CG recognition, Figure 3B). 6  (TFO-28) 5'-AnthHex-T-3'-ThrPyr 307 351 307 (42.3)

Buffer, pH 5.5: 10 mm acetate (AcOH/AcONa) with NaCl (200 mm); buffer,
pH6.2 and 6.6: 10 mm phosphate (Na,HPO,/NaH,PO,), mixed to the
desired pH in the presence NaCl (200 mm); *: melting experiments per-

Table 3. UV melting study of 5'- and 5',3-modified TFOs (T,,).”! formed at pH 6.6 in phosphate buffer (10 mm), NaCl (200 mm) and sper-
mine (2 mm).

TFO description pH 6.2 pH 6.6 pH 7
Target duplex DTA; 3'-TA base pair with TpA intercalation site
1 (TFO-1) T-P 27.3 <20 <20 . .
5 (TFO-7) T-AnthdR 356 8.4 220 stable triplexes between pH 5.5 and 6.6 (entries 1, 3, 5). How-
3 (TFO-8) T-ThrPyr 344 279 <20 ever, when the TFO was modified with 5’-anthraquinone and
4 (TFO-21) 5™-AnthHex 39.0 30.7 26.0 3'-threoninylpyrene (Table 4, entries 2, 4, 6 vs. 1, 3, 5) an im-
5 (TFO-22) S-AnthHex-T-3-AnthdR 480 39.9 350 pressive increase in stability of up to 30°C was achieved; this
6 (TFO-23) 5'-AnthHex-T-3'-ThrPyr 487 39.5 35.1 . . ) o .
7 (TFO-24) 5-AnthThr 313 34 <20 illustrates the potent stabilising effect of the 5’,3" modifica-
8 (TFO-25) 5'-AnthThr-T-3-AnthdR ~ 42.5 36.7 29.1 tions.
9 (TFO-26) 5'-AnthThr-T-3'-ThrPyr 40.7 32.9 271 We also examined TFO binding to a mismatched triplet se-

quence by introducing a CG base pair in the centre of the

Target duplex DAT1; 3'-AT base pair with ApA intercalation site . .
9 P P P target duplex in place of AT (Table 5). This produces an unsta-

10 (TFO-1) T-P 34.8 276 <20

1 (TFO-7) T-AnthdR 405 325 262

12 (TFO-8) T-ThrPyr 40.0 321 254

13 (TFO-21) 5'-AnthHex 44,1 356 313 Table 5. TFO specificity at pH 6.6.%

14 (TFO-22) 5-AnthHex-T-3-AnthdR  52.3 447 40.7

15 (TFO-23) 5'-AnthHex-T-3'-ThrPyr 51.6 433 39.5 5'"-GTGTTAGGAAGAGXAAAAAGAAAAGGT

16 (TFO-24) 5-AnthThr 374 319 249 H

17 (TFO-25) 5-AnthThr-T-3-AnthdR ~ 47.4 413 333 3'-CACAATICCTTCTCYTTTTTCTTTTCCA

18 (TFO-26) 5'-AnthThr-T-3'-ThrPyr 46.5 40.6 32.7 TFO description XY = AT(DAT1) XY=CG
Target duplex DAT2; 3'-AT base pair with ApT intercalation site ! (TFO-1) T-P 276 A
19 (TFO-1) TP 347 271 <20 2 (TFO-7) T-AnthdR 325 220
20 (TFO-7) T-AnthdR 407 324 254 3 (TFO-8) T-Thrbyr 321 21.9
21 (TF0-8) TThrbyr 0.1 31 s 4 (TFO21) S-AnthHex 356 27.0
22 (TF0-21) S-AnthHex e 356 319 5 (TF0-22) 5-AnthHexT-3-AnthdR 44.7 335
23 (TFO-22) 5-AnthHex-T-3-AnthdR 520 445 384 6 (TFO-23) 5™-AnthHex-T-3"-ThrPyr 433 321
24 (TFO-23) 5-AnthHex-T-3-ThrPyr 514 437 36.9 7 (TFO-27) short T-P <20 <20
235 (TFO-24) 5-AnthThr 373 317 as 8  (TFO-28) short 5'-AnthHex-T-3'-ThrPyr 383 <20
26 (TFO-25) 5-AnthThr-T-3-AnthdR 473 41.1 33.0 [al 10 mm phosphate buffer (Na,HPO,/NaH,PO,), NaCl (200 mm).

27 (TFO-26) 5-AnthThr-T-3'-ThrPyr 463 403 327

[a] 10 mm phosphate buffer (Na,HPO,/NaH,PO,), NaCl (200 mm) adjusted
at pH 6.2, 6.6 or 7.

ble TCG triplet in place of TAT. The modified TFOs showed ex-
cellent discrimination between the correct and incorrect du-
plexes; a difference in triplex T,, of ~10°C was observed for
in vivo applications and it is noteworthy that stable triplexes  both 3’- and 5',3"-modified TFOs. This is a clear demonstration
were obtained at this pH without recourse to any modified that terminally modified TFOs are able to discriminate between
bases in the TFOs (e.g., entry 14). matched and mismatched sequence, and are therefore highly
Short TFOs often have to be used in vivo due to the limited  selective for the correct target duplex.
availability of genomic GA-rich sequences, so we investigated
the importance of TFO length on triplex stability. A series of
shorter TFOs were prepared (Table 4). As expected shortening
TFO length from 18 to 12 bases greatly decreased the stability =~ For the first time we have shown that 3’-modified TFOs can
of the unmodified control TFO-27 (T-P), which did not form  greatly increase the stability of parallel triplexes in a variety of

Conclusions
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base-stacking environments. In addition, a number of other
conclusions can be drawn from this study. The 3" anthraqui-
nones are slightly more stabilizing than pyrenes, although the
differences are small. Within the limitations of this study, the
nature of the attachment of the 3’intercalator to the DNA
backbone does not have a major influence on triplex stability,
although excessively long linkers should probably be avoided.
The 3" intercalators of the kind used in this study can stabilize
triplexes containing a wide range of base steps at the T-D
junction. Greater stabilization can be achieved by using TFOs
with S or R* in combination with 3’ intercalators to target TA
inversions rather than CG at the T-D junction, possibly be-
cause the 3’ modification can intercalate into TpN steps more
readily than CpN steps. This work brings into question, but
does not disprove the theory that TFOs dissociate from the
duplex by a mechanism that involves fraying exclusively from
the 5-end. The most impressive results were obtained from
TFOs with both 5'- and 3" intercalators, provided that the linker
between the 5" modification and the TFO is sufficiently long to
permit intercalation into the duplex. Selectivity for the correct
target duplex is excellent, and such TFOs can produce triplexes
with melting temperatures above 40°C at pH 7 even though
they do not contain any triplex stabilizing base analogues.
These potent triplex-stabilizing modifications have important
applications in biology and nanotechnology. In order to fully
understand their properties, work is in progress to investigate
the effects of these analogues on the kinetics of triplex forma-
tion.

Experimental Section

General: Reagents for chemical synthesis were purchased from
Sigma-Aldrich or Fluka and were used without further purification.
DNA phosphoramidite monomers, solid supports (including phos-
phate-on synthesis columns for 3’-phosphate addition) and addi-
tional reagents were purchased from Link Technologies, Ltd. or Ap-
plied Biosystems, Ltd. Dichloromethane, triethylamine, acetonitrile
and pyridine were distilled over calcium hydride, and tetrahydro-
furan (THF) was distilled over sodium wire and benzophenone
shortly before use. All nucleosides and threoninol analogues were
dried twice by coevaporation with freshly distilled pyridine just
before use, and all reactions were carried out under an atmosphere
of argon by using glassware that had been dried at 120°C, over-
night. Flash chromatography was performed on silica (40-63 pm)
purchased from Fisher Scientific, and thin layer chromatography
was performed on Merck Kieselgel 60 F,;, coated plates (0.22 mm
thickness, aluminium backed). Compounds were visualized by
staining with vanillin (2 g of vanillin in 100 mL of EtOH/H,SO, 98:2)
and by ultraviolet absorbance at 254 nm. The 'H and '>C NMR
spectra were recorded by using a Bruker AV300 or a Bruker
DPX 400 spectrometer. All spectra were internally referenced to the
appropriate residual undeuterated solvent signal. Chemical shifts
are given in ppm relative to tetramethylsilane; J values are given
in Hz and corrected to within 0.5 Hz. Multiplicities of C signals
were determined by using the DEPT spectral editing technique.
High-resolution mass spectra were recorded in acetonitrile, metha-
nol or water (HPLC grade) by using the electrospray technique
with a Bruker APEX Il FT-ICR mass spectrometer.
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5-0-(4,4’-Dimethoxytrityl)-1-f-O-(hexylamidopropylpyrene-1-yl)-
2-deoxy-p-ribofuranose (2): The aminohexyl deoxyribose deriva-
tive 1% (1.4g, 2.7 mmol) and pyrene-1-butyric acid (0.86 g,
3.0 mmol) were coevaporated separately three times with freshly
distilled pyridine and dried under high vacuum, overnight. Com-
pound 1 was dissolved in CH,Cl, (20 mL), NEt; (1.5 mL) then 1-pyr-
enebutyric acid and HOBt (0.57 g, 4.2 mmol) were added. To the
stirred mixture, a solution of DCC (1.1 g, 5.4 mmol) in CH,Cl, (5 mL)
was added dropwise. The reaction was stirred, overnight, at room
temperature, filtered and CH,Cl, (100 mL) was added to the filtrate,
which was washed with sat. ag. NaHCO; (3x50 mL) followed by
NaOH (2Mm; 3x50 mL). The organic phase was dried over Na,SO,,
filtered and evaporated to give a pale-yellow oil. The crude prod-
uct was purified by column chromatography on silica by using a
gradient of EtOAc in hexane (from 50 to 100% of EtOAc). Com-
pound 2 (1.7 g) was obtained in 76% yield as a white foam. R
(EtOAc/hexane 60:40) 0.12; "H NMR (400 MHz, CDCl;) 6 =8.36-8.34
(d, J=9.0 Hz, 1H; pyrene), 8.21-8.02 (m, 6 H; pyrene), 7.92-7.90 (d,
J=7.5Hz, 1H; pyrene), 7.50-7.47 (d, J=7.5 Hz, 1H; pyrene), 7.37-
7.24 (m, 9H; DMTr), 6.85-6.84 (m, 4H; DMTr), 5.17-5.15 (dd, J,=
2.0 Hz, J,=5.0 Hz, 1H; HT1'), 447-4.43 (m, 1H; H4'), 4.00-3.96 (m,
1H; H3'), 3.80 (s, 6H; CH;-0), 3.65-3.6 (m, 2H; H5'), 3.46-3.43 (m,
2H; CH,), 3.35-3.30 (m, 2H; CH,), 3.24-3.17 (m, 2H; CH,), 2.28-2.22
(m, 4H; CH,), 2.21-2.17 (m, TH; H2'), 2.10-2.04 (m, 1H; H2), 1.47-
140 (m, 4H; CH,), 1.27-1.26 (m, 4H; CH,); *CNMR (100 MHz,
CDCl;) 6=181.9 (CO), 172.8 (C-pyrene), 158.8 (C-DMTr), 131.8 (C-
pyrene), 130.5, 127.9 (CH-pyrene, CH-DMTr), 127.2, 125.3 (C-pyrene,
C-DMTr), 123.8 (CH-DMTr), 113.5 (CH-DMTr), 104.2 (C-DMTr), 86.6
(C1"), 84.9 (C4), 73.9 (C3'), 68.0 (CH,), 65.5 (C5'), 55.6 (CH;-0), 41.6
(CH,), 39.8 (C2), 36.48, 33.17, 29.9, 27.8, 27.0, 26.1 (CH,); m/z (%)
LRMS [ES*, MeOH] 828.6 (100) [M+Nal™; m/z HRMS [M+Na]"
(Cs;HssNO;Na): calcd 828.3876; found 828.3871.

5-0-(4,4'-Dimethoxytrityl)-1-p-(acetamidomethylpyrene-1-yl)-2-
deoxy-p-ribofuranose (4): 5-Dimethoxytrityl-2-deoxy-p-ribofura-
nose-1-B-ethanoic acid (3;%¥ 0.1 g, 0.21 mmol) was dissolved in an-
hydrous DMF (700 L) at room temperature in the presence of
HBTU (0.16 g, 0.42 mmol). 1-Pyrenemethylamine hydrochloride
(56 mg, 0.21 mmol) and DMAP (51 mg, 0.42 mmol) were dissolved
in DMF (300 L) in a separated flask and added dropwise to the
activated acid. The reaction was stirred for 4 h (TLC CH,Cl,/MeOH
90:10) and diluted by adding CH,Cl, (10 mL) to the mixture. The
organic phase was washed with sat. ag. NaHCO; (5 mL), H,O (5 mL)
and brine (5 mL), dried over Na,SO,, filtered and evaporated to dry-
ness. The crude product was purified by column chromatography
on silica with a gradient of MeOH (from 0 to 5%) in CH,Cl, to give
compound 4 (94 mg) in 65% vyield as a yellow foam. R; (CH,Cl,/
MeOH 90:10) 0.59; 'H NMR (300 MHz, CDCl;) 6 =8.22-7.86 (m, 9H;
pyrene), 7.37-7.11 (m, 9H; DMTr), 6.72-6.68 (m, 4H; DMTr), 5.20-
5.06 (m, 2H; CH,-NH), 4.52-4.46 (m, 1H; H1'), 421-4.19 (m, 1H;
H3'), 3.91-3.83 (m, 1H; H4'), 3.67 (s, 6H; CH;-O), 3.06 (ddd, J,=
47 Hz, J,=5.1 Hz, J;=17.9 Hz, 2H; CH,-CO), 2.56 (ddd, J,=3.5 Hz,
J,=8.2Hz, J;=179Hz, 2H; H5'), 2.05-1.98 (m, TH; H2"), 1.89-1.80
(m, TH; H2); “CNMR (75 MHz, CDCl;) 6=170.4 (CO), 158.4 (C-
DMTr), 144.6 (C-DMTr), 135.8 (C-pyrene), 126.0 (C-pyrene), 125.3
(CH-DMTr), 1249 (C-pyrene), 124.8 (C-DMTr), 124.7 (C-pyrene),
122.8 (CH-DMTr), 113.0 (CH-DMTY), 86.0 (C1'), 74.9 (C3'), 73.9 (C4),
64.3 (C5'), 55.1 (CH;-0), 42.5 (CH,-N), 41.6 (CH,-0), 40.7 (C2'); m/z
(%) LRMS [ES™, MeOH]: 715.0 (100) [M+Na*]. m/z HRMS [M+Na™]
(C4sH4NOgNa): calcd 714.2832; found 714.2826.

1-0-(4,4'-Dimethoxytrityl)-L-threoninol (5): L-Threoninol ((2R,3R)-

2-amino-1,3-butanediol; 1.0 g, 9.6 mmol) was dried by coevapora-
tion three times with freshly distilled pyridine in the presence of
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DMAP (0.6 g, 4.8 mmol) then further dried under high vacuum,
overnight. This mixture was then dissolved in dry pyridine (30 mL)
and 4,4'-dimethoxytrityl chloride (4.9 g, 14.4 mmol) was added in
several portions. The reaction was stirred at room temperature for
3 h and monitored by TLC (CH,Cl,/MeOH/NEt; 94:5:1). Upon com-
pletion the reaction was terminated by adding MeOH (5 mL) and
NEt; (1 mL). The reaction mixture was evaporated to dryness and
dissolved in CH,Cl, (50 mL). The organic phase was washed with
sat. ag. NaHCO; (3x50 mL), H,0O (50 mL) and brine (50 mL), dried
over Na,SO,, filtered and evaporated to dryness. The crude product
was purified on silica by using a gradient of MeOH (0% to 10%) in
CH,Cl, with NEt; (1%) to give compound 5 (2.5 g) in 65% yield as
a yellow oil. R; (CH,Cl,/MeOH/NEt; 94:5:1) 0.27; 'H NMR (400 MHz,
CDCly): 6=8.12 (s, 2H; NH,), 7.33-7.11 (m, 9H; DMTr), 6.74-6.72
(m, 4H; DMTr), 3.63 (s, 6H; CH;-0), 3.58-3.50 (m, 1H; CH), 3.16-
297 (m, 2H; CH,), 2.57-2.53 (m, TH; CH), 0.98 (s, 3H; CH,);
3C NMR (100 MHz, CDCl,) 6 =158.9 (C-DMTr), 150.1 (C-DMTr), 145.2
(C-DMTr), 136.4 (C-DMTr), 130.4, 128.7, 128.5, 128.2, 127.2 (CH-
DMTr), 86.5 (C-DMTr), 68.4 (CH), 66.3 (CH,), 57.5 (CH), 55.6 (CH;-O),
20.3 (CHs); m/z (%) LRMS [ES*, MeOH] 430.4 (100) [M+Na]*; m/z
HRMS [M+Na] " (C,sH,NO,Na): calcd 430.1994; found 430.1994.

1-O-(4,4'-Dimethoxytrityl)-L-threoninylamidoprop-1-yl pyrene
(6): 1-O-(4,4’-Dimethoxytrityl)-L-threoninol (5; 2.1 g, 5.1 mmol) and
the commercially available pyrene-1-butyric acid (1.4 g, 4.9 mmol)
were coevaporated separately with freshly distilled pyridine and
dried under high vacuum, overnight. The pyrene-1-butyric acid
was dissolved in DMF (10 mL) and HBTU (3.8 g, 10.2 mmol) was
added followed by DMAP (0.6 g, 5.1 mmol). The reaction was
stirred for 15 min at room temperature then a solution of 5 in DMF
(7 mL) was added dropwise. The reaction was stirred for 4 h and
followed by TLC (EtOAc/hexane 60:40). CH,Cl, (50 mL) was added
and the organic phase was washed with sat. aq. NaHCO; (50 mL)
and brine (50 mL), dried over Na,SO,, filtered and evaporated to
dryness. The crude mixture was purified on silica and eluted with a
gradient of EtOAc (40 to 80%) in hexane. Title compound 6 was
obtained as a white foam in 57% yield (1.9 g). R; (EtOAc/hexane
60:40) 0.53; 'HNMR (400 MHz, CDCl;) 6=8.36-791 (m, 9H;
pyrene), 7.43-7.19 (m, 9H; DMTr), 6.85-6.82 (m, 4H; DMTr), 4.16-
4.15 (m, 1H; CH), 4.08-4.04 (m, 1H; CH), 3.73 (s, 6H; CH5-0), 3.49-
3.36 (m, 4H; CH,), 2.44-2.40 (m, 2H; CH,), 2.32-2.10 (m, 2H; CH,),
122 (s, 3H; CH;); “CNMR (100 MHz, CDCl)) 6=173.4 (CO-NH),
159.0 (C-DMTr), 150.2 (C-pyrene), 144.8, 136.3 (C-DMTr), 136.2,
135.8, 135.7, 131.8, 131.4 (C-pyrene), 130.4 (CH-DMTr), 130.3 (C-
pyrene), 128.4, 128.3 (CH-DMTr), 127.9 (CH-pyrene), 127.8, 127.4 (C-
DMTr), 127.1, 126.2 (CH-DMTr), 125.2, 123.8 (CH-pyrene), 113.7 (CH-
DMTr), 87.2 (C-DMTr), 69.1 (CH), 65.7 (CH,), 55.6 (CH), 53.8 (CH;-0),
36.7, 33.3, 28.1 (CH,), 20.4 (CH5); m/z (%) LRMS [ES™, MeOH] 700.5
(100) [M+Na]*; m/z HRMS [M+Na] ™" (C,sH,;NOsNa): calcd 700.3039;
found 700.3033.

1-(6-Aminohexyl)aminoanthraquinone (7): A mixture of 1-chloro-
anthraquinone (2.4 g, 10 mmol) and hexamethylenediamine (3.5 g,
30 mmol) in xylene (100 mL) was heated under reflux. The reaction
was followed on TLC (CH,Cl,/MeOH 9:1) until completion. After
2 h, the solvent was removed under reduced pressure. The crude
product was adsorbed into silica prior to purification on silica gel
packed with CH,Cl, and NEt; (1%). A gradient of MeOH in CH,Cl,
(0 to 8%) gave compound 7 (1.3 g) as a red solid with 42% vyield.
R: (CH,Cl,/MeOH 90:10) 0.10; 'H NMR (400 MHz, [Dg]DMSO) 6 =9.71
(t, J=5.0Hz, 1H; NH), 8.21 (dd, J;,=1.1 Hz, J,=7.6 Hz, 1H; Ar-H),
8.13 (dd, J;=1.1 Hz, J,=7.6 Hz, 1H; Ar-H), 7.92-7.82 (m, 2H; Ar-H),
7.65 (t, J=7.6 Hz, 1H; Ar-H), 7.44 (dd, J;=0.7 Hz, J,=72Hz, 1H;
Ar-H), 7.27 (d, J=8.5 Hz, 1H; Ar-H), 3.39-3.34 (m, 4H; CH,), 2.56-
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2.53 (m, 2H; CH,), 1.72-1.65 (m, 2H; CH,), 1.45-1.41 (m, 4H; CH,);
13C NMR (100 MHz, [DcIDMSO) 6=180.1 (CO), 151.4 (C-NH,), 135.6
(C-Ar), 134.5, 1334, 126.4, 126.2, 118.6 (CH-Ar), 114.9 (C-Ar), 42.1,
41.5, 33.1, 28.6, 26.5, 26.1 (CH,); m/z (%) LRMS [ES", MeOH] 323.3
(100) [M+H]"; m/z HRMS [M+H]* (C,H,5N,0,): caled 323.1760;
found 323.1754.

1-(6-Trifluoroacetamidohexylamino)-5-chloroanthraquinone (9):
Ethyl trifluoroacetate (1.2 mL, 10 mmol) was added to a solution
of 1-(6-aminohexylamino)-5-chloroanthraquinone (8;*¥ 0.71g,
2 mmol) and dried NEt; (2.8 mL, 20 mmol) in CH,Cl, (20 mL). The
reaction was stirred at room temperature for 90 min before the
solvent was removed under high vacuum. The crude material was
purified on silica gel packed with CH,Cl,. A gradient of MeOH (0 to
4%) in CH,Cl, gave compound 9 (0.57 g) as a red solid foam in
63 % yield. R (CH,Cl,) 0.66; 'H NMR (400 MHz, [DJDMSO) 6 =9.43-
9.40 (t, J=5.2 Hz, 1H; NH), 9.38 (s, 1H; NHCOCF;), 8.11 (dd, J,=
16 Hz, J,=7.4Hz, 1H; Ar-H), 7.78 (dd, J;=1.6 Hz, J,=8.0Hz, 1H;
Ar-H), 7.73 (9, J=7.6 Hz, 1H; Ar-H), 7.53 (t, J=8.0 Hz, 1H; Ar-H),
7.26 (d, J=6.7 Hz, 1H; Ar-H), 7.08 (d, J/=8.5 Hz, 1H; Ar-H), 3.26 (q,
J=6.4Hz, 2H; CH,), 3.19 (q, J=6.2 Hz, 2H; CH,), 1.62-1.33 (m, 8H;
CH,); *CNMR (100 MHz, [DJDMSO) 6=182.2 (CO), 181.4 (CO),
150.8 (C-Ar), 136.3, 135.7, 134.9 (CH-Ar), 134.2, 132.9 (C-Ar), 126.0,
117.6, 114.9 (CH-Ar), 114.5, 111.2 (C-Ar), 42.5, 32.1, 28.8, 28.6, 26.5,
26.3 (CH,); m/z (%) LRMS [ES", MeOH] 475.3 (100) [M+Na]*, 927.6
(50) [2M+Nal*; m/z HRMS [M+H"] (CyH,CIF;N,0;): caled
453.1193; found 453.1188.

1-(6-Trifluoroacetamidohexylamino)-5-(6-aminohexylamino)-an-
thraquinone (10): A mixture of 1-(6-trifluoroacetamidohexylami-
no)-5-chloroanthraquinone (9; 0.11 g, 0.24 mmol) and hexamethyl-
enediamine (0.15 g, 1.25 mmol) in xylene (1 mL) was heated under
reflux for 16 h. The solvent was removed under reduced pressure
before the crude mixture was purified by flash chromatography
and eluted with MeOH (1 to 10%) in CH,Cl, containing NEt;
(0.5%). Compound 10 (0.11 g) was obtained as a red foam in 82%
yield. R; (hexane/EtOAc 50:50) 0.6; 'H NMR (400 MHz, [DJDMSO)
0=9.65 (t, J=4.0 Hz, 2H; NH-COCF;), 7.60 (t, J=7.9 Hz, 2H; Ar-H),
741 (d, J=73Hz, 2H; Ar-H), 713 (d, J=8.6 Hz, 2H; Ar-H), 3.35-
3.29 (m, 8H; CH,), 3.19 (t, J=7.0 Hz, 4H; CH,), 2.68 (t, J=7.1 Hz,
2H; CH,), 1.67-1.33 (m, 10H; CH,); *C NMR (100 MHz, [DJDMSO)
0=184.7 (CO), 180.6 (COCF,), 151.5 (C-NH), 136.0 (C-Ar), 135.9 (CH-
Ar), 117.5, 114.7 (CH-Ar), 112.3 (CF,), 42.5, 32.1, 28.9, 28.6, 26.6, 26.3
(CH,); m/z (%) LRMS [ES™, MeOH] 533.4 (100) [M+H]"; m/z HRMS
[IM4H "] (CogHseFsN,0,): caled 533.2746; found 533.2734.

1-(6-Trifluoroacetamidohexylamino)-5-(6-hydroxyhexylamino)

anthraquinone (11): A mixture of 1-(6-trifluoroacetamidohexylami-
no)-5-chloroanthraquinone (9; 1.3 g, 2.8 mmol) and 6-amino-1-hex-
ynol (1.6 g, 143 mmol) in xylene (100 mL) was refluxed for 18 h.
The solvent was removed under vacuum and the residue was dis-
solved in CH,Cl, (100 mL) washed with sat. ag. NaHCO; (50 mL)
and brine (50 mL), dried over Na,SO,, filtered and evaporated to
dryness. The crude product was purified by column chromatogra-
phy on silica gel packed with CH,Cl,. A gradient of acetone (0 to
20%) in CH,Cl, gave the desired compound 11 as a red solid
(0.549) in 36% yield. Ry (CH,Cl/MeOH 90:10) 0.4; 'HNMR
(400 MHz, [D;]DMSO) 6=9.76 (t, J=5.2 Hz, 2H; NH), 9.50 (bs, 1H;
NH), 7.71 (t, J=8.0 Hz, 2H; Ar-H), 7.52 (dd, J;=1.0 Hz, J,=7.5 Hz,
2H; Ar-H), 7.23 (d, J=8.5Hz, 2H; Ar-H), 445 (dd, J;=5.5Hz, J,=
11.0 Hz, 2H; CH,), 3.51 (q, J=5.5 Hz, 2H; CH,), 3.46-3.33 (m, 8H;
CH,), 3.28 (q, J=6.1Hz, 2H; CH,), 1.77 (q, J=7.0 Hz, 4H; CH,),
1.65-1.45 (m, 6H; CH,); CNMR (100 MHz, [DJDMSO) o6 =185.2
(CO), 181.9 (COCF;), 152.0 (C-NH), 136.5 (C-Ar), 136.4 (CH-Ar), 117.9
(CH-Ar), 115.2 (CH-Ar), 112.8 (CF5), 61.6, 61.5, 33.4, 32.6, 29.6, 29.43,
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29.1, 27.1, 27.0, 26.8, 26.2 (CH,); m/z (%) LRMS [ES", MeOH] 556.4
(100) [M+Na]™; m/z HRMS [M+H]* (CygHssFsN;0,): calcd 534.2574;
found 534.2582.

1-(6-Trifluoroacetamidohexylamino)-5-(6-hexylamino) anthraqui-
none-2-0-cyanoethyl-N,N'-diisopropylphosphoramidite (12): 2-O-
Cyanoethyl-bis-diisopropylphosphoramidite (51 L, 0.15 mmol) was
added to a solution of 1-(6-trifluoroacetamidohexylamino)-5-(6-hy-
droxyhexylamino)anthraquinone (11; 84 mg, 0.16 mmol) and DIHT
(13 mg, 0.08 mmol) in dry acetonitrile (5mL). The reaction was
stirred for 1 h under argon. The reaction mixture was diluted with
degassed EtOAc (5 mL) and washed with sat. ag. NaHCO; (5 mL)
and brine (5 mL). The crude product was purified on basic alumina
and eluted with EtOAc containing NEt; (19%). Compound 12 was
recovered as a red solid (0.14 g) in 86% yield. R; (EtOAc/hexane
80:20) 0.6 and 0.3 on 0.2 mm alumina plates Alugram® alox N/
UV,s, purchased from Macherey-Nagel. '"H NMR (400 MHz, CD,Cl,)
0=9.70 (bs, 2H; NH), 7.56-7.49 (m, 4H; Ar-H), 7.02-6.98 (m, 2H;
Ar-H), 3.89-3.71 (m, 4H; CH,), 3.68-3.56 (m, 4H; CH,), 3.42-3.31 (m,
8H; CH,), 2.67-2.63 (m, 2H; CH,), 1.81-1.24 (m, 14H; CH,), 1.20 (d,
J=6.5Hz, 12H; CH,); P NMR (121 MHz, CD,Cl,) 6 =147.3; m/z (%)
LRMS [ES™, CH;CN] 756.7 (100) [M+Nal™; m/z HRMS [M+H]*
(C57H5,F5NsO4P): calcd 734.3658; found 734.3644.

N-(6-(9,10-Dihydro-9,10-dioxoanthracen-1-ylamino)hexyl)-5-(4,4'-
dimethoxytrityl)-2-deoxy-p-ribofuranose-1-f-acetamide (13):
Compound 3% (0.30 g, 0.62 mmol) and DMAP (76 mg, 0.62 mmol)
were combined and dried by coevaporation with freshly distilled
pyridine and then left under high vacuum, overnight. Similarly,
aminohexyl anthraquinone (7) (0.20 g, 0.62 mmol) was coevaporat-
ed with pyridine and dried under high vacuum, overnight. Com-
pound 3 and DMAP were then dissolved in anhydrous DMF
(1.5 mL) and HBTU (0.47 g, 1.24 mmol) was added. The mixture
was left to stir for 15 min at room temperature under argon atmos-
phere and a solution of the aminohexyl anthraquinone in anhy-
drous DMF (500 plL) was added under argon. The reaction was fol-
lowed by TLC (CH,Cl,/MeOH/NEt; 80:19:1) for 90 min. The reaction
was then diluted with CH,Cl, (25 mL). The organic phase was
washed with sat. ag. NaHCO; (10 mL), H,O0 (10 mL) and brine
(10 mL), dried over Na,SO,, filtered and evaporated to dryness. The
crude product was purified on silica by using a gradient of MeOH
(0 to 10%) in CH,Cl, with NEt; (1%). This gave compound 13
(0.33 g) as a dark red foam in 67% yield. R (CH,Cl,/MeOH 90:10)
0.63; 'HNMR (400 MHz, CDCl;) 6=9.75 (t, J=4.0Hz, 1H; NH),
8.32-8.26 (m, 2H; Ar-H), 7.81-7.71 (m, 1H; Ar-H), 7.62 (d, J/=8.0 Hz,
1H; Ar-H), 7.50 (t, J=8.0 Hz, 1H; Ar-H), 7.41-7.23 (m, 9H; DMTr),
7.06 (d, J/=8.5Hz, 1H; Ar-H), 6.87-6.85 (m, 4H; DMTr), 6.51 (dd,
J;=3.0Hz, J,=8.5Hz, 1H; HT'), 4.36-4.34 (m, 1H; H4'), 4.05-4.02
(m, 1H; H3"), 3.80 (s, 6H; CH;-0), 3.71-3.17 (m, 8H; CH,), 2.51 (ddd,
J;=3.5Hz, J,=8.5Hz, J;=15.0 Hz, 2H; H5’), 2.09-2.05 (m, 1H; H2'),
1.88-1.81 (m, 1H; H2), 1.77-1.70 (m, 2H; CH,), 1.54-1.45 (m, 2H;
CH,), 1.43-1.41 (m, 2H; CH,); *CNMR (100 MHz, CDCl;) 6=185.4
(CO), 184.2 (CO), 171.1 (CO-NH), 158.9 (C-DMTr), 152.2 (C-Ar), 145.1
(C-Ar), 136.4 (C-DMTr), 135.7 (CH-Ar), 135.1 (C-DMTr), 135.3, 133.3
(CH-Ar), 130.4, 128.7, 128.5, 128.2 (CH-DMTr), 127.1, 118.3, 115.9
(CH-Ar), 113.6 (CH-DMTr), 86.7 (C1'), 75.5 (C4), 74.3 (C3'), 64.8 (C5),
55.6 (CH;-0), 43.5, 43.0, 41.3 (CH,), 39.7 (C2'), 29.9, 29.4, 27.0 (CH,);
m/z (%) LRMS [EST, MeOH] 805.6 (100) [M+Nal*; m/z HRMS
[M+Na]*t (C,sHsoN,05Na): calcd 805.3465; found 805.3459.

N-(6-(9,10-Dihydro-9,10-dioxoanthracen-1-ylamino)-5-yl-(6-ami-
nohexyl)hexyl)-5-(4,4'-dimethoxytrityl)-2-deoxy-p-ribofuranose-
1-B-acetamide (14): Deoxyribose ethanoic acid derivative 387
(0.17 g, 0.35 mmol), DMAP (43 mg, 0.35 mmol) and HBTU (0.26 g,
0.70 mmol) were combined and dissolved in dry pyridine (5 mL).
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The mixture was coevaporated three times and dried under high
vacuum, overnight. In a separate flask bis-aminohexylanthraqui-
none (10; 0.18 g, 0.35 mmol) was also coevaporated three times
with dry pyridine, dried under vacuum, overnight, then dissolved
in dry pyridine (5 mL). The mixture of 3, HBTU and DMAP was dis-
solved in pyridine (1.2 mL) and added dropwise to the solution of
10 in pyridine under argon at room temperature. After 2 h, the re-
action mixture was diluted with CH,Cl, (25 mL). The organic phase
was washed with sat. ag. NaHCO; (10 mL), H,O (10 mL) and brine
(10 mL), dried over Na,SO,, filtered and evaporated to dryness. The
crude mixture was adsorbed on silica and purified by column chro-
matography by using a gradient of acetone (0 to 60%) in cyclohex-
ane to give compound 14 (90 mg) as a purple foam in 26 % yield.
R: (cyclohexane/acetone 40:60) 0.66; 'H NMR (400 MHz, CDCl;): 6 =
9.74-9.70 (m, 2H; NH), 7.57-7.23 (m, 15H; DMTr, Ar-H), 6.98 (t, J=
7.5 Hz, 2H; Ar-H), 6.87-6.85 (m, 4H; DMTr), 6.49 (t, J=5.5Hz, 2H;
Ar-H), 4.52-4.47 (m, 1H; H1'), 4.36-4.35 (m, 1H; H4'), 4.05-4.01 (m,
1H; H3), 3.83 (s, 6H; CH;-0), 3.46-3.17 (m, 10H; CH,), 2.50 (ddd,
J;=3.2Hz, J,=8.7 Hz, J;=15.2 Hz, 2H; H5’), 2.08-2.01 (m, 2H; H2'),
1.90-1.35 (m, 14H; CH,); *C NMR (100 MHz, CDCly): 6 =185.9 (CO),
185.8 (CO), 171.1 (CONH), 158.9 (COCF;), 151.9 (C-NH), 145.2 (C-Ar),
136.7 (C-DMTr), 136.3 (CH-Ar), 135.7 (C-DMTr), 135.6 (C-DMTr),
130.4, 128.7, 1285, 128.2, 127.3 (CH-DMTr), 116.8, 115.2 (CH-Ar),
113.5 (CH-DMTr), 113.3 (CF;), 86.7 (C1'), 75.5 (C4'), 74.4 (C3'), 64.8
(CH,-CONH), 55.6 (CH;-0), 43.2 (C5), 43.1, 43.0, 41.3, 40.3, 39.7,
29.9, 29.4, 29.2, 29.2, 27.2, 27.1, 27.0, 26.7 (CH,, C2'); m/z (%) LRMS
[ES*, MeOH] 1015.7 (100) [M+Na] .

1-(4,4'-Dimethoxytrityl)-L-threoninyl-bis-anthraquinone (15): An-
thraquinone-2-carboxylic acid (0.20 g, 0.80 mmol), HBTU (0.60 g,
1.6 mmol) and DMAP (97.7 mg, 0.80 mmol) were dissolved in anhy-
drous DMF (1 mL) and the mixture was stirred for 15 min before
the addition of a solution of 1-O-(4,4"-dimethoxytrityl)-L-threoninol
(5; 0.32 g, 0.80 mmol) in DMF (1 mL). The reaction was stirred at
room temperature for 2 h (TLC EtOAc/hexane 60:40) and finally di-
luted with CH,Cl, (10 mL). The organic phase was washed with sat.
ag. NaHCO; (3x 10 mL), H,O (10 mL) and brine (10 mL), dried over
Na,SO,, filtered and evaporated to dryness. The crude product was
adsorbed on silica prior to purification by column chromatography
with a gradient of EtOAc (5 to 40%) in hexane. Compound 15
(0.52 g) was obtained in 75% yield as a yellow foam. R; (EtOAc/
hexane 60:40) 0.65; "H NMR (400 MHz, CDCl,): 6 =8.82 (s, 1H; NH),
8.58 (d, J=1.5Hz, 1H; Ar-H), 8.43-8.29 (m, 8H; Ar-H), 8.19 (dd, J,=
1.5Hz, J,=8.0 Hz, 1H; Ar-H), 7.87-7.81 (m, 4H; Ar-H), 7.47-7.18 (m,
9H; DMTY), 6.92 (d, J=6.0 Hz, 1H; Ar-H), 6.81-6.77 (m, 4H; DMTr),
5.87-5.80 (m, TH; CH), 4.73-4.67 (m, 1H; CH), 4.16 (g, /=7.0 Hz,
2H; CH,), 3.73 (s, 6H; CH;-0), 1.54 (d, J=6.5 Hz, 3H; CHs); *C NMR
(100 MHz, CDCl;) 6 =182.6 (CO), 166.2 (CONH), 165.2 (COO), 158.6
(C-DMTr), 144.7, 139.8 (C-DMTr), 136.6, 135.8, 135.6, 135.4 (C-Ar),
135.0, 134.8 (CH-Ar), 134.0, 133.9, 133.8, 133.7 (C-Ar), 133.0, 1304,
129.0, 128.5, 128.4, 128.3, 128.0, 127.8, 127.3 (CH-Ar, CH-DMTr),
125.7, 113.7 (C-DMTr), 113.6 (CH-DMTr), 86.8 (C-DMTr), 72.2 (CH),
62.5 (CH,), 55.5 (CH;-0), 54.6 (CH), 17.8 (CH5); m/z (%) LRMS [ES™,
MeOH] 898.8 (100) [M+Nal*; m/z HRMS [M+Na]" (CssHyNO;oNa):
calcd 898.2628; found 898.2623.

9,10-Dihydro-N-(1-(4,4'-dimethoxytrityl)threoninyl)-9,10-dioxo-
anthracene-1-carboxamide (16): Two methods were followed to
prepare compound 16, either by cleavage of the ester bond of
compound 15 or by direct amide coupling of anthraquinone-2-car-
boxylic acid to compound 5.

Method 1: Compound 15 (0.31 g, 0.35 mmol) was dissolved in a
mixture of CH,Cl, and MeOH (2.4 mL, 1:1, v/v) and K,CO; (0.48 g,
3.5 mmol) was added at room temperature. The reaction was stop-
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ped after 1 h by adding H,0 (5 mL) and CH,Cl, (10 mL; TLC EtOAc/
hexane 60:40). The organic phase was washed with water (3x
10 mL), dried over Na,SO,, filtered and evaporated to dryness. The
crude product was adsorbed on silica prior to purification by
column chromatography by using a gradient of EtOAc (5 to 50 %)
in hexane. Compound 16 (0.22 g) was obtained as a pale yellow
foam in 95% vyield.

Method 2: Anthraquinone-2-carboxylic acid (0.2 g, 0.80 mmol) was
dissolved in anhydrous DMF (1.6 mL) before the addition of EDC
(0.23 g, 1.20 mmol) at room temperature. The reaction was stirred
for 15 min before addition of a solution of compound 5 (0.32 g,
0.80 mmol) in DMF (1 mL). The reaction was followed by TLC
(EtOAc/hexane 60:40) then diluted after 2 h with CH,Cl, (10 mL).
The organic phase was washed with sat. ag. NaHCO; (10 mL), H,O
(10 mL) and brine (10 mL), dried over Na,SO,, filtered and evapo-
rated to dryness. The crude mixture was adsorbed on silica prior to
purification by column chromatography by using a gradient of
EtOAc (5 to 60%) in hexane to give compound 16 (0.35 g) in 70%
yield as a yellow foam. R; (EtOAc/hexane 60:40) 0.51; 'H NMR
(300 MHz, CDCly): 6=8.64 (d, J=1.9Hz, 1H; NH), 841 (d, J=
10.7 Hz, 1H; Ar-H), 8.35-8.32 (m, 2H; Ar-H), 8.26 (dd, J;,=1.9 Hz,
J,=10.7 Hz, 1H; Ar-H), 7.85-7.82 (m, 2H; Ar-H), 7.43-7.21 (m, 9H;
DMTr), 7.01 (d, J=8.8 Hz, 1H; Ar-H), 6.85-6.81 (m, 4H; DMTr), 4.29-
420 (m, 2H; CH), 3.77 (s, 6H; CH,-0), 3.53 (ddd, J,=4.6 Hz, J,=
3.6 Hz, J;=24.9 Hz, 2H; CH,), 1.26 (d, J=6.0 Hz, 3H; CH,); *C NMR
(75 MHz, CDCl;) 6=182.5 (CO), 182.3 (CO), 166.0 (CO-NH), 158.6 (C-
DMTr), 144.3 (C-DMTr), 139.5 (C-DMTTr), 144.3, 139.5 (C-DMTr), 135.4,
135.3 (C-Ar), 134.4 (CH-Ar), 133.6, 133.4 (C-Ar), 132.8, (CH-Ar), 129.9,
128.0 (CH-DMTr), 127.4, 127.1 (CH-Ar), 125.2 (CH-DMTr), 87.0 (C-
DMTr), 68.4 (CH), 65.0 (CH,), 55.2 (CH;-0), 54.3 (CH), 20.2 (CH;); m/z
(%) LRMS [ES*, MeOH] 664.5 (100) [M+Na*]. m/z HRMS [M+Na]*
(C4oH35NO;Na): calcd 664.2311; found 664.2306.

9,10-Dihydro-N-(1-(4,4'-dimethoxytrityl)-3-succinylthreoninyl)-
9,10-dioxoanthracene-1-carboxamide (17): DMTr-protected L-
threoninylanthraquinone (16; 0.16 g, 0.25 mmol) was dissolved in
pyridine (1 mL) before the addition of DMAP (15 mg, 0.12 mmol)
and succinic anhydride (37 mg, 0.37 mmol) successively. The mix-
ture was stirred at room temperature for 7 h. The reaction was di-
luted with CH,Cl, (20 mL) and the organic phase was washed with
H,O (3x5 mL), dried over Na,SO,, filtered and evaporated to dry-
ness. The crude product was adsorbed on silica prior to purification
by column chromatography and elution with a gradient of EtOAc
(50 to 70%) in hexane to give compound 17 (70.6 mg) as a white
foam in 38% yield. R; (EtOAc/hexane 80:20) 0.51; 'HNMR
(400 MHz, CDCly): 6=8.70 (s, 1H; NH), 8.42-8.33 (m, 4H; Ar-H),
7.88-7.83 (m, 2H; Ar-H), 7.46-7.21 (m, 9H; DMTr), 7.08 (dd, J=
9.0 Hz, 1H; Ar-H), 6.86-6.83 (m, 4H; DMTr), 5.53-5.47 (m, 1H; CH),
4.58-4.52 (m, 1H; CH), 3.80 (s, 6H; CH;-O), 3.37-3.30 (m, 2H; CH,),
2.68-2.52 (m, 4H; succinyl CH,), 1.34 (d, J=6.0Hz, 3H; CH,);
3C NMR (100 MHz, CDCl,): 6 =183.7 (CO), 181.6 (C0), 172.3 (CO-0),
166.1 (CO-NH), 158.9 (C-DMTr), 144.9 (C-DMTr), 139.9 (C-DMTr),
136.1 (C-Ar), 135.1, 134.8, 134.0 (CH-Ar), 133.9, 133.8 (C-Ar), 1304,
128.5, 128.3, 128.3, 127.9, 127.8, 127.2, 126.1 (CH-DMTr, CH-Ar),
113.6 (CH-DMTr), 86.6 (C-DMTr), 70.2 (CH), 62.6 (CH,), 55.6 (CH;-0),
54.4 (CH), 31.0 (CH,), 17.7 (CH,); m/z (%) LRMS [ES*, MeOH] 764.5
(100) [M+Nal™; m/z HRMS [M+Na]™ (CuH3NO;oNa): caled
764.2472; found 764.2466.

9,10-Dihydro-N-(1-(4,4'-dimethoxytrityl)threoninyl)-9,10-dioxo-

anthracene-1-carboxamide-2-O-cyanoethyl-N,N'-diisopropylphos-
phoramidite (18): Compound 17 (0.24 g, 0.37 mmol) was dissolved
in CH,Cl, (3 mL) and DIPEA (260 pL, 1.48 mmol) was added. The
mixture was stirred for 10 min at room temperature before addi-
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tion of [N(iPr),JP(C)O(CH,),CN (124 pL, 0.55 mmol) under argon.
The reaction was then stirred for 4 h and stopped by adding aque-
ous KCI. The organic phase was washed with sat. aq. KCl (20 mL),
dried over Na,SO,, filtered and evaporated to dryness. The crude
product was purified on silica gel packed with CH,Cl, and NEt,
(1%) by using EtOAc (10%) in CH,Cl,. Fractions were collected,
evaporated and dried over high vacuum pump for 2 h. The title
compound was redissolved in CH,Cl, (3 mL) and added dropwise
to cold hexane (100 mL) under argon. Hexane was removed and
the formed precipitate was redissolved in CH,CN, filtered through
Millipore® filter and evaporated to dryness. Compound 18 (0.12 g,
0.14 mmol, 38%) was redissolved in benzene and freeze dried,
overnight, under high vacuum pump. R; (CH,Cl,/EtOAc 90:10) 0.51;
"H NMR (400 MHz, CD,Cl,): 6=8.61 (s, 1H; Ar-H), 8.37-8.29 (m, 4H;
Ar-H), 790 (m, 2H; Ar-H), 7.49-7.24 (m, 9H; DMTr), 7.24-6.84 (m,
4H; DMTr), 4.50-4.46 (m, 1H; CH), 442-434 (m, 1H; CH), 3.80 (s,
6H; CH;-0), 3.78-3.70 (m, 2H; CH,-0), 3.62-3.54 (m, 2H; CH,-CN),
3.36-3.26 (m, 2H; CH,), 2.66 (t, J=6.2Hz, TH; CH), 2.55 (g, J=
5.8Hz, 1H; CH), 1.16-1.14 (m, 12H; CH,), 1.04 (d, J=8 Hz, 3H;
CHs); 3'P NMR (121 MHz, CD,Cl,)=148.38, 147.96. m/z (%) LRMS
[EST, CH,;CN] 864.3 (50) [M+Na]*, 880.3 (50) [M+K]*; m/z HRMS
[M+Nal* (C,Hs,N505PNa): calcd 864.3390; found 864.3384.

5-0-(4,4'-Dimethoxytrityl-1-p-dimethylaminoethylacetamido-2-
deoxy-p-ribofuranose (19): 5-O-Dimethoxytrityl-2-deoxyribose-1-
ethanoic acid (3;®” 0.1 g, 0.21 mmol) was dissolved in anhydrous
DMF (800 pL) and HBTU (0.16 g, 0.41 mmol) and DMAP (25 mg,
0.21 mmol) were added. The mixture was stirred for 15 min at
room temperature before addition of N,N-dimethylethylendiamine
(18.3 mg, 0.21 mmol) in DMF (1 mL). The reaction was stirred, over-
night, at room temperature and monitored by TLC (CH,Cl,/MeOH
80:20), then diluted by adding CH,Cl, (5 mL). The organic phase
was washed with sat. ag. NaHCO; (10 mL), H,O (10 mL) and brine
(10 mL), dried over Na,SO,, filtered and evaporated to dryness. The
crude product was purified by column chromatography on silica
and eluted with a gradient of MeOH (0.25 to 3%) in CH,Cl, with
NEt; (1%) to give compound 19 (41 mg) in 35% yield as a yellow
foam. R; (CH,Cl,/MeOH 80:20) 0.44; 'H NMR (400 MHz, CDCl;) 6 =
7.45-7.20 (m, 9H; DMTr), 6.84-6.81 (m, 4H; DMTr), 4.55-4.46 (m,
1H; H1'), 430-4.27 (m, 1H; H4'), 3.98-3.94 (m, TH; H3'), 3.79 (s,
6H; CH,-0), 3.38 (q, J=6.3 Hz, 2H; CH,-CO), 3.16 (ddd, J,=4.7 Hz,
J,=5.5Hz, J;=21.6 Hz, 2H; H5'), 2.52-2.45 (m, 4H; CH,), 2.27 (s,
6H; CH,), 2.04-1.98 (m, 1H; H2), 1.84-1.74 (m, TH; H2); *C NMR
(100 MHz, CDCl;) 6 =170.8 (CONH), 158.5 (C-DMTr), 144.8 (C-DMTY),
136.0 (C-DMTr), 130.0, 128.2, 127.8, 126.8, 113.1 (CH-DMTr), 86.1
(C1'), 749 (C4), 74.1 (C3'), 64.6 (CH,-CO), 57.8 (C5'), 55.2 (CH;-0),
44.9 (CH;-N), 42.5 (CH,-NH), 40.7 (C2’), 36.6 (CH,-N); m/z (%) LRMS
[ES*, MeOH] 549.5 (100) [M+H]*; m/z HRMS [M+H*] (C3,H4;N,Og):
calcd: 549.2965; found 549.2959.

5-0-(4,4'-Dimethoxytrityl)-1-pf-acetamido-N-(2-diethylaminoeth-

yl)-benzamido-2-deoxy-p-ribofuranose (20): 5-O-Dimethoxytrityl-
2-deoxyribose-1-ethanoic acid (3;®7 0.1 g, 0.21 mmol), EDC (80 mg,
0.42 mmol) and DMAP (25 mg, 0.21 mmol) were dissolved in fresh-
ly distilled pyridine (500 pL) and the mixture was stirred for 15 min
before the addition of a solution of procainamide hydrochloride
(57 mg, 0.21 mmol) in pyridine (200 pL). The reaction was stirred,
overnight, then diluted by the addition of CH,Cl, (5 mL) and sat.
ag. NaHCO; (5 mL). The organic phase was washed with H,O
(5 mL) and brine (5 mL), dried over Na,SO,, filtered and evaporated
to dryness. The crude product was purified by column chromatog-
raphy on silica by using a gradient of MeOH (1 to 17%) in CH,Cl,
with NEt; (1%) to give compound 20 (62 mg) as a yellow foam in
43% vyield. R; (CH,Cl,/MeOH 80:20) 0.55; "H NMR (400 MHz, CDCl,)
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0=28.72 (s, TH; NH), 7.77-7.17 (m, 13H; DMTr, Ar-H), 6.86-6.83 (m,
4H; DMTr), 4.61-4.58 (m, 1H; H1'), 439-4.37 (m, 1H; H4), 4.13-
4.10 (m, 1H; H3'), 3.80 (s, 6H; CH;-0), 3.57-3.53 (m, 2H; CH,-NH),
3.30-3.27 (m, 2H; CH,-CO), 2.79-2.59 (m, 8H; CH,-N and H5), 2.13-
2.08 (m, 1H; H2), 1.94-1.87 (m, 1H; H2), 1.11 (t, J=7.0Hz, 6H;
CH,); PCNMR (100 MHz, CDCl;) §=181.5 (CONH), 158.9 (C-DMTY),
145.1 (C-DMTr), 141.2 (C-Ar), 136.1 (C-DMTr), 1304, 128.7, 1284,
128.3 (CH-DMTr), 127.3, 119.6 (CH-Ar), 113.6 (CH-DMTr), 87.1 (C-
DMTr), 86.7 (C1), 75.2 (C4'), 74.0 (C3'), 64.7 (C5'), 55.6 (CH;-0), 51.9,
47.3, 44.0, 41.4 (CH,), 37.5 (C2), 12.0 (CH;); m/z (%) LRMS [ES™,
MeOH] 696.5 (100) [M+H]*; m/z HRMS [M+H]" (C44HsoNsO;): calcd
696.3649; found 696.3643.

Resin functionalization: Monomers for 3’-oligonucleotide modifi-
cation were immobilized on aminolink resin (LCAA-CPG-NH,,
92 umolg ™' amine loading, Link Technologies, Ltd.). The resin was
activated by conversion to the succinic acid derivative either under
microwave conditions® or by using a nonmicrowave procedure at
room temperature.”® The microwave activation was carried out as
follows. LCAA-CPG-NH, (0.5 g, 46 umol) was treated with succinic
anhydride (0.4 g, 4 mmol) dissolved in DMF (1 mL) in the presence
of DMAP (50 mg, 0.4 mmol). Three cycles of 30 s microwave excita-
tion were performed on a CEM Explorer® 24 positions microwave
at 150°C and 300 W. The resin was then washed with CH;CN (3x
5mL, 2min per wash), MeOH (3x5mL, 15 min per wash) and
CH,Cl, (3%5 mL, 2 min per wash) and dried, overnight, under high
vacuum pump. The activation efficiency was confirmed by a nega-
tive Kaiser test.”” At this point the succinylated resin was divided
into several batches and each batch was functionalized with a dif-
ferent modification as follows. The appropriate 3" modification (al-
cohol; 36.8 pmol) was dissolved in DMF (2.5 mL) in the presence of
HBTU (147.2 umol) and DMAP (147.2 umol) and the mixture was
added to the succinylated resin (0.1 g, 9.2 umol). After 4 h of con-
stant agitation, the resin was washed with CH;CN (3x5 mL) and
CH,Cl, (3%x5 mL). Free amino sites on the resin were then convert-
ed to unreactive acetamide derivatives by treatment with capping
reagents for the ABI DNA synthesiser for 3 h (cap A: 0.1 M N-meth-
ylimidazole in THF, and cap B: acetic anhydride 0.1m in pyridine/
THF). The resin was then washed with pyridine (3x5 mL), CH;CN
(3x5mL) and CH,Cl, (3x5mL) before being dried, overnight,
under high vacuum pump. A detritylation step by using a solution
of trichloroacetic acid (3%) in CH,Cl, (DNA synthesis grade) was
performed to measure the resin loading.®®

Oligonucleotide synthesis and purification: Oligonucleotide syn-
thesis was carried out by using an Applied Biosystems 394 auto-
mated DNA/RNA synthesiser with a standard 0.2 or 1.0 umol phos-
phoramidite cycle of acid-catalyzed detritylation, coupling, capping
and iodine oxidation. All 3-cyanoethyl phosphoramidite monomers
were dissolved in anhydrous CH,CN to a concentration of 0.1 M im-
mediately prior to use. The coupling time for normal A, G, Cand T
monomers was 25 s and this was extended to 6 min for modified
monomers. In all cases coupling of the first phosphoramidite mo-
nomer to the solid support was carried out for 10 min to ensure
efficient addition. Stepwise coupling efficiencies and overall yields
were determined by automated trityl cation conductivity monitor-
ing, and in all cases were >98.0%. Cleavage of oligonucleotides
from the solid support and deprotection were achieved by expo-
sure to concentrated aqueous ammonia for 60 min at room tem-
perature followed by heating in a sealed tube for 5h at 55°C.
Purification of oligonucleotides was carried out by reversed-phase
HPLC by using a Gilson system with a Brownlee Aquapore column
(C8, 8 mmx250 mm, 300 A pore) with a gradient of CH,CN in
NH,OAc increasing from 0 to 50% buffer B over 30 min with a flow
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rate of 4 mLmin~' (buffer A: 0.1 m NH,OAc, pH 7.0; buffer B: 0.1m
NH,OAc with 50% CH;CN, pH 7.0). Elution of oligonucleotides was
monitored by ultraviolet absorption at 295 nm. After HPLC purifica-
tion, oligonucleotides were desalted by using NAP-10 Sephadex
columns (GE Healthcare) according to the manufacturer’s instruc-
tions.

Oligonucleotide analysis: Oligonucleotide analysis was carried out
by capillary gel electrophoresis (CE) and mass spectrometry. Each
sample (0.4 OD per 100 pL) was injected on to an ssDNA 100-R gel
by using a Tris-borate urea (7 m) buffer (kit N° 477480) on a Beck-
man coulter P/ACE™ MDQ capillary gel electrophoresis system con-
trolled by 32 Karat software. The injection voltage was 10.0 kV and
separation voltage was 9.0 kV. The electropheregram was run for
45.0 min and peaks were monitored by UV absorbance at 254 nm.
TFOs were analysed by negative mode electrospray MS by using a
Fisons VG platform spectrometer in water with triisopropylamine
(2 uL of a 1% solution in MeOH). Hairpin duplexes were analysed
by MALDI-TOF by using a ThermoBioAnalysis Dynamo MALDI-TOF
spectrometer in positive ion mode .

Ultraviolet melting studies: To determine triplex melting tempera-
tures (T,), UV melting studies were carried by using a Varian
Cary 400 scan UV-visible spectrophotometer with Hellma SUPRASIL
synthetic quartz 10 mm path length cuvettes, monitoring at
260 nm with a DNA duplex concentration of 1.0 um and a volume
of 1.2 mL. Samples were prepared as follows. The duplex and the
third strand were mixed in a 1:3 ratio (concentrations determined
by UV absorbance and extinction coefficients) in Eppendorf tubes
(2 mL) and then lyophilized before being resuspended in the ap-
propriate buffer solution (1.2 mL) and filtered through Kinesis cellu-
lose 13 mm diameter 0.45 pum syringe filters. The following buffers
were used: sodium phosphate (10 mm) with NaCl (200 mm) adjust-
ed to pH6.2 or 6.6, and sodium acetate (10 mm) with NaCl
(200 mm) adjusted to pH 5.5. The UV melting protocol involved ini-
tial denaturation by heating to 80°C at 10 °Cmin~' followed by an-
nealing by cooling to 20°C at 0.5 °Cmin~'; the temperature was
then maintained at 20 °C for 20 min before the start of the melting
experiment, which involved heating from 20°C to 80°C at
0.5 °Cmin~", holding at 80°C for 2 min then cooling to 20°C at
0.5°Cmin~". Two successive melting curves were measured before
fast annealing from 80°C to 20°C at 10 °Cmin~' to bring the
sample to ambient temperature. The T,, values were calculated by
using Cary Win UV thermal application software by taking an aver-
age of the two melting curves.
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Modification with Organometallic Compounds Improves
Crossing of the Blood-Brain Barrier of [Leu’]-Enkephalin
Derivatives in an In Vitro Model System

Antonio Pinto,” Ulrich Hoffmanns,? Melanie Ott,® Gert Fricker™ and Nils Metzler-Nolte*®

Enkephalin peptides are thought to be suitable vectors for the
passage of the blood-brain barrier (BBB). Modifications that do
not alter the amino acid sequence are often used to improve
the permeation through living membrane systems. As a new
type of modification we introduce organometallic compounds,
in particular ferrocene carboxylic acid. Derivatives of [Leu®]-
enkephalin were synthesised and labelled with organometallic
compounds by using solid-phase synthesis techniques. All new
metal-peptide bioconjugates were comprehensively character-
ised by HPLC, NMR spectroscopy and mass spectrometry and
found to be at least 95% pure. For the first time, permeation
coefficients in a BBB model for organometal-peptide deriva-

Introduction

The isolation of the peptide neurotransmitters [Leu’]-enkepha-
lin and [Met’]-enkephalin from the brain of mammalians in
1975 and the discovery of their analgesic effect” led to in-
tense pharmacological research of the enkephalins.

The five amino acid-containing enkephalins and most of the
other small neuropeptides are cleaved from large precursor
proteins or peptides, which are produced by protein biosyn-
thesis directly inside neuronal cells and are rapidly cleared out
of the liquor and bloodstream due to their instability towards
peptidases.’™ It has been shown that the relatively small en-
kephalins and other small peptides are primarily taken up by
the brain through a saturable peptide transport mechanism®®
or by adsorptive-mediated endocytosis.”'® However, the
amount of enkephalin that penetrates through the blood-
brain barrier (BBB) is very limited and insufficient for biomedi-
cal studies. The BBB is the interface between blood and brain
and is primarily formed of brain capillary endothelial cells
(BCEC), which line all cerebral blood vessels." BCEC have spe-
cial neuroprotective characteristics, for instance, tight junctions
and low vesicular transport, which impede the transport of
compounds in a range from a few hundred Daltons to several
kD; this makes the BBB the most important physical, metabolic
and immunological barrier for most solutes. In the last two
decades lipidation and glycosylation of peptides was under
investigation because such modifications alter the interaction
between peptides and membranes as well as their metabolic
stability.'*"”

Nowadays the development of solid-phase synthesis (SPS)
lipidation and glycosylation methods make it possible to syn-
thetically produce peptides labelled with lipids, glycosides and
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tives were determined in this work. The uptake and localisation
of fluorescein-labelled enkephalins was monitored by fluores-
cence microscopy on three cancer cell lines. Octanol/H,O parti-
tion coefficients of the compounds were measured by HPLC.
The introduction of the organometallic moiety enhances the
uptake into cells and the permeation coefficient of [Leu’]-enke-
phalin. This could be due to an increase in lipophilicity caused
by the organometallic label. The metal-peptide conjugates
were found to be nontoxic up to mm concentrations. The low
cytotoxicity encourages further experiments that could take
advantage of the selectivity of enkephalin derivatives for
opioid receptors.

neoglycosides.'®"® Additionally, lipidation can be used to en-
hance drug delivery by increasing the lipophilicity of the trans-
fecting cationic peptides,’® whereas glycosylation greatly influ-
ences serum stability and biodistribution of peptides, including
penetration of the BBB.I'>?%

In the case of enkephalins both modifications were investi-
gated to improve uptake into the brain. Adamantyl-labelled
derivatives were synthesised that show higher in vivo activities
than the nonlipidated compound.?” Further modifications in-
clude the conjugation of enkephalins to lipidated amino acids;
similar modifications were also successfully applied to other
therapeutic peptides.”? Glycoenkephalin derivatives were syn-
thesised early on, but the interest at the time focussed on
receptor binding and structural conformation.”>>

Increased BBB passage was demonstrated in the following
years indirectly by an increased analgesic effect of in vivo ad-
ministered glycosylated enkephalin derivatives, which were
subsequently improved.”*>? Lipidation of peptides improves
BBB penetration, similar to the fact that an increase in lipophi-
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licity usually increases the efficacy of small-molecule, CNS-relat-
ed drugs. This approach, however, does not work for glycosy-
lated peptides. Investigation of interactions with membranes
led to the recognition that these peptides follow the concept
of Biousian theory,®" which does not rely on lipophilicity but
rather on the amphiphilic nature of glycopeptides.

This work was inspired by our observation that covalent la-
belling of bioactive peptides with organometallic compounds
leads to significant cellular uptake of such conjugates even for
peptides that are not usually readily incorporated into cells,
such as the simian virus nuclear localization sequences
(NLSs).%33 We thus hypothesised that the functionalization of
neuropeptides with organometallic groups might be a way to
increase their permeation through the BBB. We show here that
ferrocene-enkephalin conjugates in particular are readily pre-
pared, stable and nontoxic organometallic peptide derivatives
with increased BBB penetration. These results are supported
by the fact that such conjugates are readily incorporated even
into cell lines that do not express the enkephalin receptor;
hence, this rules out receptor-mediated uptake.

Ferrocene (dicyclopentadienyliron, Cp,Fe, FcH) is a well-
known and thoroughly characterised organometallic com-
pound that is formed by a central iron atom and two cyclo-
pentadienyl rings to give a stable so-called “sandwich” com-
plex that fulfils the 18-electron rule. The isoelectronic cobalto-
cinium cation possesses very similar properties except for an
additional positive charge, and in this way achieves the stable
18-electron configuration.

Administration of ferrocene to dogs and mice in high doses
over a long period of time led to moderate, reversible side ef-
fects and intact ferrocene molecules were extracted from the
faeces of the dogs, which suggests high metabolic stability
and a low intrinsic toxicity for ferrocene compounds.*>

Furthermore ferrocene-containing compounds have recently
been proposed as promising anticancer (Ferrocifen)®® and
antimalarial drug candidates (Ferroquine, successfully finished
phase Il clinical trials in France).?”

Several approaches to introduce ferrocene into the side-
chain of enkephalin were investigated in the past, with limited
success mostly due to experimental problems. The replace-
ment of Phe4 in the enkephalin sequence by the artificial
amino acid ferrocenylalanine (Fer) led to reduced receptor
affinity. Furthermore it was difficult to obtain enantiomerically
pure compounds.®®3¥ Several groups have explored ways to
couple ferrocene derivatives to amino acids.*®*" In our group,
mild conjugation methods were successfully employed to link
ferrocene to amino acid side-chains and peptide nucleic acids
(PNA), such as Sonogashira coupling® and “click chemis-
try”. 3% The most promising metallocene derivatives for stan-
dard solid-phase peptide chemistry (SPPS), however, are still
carboxylic acid derivatives as shown in Figure 1 for ferrocene
and cobaltocenium. This is due to their facile synthesis, insensi-
tivity to air and moisture, and high stability under the condi-
tions of SPPS.H>9

We present the synthesis and biological characterisation of
metallocenoyl [Leu’]-enkephalin derivatives. BBB permeation
experiments were conducted in a porcine BBB model and cor-
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Ferrocene carboxylic acid (Fc-CO,H) or
cobaltocenium carboxylic acid (Cc™-CO,H)

Figure 1. Metallocenes that were used in this study.

related to experimentally determined logP values of the conju-
gates. To the best of our knowledge, permeation of the BBB
has never been investigated for metal-peptide conjugates
before. Furthermore, live-cell uptake experiments were carried
out on fluorescein-labelled ferrocenoyl enkephalin derivatives.

Results

All compounds in this study were synthesised by following
standard solid-phase peptide synthesis protocols with slight
modifications to incorporate the metallocenes.™ After comple-
tion of the syntheses, peptides were cleaved from the resin,
precipitated with cold ether, lyophilized and purified by prepa-
rative HPLC when necessary. In this way, >95% purity was
ensured for all compounds. In addition to metallocene derivati-
sation, we have also introduced fluorescein to enable fluores-
cence microscopy studies. To this end, an additional 4-methyl-
trityl-N°-protected lysine was introduced after completion of
the enkephalin sequence. This was selectively deprotected by
1% trifluoroacetic acid (TFA) on the resin. Reaction with fluo-
rescein isothiocyanate (FITC) leads to fluorescein—enkephalin
derivatives, which were subsequently N-terminally derivatised
with ferrocene. The identity of the peptides was confirmed by
electrospray ionisation mass spectrometry (ESI-MS) and NMR
spectroscopy. All signals of the peptide could be assigned by
standard homo- and heteronuclear 1D and 2D NMR spectro-
scopic techniques. Characteristic signals for the metallocenes
around 4-5 ppm provide an easy means of identification of
metallocene-peptide conjugates.

Determination of log P values by RP-HPLC

The octanol/water partition coefficient (log P value) describes a
compound’s lipophilicity. Because ferrocene is a lipophilic com-
pound, conjugation to a hydrophilic peptide should lead to a
shift towards higher logP values for the modified peptide,
which would also improve permeation through the BBB. To
prove this assumption, logk, values of all compounds were
determined by reverse-phase high-performance liquid chroma-
tography (RP-HPLC) and converted to logP values by compari-
son to reference compounds.®"” The logP values are listed in
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Table 1. The parent [Leu’]-enkephalin 1 is hydrophilic and thus
has a negative log P value (Figure 2).

N-terminal modification by acetylation (2) or iodophenyla-
tion (7) of [Leu’]-enkephalin shifts the distribution of the com-
pound towards the octanol phase, thus increasing logk, and
consequently logP. Conjugation of 1 to metallocenes in 3 and
4 also increased the logP value significantly. The ferrocenoyl-

Table 1. Octanol/water partition coefficients for the compounds that
were used in this study.”’

Compound logk,, logP Compound logk,, logP

1 —-1.74 -1.20 2 4.35 4.90

3 5.23 5.79 4 1.63 2.18

5 7.99 8.45 6 9.53 10.00

7 6.55 71 9 7.51 7.97
ferrocene - 2.66/3.54"

[a] logP and logk,, determined by the method of Minick et al.”" [b] Data
from ref. [52] (experimental/calculated).

éj Ayt %Ji é%a

1 (H-Tyr-Gly-Gly—Phe-Leu-OH)

R =
Il'e (I:O"‘
S

2 3 4 7

Figure 2. Metallocene [Leu®]-enkephalins and other compounds that were used in this study.
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enkephalin 3 actually has a higher logP value than ferrocene
itself.°? Addition of fluorescein as in 9 leads to a further
increase in logP. For comparison, we have also prepared N,-
fluorescein-lysine with (6) and without (5) ferrocene.

Permeation of the blood-brain barrier in vitro

To assess the potential of blood-brain barrier permeation of 1-
4, the permeability of these compounds was tested in an in
vitro brain endothelial cell (porcine brain capillary endothelial
cell, PBCEC) system. PBCEC were isolated from pig brains as re-
cently described.®*>¥ Briefly, cells were isolated from brains ob-
tained from the local slaughterhouse by a combined mechani-
cal/enzymatic procedure and were cultured as cell monolayers
on permeable filter supports. Confluency was reached after
seven days of culture. The integrity of the monolayers was
checked by determination of the permeability of carboxyfluor-
escein, a nonpermeable paracellular marker. Then, the substan-
ces were applied at 50 um concentration on the apical side
(“blood-oriented” cell surface).

Samples were taken from the

basal side (“brain-oriented” cell

surface) at 30, 60 and 90 min

after the start of the experiment.

/\n/ The concentrations of the com-
pounds at the basal side were

determined by HPLC. From the

slopes of the concentration—
incubation time curves the ap-
parent permeation coefficients
were calculated as de-

7
(Papp)
| scribed in the Experimental Sec-

tion.
The permeated amount of
substances 1-4 is plotted

against the permeation time in
Figure 3, calculated P,,, values
are summarized in Table 2. Com-
pounds 2-4 all reach higher P,
values than unmodified [Leu®]-
enkephalin 1. The ferrocenoyl-
enkephalin 3 has the highest
P,pp Value, whereas the permea-
tion coefficient for the acetylat-
ed and the cobaltacenium deriv-
atives are almost identical.

Uptake of fluorescence-
labelled enkephalins in cancer
cell lines

As shown by the BBB experi-
ments, metallocene labels im-
prove the membrane-crossing
properties of [Leu’]-enkephalin.
To further investigate this prop-
erty, the cellular uptake of met-
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Figure 3. Plot of permeated amount of substances 1-4 in nmol against per-
meation time. Lines show the linear fit of the obtained data points

Table 2. Apparent permeation coefficients (P,,, values). All values were
determined in triplicate (mean value and standard error).

Compound P, Error Compound P, Error
[cms™] [ems™] [ems™] [cms™]
1 0.38x107° 0.04x10°° 2 0.57x107° 0.17x10°°
3 0.68x107° 0.13x107° 4 0.52x107° 0.12x107°

allocene enkephalins was determined by fluorescence spec-
troscopy. Hela, HepG2 and HT-29 cell lines were incubated for
6 and 24 h with the fluorescein-labelled enkephalins. The
cancer cells were incubated with a 20 um solution of com-
pounds 5, 6, 8 and 9. Compound 5 only was also evaluated at
85 um. At the end of the incubation period, cellular integrity
was confirmed with propidium iodide. After several washing
cycles, phase contrast and fluorescence microscopy pictures
were recorded with a wide-field microscope. Fluorescence was
quantified in ten representative, manually chosen regions of
interest (ROls).

The determined values are shown in Figure 4. For control
compounds 8 and 9, fluorescence intensity was low after 6 h
and 24 h. Incubation with a 20 pm solution of compound 5 led

A)
7000 1

6000 -
5000 -
4000 -

3000 1

Intensity / ROI

2000 - |

1000 -

o | s

9

B B

S5a 5b

Intensity / ROI

to low fluorescence intensity after 6 h and to a slight increase
after 24 h. The higher 85 um concentration of 5 gave rise to a
high intensity after 6 h which strongly decreased after 24 h.
Compound 6 clearly shows better accumulation in HelLa and
HepG2 cells than 5 after 24 h. The fluorescence intensity for 6
in HT29 cells was low after 6 h and did not increase significant-
ly after 24 h; this is different from the Hela and HepG2 cells.
One reason could be the pronounced extracellular matrix of
HT-29 cells.”™ Observation with a 100x oil-immersion objec-
tive showed green fluorescent vesicular structures, which were
more abundant with compound 6, in all cell lines.

Cytotoxicity of compounds 3 and 4 on cancer cell lines

Compounds 3 and 4 were tested for cytotoxicity on the three
cancer cell lines (Hela, HT-29 and HepG2). The viability of the
cells was determined by the colorimetric resazurin assay, which
relies on mitochondrial activity. Crystal violet assays were
performed simultaneously to monitor the cell biomass. Both
assays gave similar results. The substance was applied to the
cells regardless of the concentration in RPMI medium with
0.5% DMSO for 48 h. Data for compound 3 are presented in
Figure 5. At low-micromolar concentrations no detrimental
effect could be seen on any of the cell lines. Increasing the
concentration to 750 um and 1500 um decreased cell viability.
Similar results were obtained for compound 4 (see the Sup-
porting Information).

Discussion

The metallocene peptides could be easily synthesised in high
yield and purity by following standard peptide synthesis proce-
dures. To prevent the decomposition of ferrocene during cleav-
age, phenol was used in place of water. A purity of at least
95% was achieved and confirmed by HPLC. Spectroscopic data
confirm the constitution of the peptides and characteristic sig-
nals for the metallocenes can be readily used for identification.
An examination of compound 9 after three weeks of storage
at 4°C in culture medium by HPLC did not show any signs of

10000 1 H Hela
B HepG2
ehai OHT-29
8000
7000
6000
5000
4000
3000
2000
1000 -
" | i B
9 8 6 5a 5b

Figure 4. Fluorescence intensity determination on cancer cell lines. A) After 6 h and B) 24 h of incubation of HepG2, HT-29 and Hela cells with the compounds
5,6, 8 and 9. 20 um Concentration was used for compounds 6, 8 and 9. For compound 5 two concentrations were tested: 20 um (5a) and 85 pum (5b). Ten
ROIs per picture were determined. Data shown are average values =+ standard error of the mean (SEM).
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Figure 5. Cytotoxicity of 3 on Hela, HT29 and HepG2 cells. Viability is shown
in percent + SEM (standard error mean). Substances were applied in the
given concentrations in culture medium 0.5% DMSO. Viability at 0 um was
set to 100 %.

degradation (data not shown); this indicates good chemical
stability and resistance to proteases, which could positively
influence the accumulation in the cell culture experiments.

The logP values of peptides and metallocene peptides in
this study span a wide range. A logP value of around —1.2 for
[Leu’]-enkephalin 1 is consistent with the literature.*® All of
the studied modifications of enkephalin lead to an increase in
logP. N-terminal acylation thus generally increases lipophilicity
by suppressing protonation or hydrogen-bond formation at
the N-terminal nitrogen atom. lodophenylation, which is
known to strongly increase lipophilicity, leads to a logP of 7.11
in compound 7. The metallocenes in 3 and 4 cause the same
effect, but to a lesser extent. In case of the cobaltocenium
peptide 4, the effect is obviously diminished due to the posi-
tive charge of cobaltocenium group. Ferrocenoylation in 3,
however, raises the logP value above the calculated and exper-
imental value for unmodified ferrocene;*? this reveals a syner-
gistic effect between peptide and metal organic moiety, which
was also reported for other ferrocene-modified molecules.””
Additionally the logP of 5.79 for 3 suggests suitability for brain
targeting as suggested by structure-activity relationship stud-
ies (SARS) of other neuropharmaceuticals.®® Overall, these re-
sults confirm our working hypothesis: the addition of a metal-
locene moiety can increase the lipophilicity of peptides, with
or without a fluorescein label.

Ferrocene conjugates reach logP values that could be fa-
vourable for membrane permeation, in particular permeation
of the BBB. This assumption was confirmed in a BBB model
system consisting of a confluently grown PBCEC monolayer. In
the PBCEC monolayer experiments, the highest apparent per-
meation coefficient was determined for 3, the ferrocene-modi-
fied enkephalin. The P,,, values from BBB experiments in
Table 2 correlate well with the logP values of 1-4 and thus
with lipophilicity, as can be seen from Figure 6.

A correlation between lipophilicity and permeation, as ob-
served in our experiments, concurs most obviously with pas-
sive diffusion, however, it does not strictly rule out a receptor-
mediated uptake. The good correlation between permeation
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Figure 6. Correlation of log P versus apparent permeation coefficient P, of
compounds 1-4. Data shown are +standard error. The black line represents
a linear correlation.

and lipophilicity suggests no or only a very low interaction of
all compounds with the export proteins that are expressed to
a large extent in the BBB.®” Although the permeation coeffi-
cient values are relatively low, modification with ferrocene sig-
nificantly enhanced the permeation. Similar results could also
be found in cellular uptake experiments on three tumour cell
lines, in which significantly increased fluorescence of the ferro-
cene-modified enkephalins could be detected in two out of
three cell lines. For cobaltocenium peptides a higher uptake
could also be detected in previous work.?? The cell lines were
chosen because under cell culture conditions they do not ex-
press receptors with a high affinity for [Leu®]-enkephalin. -2
Most probably the localised cellular fluorescence results from a
slow endocytotic process like adsorptive endocytosis, because
an increase in the fluorescence intensity for 6 is clearly visible
after 24 h hours, whereas in the case of diffusion or active
transport a higher uptake after 6 h would be expected. If ad-
sorptive endocytosis were the mechanism of membrane cross-
ing, this could explain why no bigger increase in BBB permea-
tion could be achieved, because PBCEC show reduced endocy-
tosis as one of their neuroprotective properties.'?

The amount of substance used in the fluorescence experi-
ments was noncytotoxic for the cell lines, as can be seen from
the cytotoxicity results. Only very high concentrations (mm) of
compound 3 seem to damage cells. The mechanism of cyto-
toxicity of ferrocene compounds has been debated controver-
sially.®® Most likely, cytotoxicity is derived from Fenton chemis-
try of the ferrocene core, and this leads to damage of the cell
membranes. Along those lines, an increased uptake into endo-
somes and intracellular localisation would actually diminish
toxicity in the sense that less free ferrocene would be available
for interaction with the cell membranes.

Conclusions

To the best of our knowledge, the present work presents the
first experiments on the permeation of the BBB for metal-pep-
tide conjugates. Such investigations are highly relevant, given

ChemBioChem 2009, 10, 1852 - 1860
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the rising interest in medicinal organometallic chemistry, which
is progressing from a mainly synthesis-driven discipline to the
study of relevant biological properties of the new compounds
and compound classes .8

The results presented herein suggest that metallocenes can
be used to modify endogenous peptides and alter their physi-
cochemical properties, which in turn leads to improved phar-
macokinetics in vitro and probably in vivo. The versatility of
the system and molecular uptake mechanisms have been stud-
ied for NLS derivatives in detail.***¥ The increase in lipophilici-
ty makes metallocenes suitable to modify peptide drugs that
target the brain. Recently, such an approach was successfully
adapted for ferroquine, a ferrocene-containing structural mimic
of the antimalarial compound cloroquine, which also shows
improved pharmacokinetics.®?” The good stability and ready
chemical modification, along with low toxicity, makes the met-
allocenes investigated herein well suited for applications in
solid-phase synthesis techniques and biological applications at
the same time. Moreover, the specific properties of the metal
make such conjugates amenable to metal-specific detection
techniques, such as atomic absorption spectroscopy (AAS),
which has been recently used by our group to quantify the
uptake of peptides and peptide-PNA conjugates in HepG2
cells.* The present work indicates that organometal-peptide
conjugates might also be advantageously used for imaging
and targeting of brain tissues in vivo.

Experimental Section

All materials and reagents that were used were of peptide grade
or analytical grade purity. Reagents for peptide chemistry were
purchased from Novabiochem (Darmstadt, Germany) or Iris Biotech
(Marktredwitz, Germany). All amino acids were enantiomerically
pure L amino acids. Mass spectrometry: peptides were dissolved in
MeOH and analysed by a Bruker Esquire 6000 lon Trap with an
electrospray ionisation source (ESI-MS). NMR spectroscopy: 'H and
3C NMR spectra were recorded on Bruker NMR spectrometers op-
erating at 'H frequencies of 300, 360 or 400 MHz as detailed below.
NMR spectra were referenced to TMS by using the "C or residual
protio signals of the deuterated solvents as internal standards.

Metallocene and solid-phase peptide synthesis: Ferrocene and
cobaltocenium carboxylic acid synthesis was carried out according
to the literature.*®* If not stated otherwise, all solid-phase synthe-
ses have been carried out according to standard procedures.™”
Fmoc-Leu-Wang resin was swelled for 1 h in dimethylformamide
(DMF). The N-terminal Fmoc protecting group was removed by
treatment with a solution of piperidine (20%) in DMF."? After each
deprotection and coupling step, the resin was excessively washed
with DMF to remove any residual activation or deprotection re-
agents. Amino acids (fourfold excess) were mixed with equimolar
amounts of O-(benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium tet-
rafluoroborate (TBTU) and 1-hydroxybenzotriazole (HOBt) until a
clear solution was obtained. The coupling was performed for
45 min for all amino acids and 1-2 h for metallocene compounds.
N-terminal acetylation was carried out by treatment with a mixture
of Ac,0 and iPr,EtN (5%). For selective deprotection Fmoc-Lys-
(Mtt)-OH was introduced N-terminally into the peptide chain,
which was treated with up to 7x2 min with TFA (trifluoroacetic
acid, 1%) in CH,CL.”Y For fluorescence labeling a fourfold excess
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of FITC and ten equivalents of iPr,EtN were used to couple to the
unprotected side-chain of lysine. After the synthesis was finished,
the peptidyl-Wang resin was treated with a mixture of TFA (95 %),
H,O (2.5%) and triisopropylsilane (TIS) (2.5%, 6 mL per g resin) for
3 h. For ferrocene conjugates, the cleavage mixture consisted of
85% TFA, 10% phenol and 5% TIS.F

H-Tyr-Gly-Gly-Phe-Leu-OH (1): C,gH;,N5O; (555.27 gmol~'): 'TH NMR
(IDgIDMSO, 300.14 MHz):  =12.61 (brs, 1H; COOH), 9.35 (brs, 1H;
OHy,), 874 (t, J=5.0 Hz, TH; NHg,), 8.35 (d, J=7.8 Hz, 1H; NH.,,),
8.1 (t, J=5.4Hz, TH; NH,), 8.04 (d, J=7.3 Hz, 1H; NHp), 7.26 (m,
5H; Hagpne), 7.06 (d, J=82Hz, 2H; Hp,), 671 (d, J=8.2Hz, 2H;
Hamyd)r 4.58 (dt, J=3.6 Hz, J=92Hz, TH; C.Hppo) 4.22 (m, 1H;
CuHry) 3.98 (m, TH; CHy), 3.74 (m, 4H; C,Hg,), 2.90 (m, 4H;
CpHenerye): 1.64 (M, TH; CH(CH,),), 1.55 (m, 2H; CgHy,,), 0.88 (dd, J=
6.2, 17.4 Hz, 6H; CH(CH,),); *C NMR ([Dg]DMSO, 75.47 MHz): 6=
173.7 (COO0), 171.0, 1684, 168.0 (CON), 1556 (C,OHy,), 137.6
(Cargrne)r 1303 (Cargryd)s 1291, 127.9, 126.1 (Cp), 124.7, 115.2 (Cy),
53.6 (Cyphe)r 53.4 (Coryr)s 50.2 (Cypen), 41.8, 415 (Coay), 37.6 (Cp phe)s
36.1 (G 1y 24.2 (Cpy 1eu 22.7 (CHy, (o), 21.2 (CH(CHy),); MS (ESI,
—ve): m/z 1109.18 [2M—H] 554.27 [M—H].

Ac-Tyr-Gly-Gly-Phe-Leu-OH  (2):  CyHioNOp  (597.28 gmol™):
'H NMR ([Dg]DMSO, 400.13 MHz): =12.55 (brs, 1H; COOH), 9.12
(brs, TH; OHy,)8.22 (d, J=80Hz, TH; NH,,), 8.19 (t, J=52Hz,
TH; NHg,), 8.03 (d, J=8.1 Hz, TH; NHy,), 7.97 (d, J=80Hz, 1H;
NHpne), 7.89 (t, J=53 Hz, TH; NHg,), 7.23 (M, 5H; Hagpne), 7.00 (d,
2H; J=82Hz, Hyy,), 661 (d, J=82Hz, 2H; Hyy,), 454 (dt, J=
3.4 Hz, J=86Hz, TH; C,Hpo), 438 (m, TH; CHy,), 421 (m, TH;
CHiew) 363 (M, 4H; CHg,), 2.89 (M, 4H; CyHpner,) 1.75 (5, 3H;
CH;, acetyl), 1.62 (m, 1H; CH(CH,),), 1.53 (m, 2H; CgH,,,), 0.86 (dd,
6H; J=6.4, 16.4 Hz, CH(CH,),). *CNMR ([D;]DMSO, 100.61 MHz):
0=173.8 (CO0), 171.9, 171.0, 169.3, 168.9, 168.2 (CON), 155.7
(CaOHy,), 137.7 (Cpgapne)r 139:9 (Cargry) 1292, 128.0, 127.9, 126.2,
114.6 (Ca), 544 (Copne) 53.5 (Comy) 50.3 (Cype)s 420, 41.7 (Coqy),
37.6 (Cyphe)s 36.6 (Cyry)s 24.2 (Cpren)s 22.7 (CHye), 224 (CH, acetyl),
21.3 (CH(CHs),); MS (ESI, neg): m/z 1193.73 [2M—H] 596.30 [M—H].

Fc-CO-Tyr-Gly-Gly-Phe-Leu-OH (3): C;3H,sFeN.Og (767.26 gmol ™ '):
'H NMR ([Dg]DMSO, 300.14 MHz): 6=12.62 (brs, 1H; COOH), 9.12
(brs, 1TH; OHy,), 828 (d, J=7.8Hz, 1H; NH,,,), 8.19 (t, J=5.2 Hz,
1H; NHgy), 8.07 (d, J=84Hz, 1H; NHpo), 7.79 (d, J=8.2Hz, 1H;
NHy,), 7.25 (m, 5H; Hapne) 7.17 (d, J=8.1 Hz, 2H; Hyy,), 6.67 (d,
J=83Hz, 2H; Hpy,), 4.83/472 (25, TH; CpHas), 459 (m, 2H;
CoHphery) 430 (m, 2H; CpH3,4), 422 (m, 1H; CH.), 3.95 (s, 5H;
CpH), 3.67 (m, 4H; C,Hgy), 2.92 (M, 4H; CiHppery), 1.62 (m, TH; CH-
(CHy))), 1.54 (m, 2H; CyH), 0.87 (dd, J=6.3, 16.4 Hz, 6H; CH-
(CH5),); “CNMR ([DJDMSO, 75.47 MHz): 6=173.5 (COO0), 171.8,
170.7, 168.8, 168.5, 167.8 (CON), 1554 (C,OHy,), 137.4 (Cayqpne).
129.6, 128.8 (Cy), 1282 (Capqry)s 127.6, 125.8, 1145 (Cu), 755
(CCp.y), 69.5 (CCp, 3.4), 68.9 (CCP), 68.2/67.4 (CCp, 15), 54.3 (Cophe)s
53.1 (Corydr 499 (Curen) 41.7, 41.3 (Coay)r 37.2 (Cpy pre)s 35.7 (Co 1y
23.9 (C (0u224 (CHy, 1), 21.0 (CH(CH;),; MS (ESI, +ve): m/z 768.4
[M+H]", 790.5 [M+Na] ", 806.4 [M+K]", MS (ESI, —ve): m/z 766.4
[M—H]".

Cc-CO-Tyr-Gly-Gly-Phe-Leu-OH (4): C3H,,CoN:O, (771.7 gmol™):
'H NMR ([Dg]DMSO, 500.13 MHz): =12.50 (brs, 1H; COOH), 9.24
(brs, 1H; OHy,), 8.87 (d, J=7.8 Hz, 1H; NHLeu), 8.19 (t, /=52 Hz,
1H; NHg,), 8.07 (d, J=8.4Hz, 1H; NHPhe), 7.79 (d, J=82Hz, 1H;
NHy,), 7.25 (M, 5H; Hagpne), 7.17 (d, J=8.1 Hz, 2H; Hyy,), 6.67 (d,
J=83Hz, 2H; Hyy,), 4.83, 472 (25, TH; CpH,s), 459 (m, 2H;
CoHepery), 430 (m, 2H; CpHs,), 422 (dd, J=84, 13.9Hz, 1H;
CHee, 3.95 (s, 5H; CpH), 3.67 (m, 4H; C,Hg,), 2.92 (m, 4H;
CgHPhe,Tyr), 1.62 (m, 1H; CH(CH,),), 1.54 (m, 2H; CgHy.,), 0.87 (dd,
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J=6.3, 16.4 Hz, 6H; CH(CH,),); *C NMR ([D;]DMSO, 75.47 MHz): 6 =
173.5 (COO), 171.8, 170.7, 168.8, 168.5, 167.8 (CON), 155.4
(CAOHy,), 137.4 (Cprgpne) 129.6, 1288 (Cp), 1282 (Cprqry), 127.6,
125.8, 114.5 (C,,), 75.5 (CCp,,), 69.5 (CCp, 1.,), 68.9 (CCp)), 68.2, 67.4
(CCP, 25), 54.3 (Cypne)r 53.1 (Cory)s 49.9 (Corel), 41.7, 41.3 (Cogy), 37.2
(Cpr phe)s 35.7 (Cpy 1y 23.9 (Cpy rew)s 224 (CHy, o), 21.0 (CH(CH,),); MS
(ESI+): m/z 770.5 [M—H]™, 404.9 [M+K]**.

Ac-Lys(FITC)-Tyr-Gly-Gly-Phe-Leu-OH (5): Cs7HgoNgO4,S
(1114.41 gmol™"): MS (ESI-): m/z 7243 [M—FITC-H']", 11133
M—H*T".

Fc-CO-Lys(FITC)-Tyr-Gly-Gly-Phe-Leu-OH  (6):  CgeHesFeNgO,,S

(12.84,39 gmol™"): MS (ESI-):
1283.2 [IM—H']".

m/z 554.2 [M—Fc-Lys-FITC-H']~,

p-1-C¢H,-CO-Tyr-Gly-Gly-Phe-Leu (7): C3H,INsOg (785.19 gmol™):
"H NMR ([Dg]DMSO, 360.14 MHz): 6=12.54 (brs, 1H; COOH), 9.12
(brs, 1H; OHy,), 861 (d, J=82Hz, 1H; NHy,), 831 (t, J=5.5Hz,
1H; NHg,), 826 (d, J=7.9 Hz, TH; NH,.,), 8.04 (d, /=84 Hz, 1H;
NHpre), 7.96 (t, J=5.5 Hz, TH; NHg,), 7.82 (d, J=8.4 Hz, 2H; Hp,p),
7.57 (d, J=8.4Hz, 2H; Huypy), 7.25 (M, 5H; Hapne), 7.09 (d, J=
83 Hz, 2H; Hyy,), 661 (d, J=84Hz, 2H; Hyy,), 459 (m, 2H;
CHenery), 422 (dd, J=84, 140Hz, 1H; CH.,), 363 (m, 4H;
CiHay), 2.85 (M, 4H; CgHoneryr), 1.64 (M, TH; CH(CHs),), 1.54 (m, 2H;
CiHie), 087 (dd, J=63, 168Hz, 6H; CH(CHs)); '"CNMR
([DgIDMSO, 90.56 MHz): 6 =173.7 (COO0), 171.6, 170.9, 168.8, 168.1
(CON), 165.6 (CON,pp), 155.6 (CaOHyy,), 137.6 (Caqpne) 136.9 (Capipn)s
133.4 (Cupqupn)s 129.9, 129.3, 129.1 (Cp), 128.3 (Capgry)s 127.9, 126.1,
114.8 (Ca), 98.7 (Cagren)s 55.2 (Cupre)s 52.7 (Cupne)s 534 (Cyy)s 50.2
(Cared) 42.0, 41.6 (Co), 37.5 (Cpy pne)s 361 (Cpy 7y0)s 242 (Cpy 1), 22.7
(CH;, o), 21.2 (CH(CHs),); MS (FAB): m/z 808 [M+Na]+, 786
[M+H]*, 655 [M—H-Leu-OH]", 508 [M—H-Phe-Leu-OH]", 451
[M—H-Gly-Phe-Leu-OH]*

Ac-Lys(FITC)-Lys-OH (8): C,oH,;N;04S (577.17 gmol™"): MS (ESI-):
m/z 576.3 [M—H*]~

Fc-Lys(FITC)-Lys-OH (9): CygHs5FeN,0,S (747.13 gmol™"): MS (ESI-):
m/z 357.0 [M=FITC-H*1", 746.1 [M—H ']~

Standard HPLC conditions: HPLC-grade solvents were bought
from Mallinkrodt-Baker (Deventer, Netherlands). High-performance
liquid chromatography was performed by using a customised
Varian instrument with Varian Dynastar C-18 reversed-phase
column for analytical (250%x4.6 mm) and semi-preparative (250X
10 mm). H,0 and CH;CN were used as eluents, each containing
TFA (0.1%).

Determination of logP values by RP-HPLC: The HPLC method of
Minick et al. was used,®" which proved is a simple and reproduci-
ble procedure for the logP value determination. As eluents, a 3-
morpholinopropane-1-sulfonic acid buffer (MOPS; pH 7.4) with de-
cylamine (0.15% v/v) and MeOH with octan-1-ol (0.25% v/v) were
used. The stationary phase was the same as for analysis of pep-
tides. Four different standards with known logP (4-methoxyanilin,
4-bromoanilin, naphthalene, tert-butylbenzene) were chosen for
calibrating the system and to establish a correlation between
logk,, and logP. These substances were dissolved in MeOH, and
uracil was added to determine the system’s dead time. The stan-
dard mixture was run with isocratic gradients containing from 55 %
to 85% of MeOH. The retention times, together with the dead
times obtained from uracil, were used to calculate the correspond-
ing capacity factors k' H,0/MeOH ratio. The extrapolation to 100%
H,O (0% MeOH) gave the desired logk,, value for each standard.
All four logk, values of the reference substances were plotted
against the literature logP values of the reference compounds to
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obtain a linear function that correlates both parameters. This func-
tion was then used to determine all logP from their log ky, values,
which were measured in the same way as those of the references.
(For graphs see the Supporting Information).

Blood-brain barrier permeation of selected [Leu®]-enkephalins:
PBCECs were extracted from the brain of 4- to 6-month-old pigs.
PBCECs were cultured on 12 mm polyester filter inserts of a 12-well
Transwell Clear© plate (0.4 um pore size), that had been previously
treated with rat-tail collagen (5 ugcm™2). Each well was seeded
with 250000 cells and cultivated for seven days before the experi-
ments were carried out. Cell monolayer growth and confluence
were monitored by light microscopy. In addition, the integrity of
cell monolayers was confirmed by carboxyfluorescein as a paracel-
lular marker. Cells were grown in “medium 199" containing Pen-
Strep, HEPES and glutamine, as well as defined equine serum (9 %).
The medium was replaced on days 1, 2 and 4. On the sixth day it
was exchanged by DMEM/Ham's F12 (1:1) medium, which was free
of serum. After one week of cell cultivation the medium was re-
moved and the filters containing the cell monolayers were washed
twice with Krebs-Ringer buffer (KRB) and subsequently inserted
into a freshly prepared 12-well plate, containing 1500 pL of KRB in
the acceptor wells. Each of the selected enkephalin derivatives,
was prepared as a 50 um solution in KRB of which 500 uL were
used for incubation of the PBCEC layer in the donor vial. Samples
(200 pL) were taken from the acceptor vial after 30, 60 and 90 min
and immediately replaced by the same volume of KRB. The appar-
ent permeation coefficient (P,,,) was calculated from the permea-
tion rate by following Equation (1).

dA Ve 1 1

P“PPZE y ><C—0><)—( (1)

P,0,=apparent permeation coefficient [cm s'], dA/dt=permeation
rate [%s~'], V,..=acceptor volume [mL], A=area of the filter insert
[cm?], C,=initial concentration of donor [100%], x=volume cor-
rection factor (ratio acceptor volume/donor volume).

The amount of permeated substance was determined by RP-HPLC
by integration of the substance peaks. All samples, taken in tripli-
cate, were directly frozen at —70°C and only defrosted prior to
HPLC injection. For test substances, stock solutions (50 um) were
used to generate calibration curves by injection of 1, 2, 5, 10, 25,
50, 75 and 100 pL of each solution onto the HPLC. An aliquot
(100 pL) of each 200 pL sample was injected into HPLC running a
gradient from CH,;CN (5%) in H,O (t=0 min.) to CH;CN (100%, t=
20 min.). The gradient then returned to initial conditions at 25 min
and equilibrated for another 5 min. Both eluents contained TFA
(0.1%) for improved solubility. The signals, recorded at 220 nm,
were manually integrated, and the amount of substance was cal-
culated from the linear regression function of the corresponding
calibration curve. For the calculation of transported amounts of
substance all three measurements have been used to create mean
values.

Detection of fluorescently labelled enkephalins in cancer cell
lines: Hela, HepG2 and HT-29 cells were kept in culture with
RPMI 1640 medium supplemented with FCS (10%), L-glutamine
(2 mm) and the antibiotic penicillin (100 UmL™") and streptomycin
(100 pgmL~'; all PAA, Célbe, Germany) under CO, (5%) atmos-
phere.

Substances 5, 6, 8 and 9 were dissolved in culture medium shortly
before use. Cells were seeded in 6-well plates and incubated 24 h
before substance application. After addition of the substances in
culture medium the cells were incubated for another 6 or 24 h.

ChemBioChem 2009, 10, 1852 - 1860



www.chembiochem.org



Organometallic-Modified Enkephalins

Before microscopy, dead cells were stained with propidium iodide
(4 um) for 15 min and the wells were washed four times with col-
ourless RPMI 1640 medium. Pictures were taken with an Olympus
IX-51 with a colorview CCD camera with a long-working-distance
objective (20, NA 0.4). The pictures were background corrected
and analysed with Image).”? Fluorescence intensity was deter-
mined from 10x 10 pixel-sized ROI, which were placed on cells. At
least 10 ROI per picture were evaluated.

For microscopy with the 100x oil-immersion objective (NA 1.4) a
similar procedure was used. Cells were grown on gelatine-coated
coverslips and additionally stained with H 33342. The coverslips
were sealed with a mixture of vaseline, lanolin and paraffin on
glass slides with culture medium.

Cytotoxicity assays: The same cell culture conditions as for fluo-
rescence microscopy were used. In vitro cytotoxicity of the pep-
tides 3 and 4 was studied on Hela, HT-29 and HepG2 cells. Cell via-
bility, which correlates with the metabolic activity of a cell, was de-
termined by the resazurin assay.”” In addition to cell viability, abso-
lute cell numbers were determined by the crystal violet assay,”*”*!
which can be applied after elution of resazurin. The cells were
seeded in 96-well microtiter plates (MTP) coated with gelatine
(0.2%). After seeding, the cells were grown for 24 h under standard
conditions. Then compound 3 was dissolved in culture medium
with DMSO (0.5%) and applied to the cells in various concentra-
tions for 48 h. Compound 4 could be dissolved without the aid of
DMSO. Every concentration was tested sixfold. Before resazurin
(Sigma-Aldrich) was added to the cells, they were washed three
times with phenol-red-free RPMI-1640 medium (Sigma-Aldrich).
Then, phenol-red-free RPMI medium with resazurin (10%) was
added. Absorbance at 600 nm was directly measured with a Tecan
Sapphire? microplate reader (Tecan, Germany) at 37 °C. After 2 h of
incubation at 37°C and CO, (5%) the measurement was repeated.
The decrease in absorbance gave the viability. Resazurin was re-
moved and the cells were fixed with paraformaldehyde (PFA, 4%;
Riedel de Haen) in PBS for 15 min at room temperature. PFA was
eluted with PBS (3x), and membranes were permeabilised by Tri-
ton X100 (0.1%, Sigma) in PBS for 10 min. Afterwards an crystal
violet solution (0.04%) was added to the cells, and the microtitre
plate was mechanically shaken for 1 h. Next, the cells were washed
seven times with H,O, and crystal violet was eluted with EtOH
(96 %) for 4 h. Then absorbance was determined at 570 nm, after
subtraction of 24 h pre-substance-incubation absorbance values,
cell biomass could be calculated.
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New Structural Variants of Homoserine Lactones in

Bacteria

Verena Thiel,” Brigitte Kunze,™ Pankaj Verma,' Irene Wagner-Débler,™ and Stefan Schulz*®

N-Acylhomoserine lactones (AHLs) are used by a wide variety
of bacteria for cell-cell communication in “quorum-sensing”.
These compounds are derived from L-homoserine lactone and
a fatty acid, which varies in chain-length, degree of saturation,
and the presence or absence of an oxygen atom at C-3. In this
study we describe for the first time the occurrence of acyl
chains carrying a methyl branch, and present a GC-MS-based
method that can be used to distinguish these compounds
from unbranched isomers. The bacterium Aeromonas culicicola
produces several methyl branched AHLs. In Jannaschia helgo-
landensis—a marine bacterium of the Roseobacter clade—a
doubly unsaturated AHL, (2E,92)-N-(2,9-hexadecadienoyl)-L-ho-

Introduction

Many bacteria utilize small diffusible compounds as signal mol-
ecules for cell-cell communication. In “quorum sensing” (QS)
communication systems numerous important traits are regulat-
ed in a concentration- and, thus, cell-density dependent
manner, including bioluminescence, virulence, the production
of antibiotics and secondary metabolites, biofilm formation,
and gene transfer.

The predominant class of compounds used in species-specif-
ic QS in Proteobacteria is N-acylhomoserine lactones (AHLs).
Produced by Luxl-type AHL synthases, these signal molecules
directly bind to their cognate LuxR-type transcriptional regula-
tor proteins, and thus activate the expression of target genes
responsible for a specific response.”” Many Proteobacteria pro-
duce not only one AHL but a pattern of these signal molecules
that remains constant within a certain organism, but varies be-
tween different species.”’ Therefore, they might possess more
than one Luxl/LuxR-like QS system synthesizing multiple AHLs.
However, examples are known in which a single LuxI-type AHL
synthase is responsible for the production of several structural-
ly similar AHLs."

The Luxl-type enzymes catalyze the reaction of S-adenosyl-
methionine (SAM) with acylated acyl carrier proteins derived
from fatty acid biosynthesis.”’ The AHL synthase acylates SAM
and generates the homoserine lactone (HSL) ring by lactoniza-
tion and the concomitant release of methylthioadenosine.””
This reaction results in the formation of specific AHLs that
differ in length (4 to 18 carbon atoms), substitution at C-3 of
the acyl chain (hydrogen, hydroxyl, or carbonyl group), and
the degree of saturation. Most often, unbranched, saturated,
or monounsaturated AHLs have been identified.”? Long-chain
AHLs with an unbranched side chain have often been identi-
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moserine lactone, occurs. The location and configuration of
the double bonds was proven by spectrometric investigation
and synthesis. Finally, a method was developed to establish
the absolute configuration of 3-hydroxyalkanoyl-HSLs by mild
cleavage and chiral gas chromatography. The AHLs synthesized
during this study were tested in sensor systems specific for
certain AHL types. The results show that these compounds dis-
play varying responses to the respective sensors; this under-
lines the importance of determining the whole bouquet of
AHLs and its function to fully understand their importance for
regulatory functions in bacteria.

fied in Alphaproteobacteria.**”" Recently, novel diunsaturated
AHLs were described. N-(Hexadecadienoyl)homoserine lactone
(Ci62-HSL) was reported from Jannaschia helgolandensis and
Staleya guttiformis, while N-(octadecadienoyllhomoserine lac-
tone (Cyq,-HSL) has been found to occur in Dinoroseobacter
shibae, an Alphaproteobacterium of the Roseobacter clade.” In
both cases the location and configuration of the double bonds
remained unknown. In the pink-pigmented methylotroph
Methylobacterium extorquens, an epiphytic Alphaproteobacteri-
um, a N-(tetadecadienoyllhomoserine lactone (C,,-HSL) was
found to be produced under methylotrophic growth condi-
tions by the luxl-like homologue mial® One double bond
could be located at C-2 in E configuration, but the location of
the other remained unknown.

The majority of AHLs identified so far possess an even-num-
bered acyl side chain corresponding to fatty acids readily avail-
able in microbial cells. In some bacteria, AHLs with an odd
number of carbon atoms in the chain have been detected, but
these always occur in trace amounts together with large
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amounts of even-numbered AHLs. The short-chain C,-HSL,
which was first identified in Rhizobium leguminosarum®® but
found to be produced by different bacteria, for example, Serra-
tia marcescens,"® Edwardsiella tarda,""" Erwinia psidii"® and the
plant pathogen Pantoea ananatis"® is the most abundant AHL
with an odd-numbered side chain.

AHLs bearing a 3-hydroxyalkanoyl group are also common
among the Proteobacteria. 3-Hydroxy-AHLs (30H-HSL) with
varying chain length were found in, for example, different
strains of the Roseobacter clade,®'™ Pseudomonas fluores-
cens,™'® and Pseudomonas chlororaphis,"'” as well as in two
strains of the Rhizobiaceae.'®' An unsaturated analogue, (2)-
N-(3-hydroxy-7-tetradecenoyl)-L-homoserine lactone, was de-
scribed from Rhizobium leguminosarum.'® The substitution in
the 3-position of the acyl chain introduces a new stereogenic
center into the AHL, in addition to the one of the L-configured
HSL. So far, the absolute configuration at this center has only
been clarified in (3R,72)-N-(3-hydroxy-7-tetradecenoyl)homoser-
ine lactone from Rhizobium leguminosarum after isolation by
using chiral solvating agents and NMR spectroscopy.”® Recent-
ly, a new QS compound was identified in the anoxygenic pho-
totrophic soil bacterium Rhodopseudomonas palustris, which
contained the HSL ring but not the common acyl group.?" In-
stead, p-coumaric acid originating from lignin degradation
products in the environment is conjugated to HSL.

In the present study we report the structure elucidation and
synthesis of diunsaturated AHLs, clarify the absolute configura-
tion of 30H-C,-HSL and 30H-Cg-HSL by using chiral gas chro-
matography, and report a new type of AHL that carries a
methyl branched acyl side chain from Aeromonas culicicola
MTCC 3249". We also probe the biological activity of these
AHLs in sensor systems specific for short-chain and long-chain
AHLs.

S. Schulz et al.

Results

Identification of methyl branched AHLs

Aeromonas is a medically important genus of the y-Proteobac-
teria, as different species are known to cause diseases in ani-
mals and are suspected to cause multiple infections in
humans.?>?4 The expression of multifactorial virulence deter-
minants in them is associated with high cell densities, and thus
supposedly is under the control of quorum sensing.”>?" Re-
cently it has been found that the LuxRl homologues or QS
system is universally present in this genus.”® However, AHLs
produced were only characterized in A. hydrophila and A. sal-
monicida® 3" where they regulate serine and metalloprotease
production,”®3" biofilm development,® and butanediol fer-
mentation.®* A. culicicola 3249" was isolated from the midgut
of the haematophagous mosquito, Culex quinquefasciatus,
where it is particularly abundant in blood-fed mosquitos.® Re-
cently the presence of the QS system and LuxRl homologues,
that is, AcuRl, were reported in this strain.?® A. culicicola 3249"
also carries a conjugation related type four secretion machi-
nery, which is involved in delivering virulence factors (proteins
or protein-DNA complexes) to host target cells, as shown in
several important human and plant pathogens.®

The GC-MS analysis of an extract of A. culicicola 3249" re-
vealed the presence of several compounds showing the typical
fragmentation pattern of AHLs, m/z 143 and 102 (Figure 1).>3¢
The major AHL present in the extract was N-(3-hydroxyocta-
noyl)homoserine lactone (30H-Cg-HSL), which was unambigu-
ously identified by its mass spectrum, gas chromatographic re-
tention index, and comparison with synthetic reference sam-
ples (see the Supporting Information). Besides N-(octanoyl)ho-
moserine lactone (Cg-HSL) several other AHLs with unknown
structures were present in the extract. The mass spectra of two
of these unknown AHLs, A and B, are presented in Figure 2.

100%
30H-C4HSL
30H-isoC,-HSL
/
3OH-CG-HSI\_ /
3(!DH-isoC9-HSL
|
T ’L"—”“‘ “A-A-. ¥ L T 't
12 20 22 t/min
f ~ 143
. I 102

Figure 1. Total ion chromatogram of an extract of Aeromonas culicicola 3249". The characteristic ion traces m/z 143 and 102 (slightly offset for improved visi-

bility) are shown and the AHLs are indicated by the labels used in Table 1.
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Figure 2. Mass spectra of: A) Cg-HSL, B) isoC4-HSL (compound A), C) 30H-Cg-HSL, D) 30H-isoC4-HSL (compound B).

They exhibited molecular ions at m/z 241 and 257, which cor-
respond to the molecular formulas C,;H;NO; and C,3H,;NO,,
respectively. These data initially suggested AHLA to be a
higher homologue of Cg-HSL, Co-HSL. Compound B was similar-
ly assumed to be 30H-Cy-HSL; this was supported by a promi-
nent ion at m/z 172, which is specific for 3-hydroxy-AHLs.®’ A
detailed analysis of the mass spectra, nevertheless, showed
small but characteristic differences in the higher mass region.
Compound A showed a [M—43]" ion, which is indicative for
an acyl chain carrying a methyl at the w-1 position. The mass
spectra thus indicated that compound A was the iso com-
pound N-(7-methyloctanoyl)homoserine lactone (isoCy-HSL).

The presence of a methyl branch in A was further supported
by the examination of its gas chromatographic retention
index, 1.5 On the basis of an empirical model,®® the retention
index for long-chain methyl branched aliphatic compounds
can be calculated, according to Equation (1). Here, N is the
number of carbon atoms in the alkyl chain, FG is a functional
group increment, and Me; is an increment for each methyl
group depending on the position in the chain. The values for
Me, on an apolar gas chromatographic phase have been pub-
lished.®® In general, the calculated and measured retention in-
dices do not differ by more than 5-8 units.

I. =N+ FG + SMe, (1)

The functional group increment of AHLs was determined as
FGa=1198 by measuring | for several straight-chain AHLs
with variable chain length. The calculated retention index I-=
2058 for the putative isoCo-HSL was obtained by adding N=
800 for the Cq alkyl chain and Me, ,,=60 for the iso branch
to FGpy. The measured value of the unknown AHL compound
(I=2056) unambiguously supported our suggestion of an iso-
methyl branched side chain. The value for the structural alter-
native, C4-HSL, was calculated to be /-=2098. A similar ap-
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proach revealed compound B to be N-(3-hydroxy-7-methyocta-
noyl)homoserine lactone (30H-isoCq-HSL).

Then both isoC4-HSL and 30H-isoC4-HSL were synthesized to
confirm their putative structures. 6-Bromohexanoic acid (1)
was transformed into the corresponding sodium salt, and alky-
lation with isopropylmagnesium chloride by using Li,CuCl, as
catalyst afforded 7-methyloctanoic acid (2).** This acid was
coupled with L-homoserine lactone hydrobromide in the pres-
ence of 1-ethyl-3-(3-diaminopropyl)carbodiimide (EDC) to
obtain isoCy-HSL (3).“” The synthesis of 30H-isoCy-HSL started
from 3-bromopropanol (4). Alkylation with isobutylmagnesium
bromide by using Li,CuCl, again furnished 5-methylhexanol
(5), which was oxidized to the corresponding aldehyde 6 by
using PCC. Addition of ethyl diazoacetate under tin catalysis
gave ethyl 7-methyl-3-oxooctanoate (7),"" which was enantio-
selectively hydrogenated with a (R)-Ru-[CI,BINAP-NEt;] cata-
lyst“? and simultaneously transesterified to afford methyl (R)-3-
hydroxy-7-methyloctanoate (8) with an ee >95%. After saponi-
fication and coupling with L-homoserine lactone hydrobromide
the desired (R)-30H-isoCy-HSL ((R)-9) was obtained. Both syn-
thesized compounds proved to be identical to the AHLs identi-
fied in the natural extract (Scheme 1).

A careful analysis by evaluation of the mass spectrometry
data and retention times revealed the presence of additional
AHLs in the A.culicola MTCC 3249" extract. They are homo-
logues of the compounds discussed so far, and contain a short-
er C6 or isoC7 side chain (Table 1). Examination of the synthetic
30H-AHLs revealed no signs of degradation during the analyti-
cal process. In summary, besides the major component 30H-
Cg-HSL, eight other AHLs were present in the extract.

Diunsaturated homoserine lactones

During a systematic screening of diverse bacterial strains of
marine Proteobacteria for AHL activity and identification of the
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Scheme 1. Syntheses of isoC4-HSL (3) and (R)-30H-isoC,-HSL (10): a) Na,
MeOH; b) iPrMgCl, Li,CuCl,, THF; ¢) L-HSL, EDC, NEt,, H,0; d) iBuMgBr,
Li,CuCl,, THF; e) PCC, CH,Cl,; f) N,CHCOOEt, SnCl,, CH,Cl,; g) H,, (R)-
RU[CL,BINAP-NEt,], MeOH; h) NaOH, EtOH.

Table 1. Acylhomoserine lactones identified in an extract of Aeromonas
culicola 3249""

HSL Identification HSL Identification
a CgHSL MS, I, syn b 30H-Ce-HSL MS, |
¢  isoC,-HSL MS, I, syn d isoC,-en-HSL®  MS
e 30H-isoC,-HSL MS, | f  Cg-HSL MS, I, syn
g  30H-Cg-HSL MS, I, syn h  isoCyHSL MS, I, syn
i

30H-isoC4-HSL MS, I, syn

[a] Identification based on: MS: mass spectra, I: gas chromatographic re-
tention index; syn: synthetic reference compound. The major AHLs are
denoted by bold typeface. Because most AHLs represent only minor or
trace components of the whole extract, direct quantification in the TIC
was impossible. [b] This compound was tentatively identified to be N-(7-
methylhexenoyl)homoserine lactone with unknown location of the
double bond.

individual AHLs we encountered unknown diunsaturated ho-
moserine lactones.” Beside C,,,-HSL and C,4.,-HSL, the GC-MS
spectra of different isolates of Jannaschia helgolandensis™
showed the presence of an unknown AHL with the expected
characteristic ions at m/z 102 and 143, which are specific for
the HSL (Figure 3). The molecular ion at m/z 335 (C,,H3;NOs)
and unspecific alkyl fragments of the series C,H,,_; dominate
over the ions characteristic for AHLs; this indicates a C,¢,-HSL
with two double bonds in the side chain.

An extract of J. helgolandensis was then derivatized with di-
methyl disulfide (DMDS) to localize the double bond posi-
tions in C,4.,-HSL. The mass spectrum (Figure 3) of the deriva-
tive exhibited a molecular ion at m/z 429, which resulted from
addition of two SCH; groups to one double bond. The second
double bond failed to react, which is typical for double bonds
of a,B-unsaturated methyl esters.***?! Therefore, this double
bond was assumed to be located at C-2. The location of the re-
maining double bond at C-9 could be unambiguously assigned
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by the fragments at m/z 145 (C,H,,SCH;)* and 284 (HSL-
COCH=CHC;H,5SCH,)*; this led to N-(2,9-hexadecadienoyl)ho-
moserine lactone as the structure for this AHL.

The configuration of the double bonds was determined by
comparison with a synthetic sample. While the double bond at
C-2 was assumed to be trans configured as is usually found in
similar acids in biological systems, the C-9 double bond
seemed to be cis configured. Therefore, C,¢.,-HSL was synthe-
sized according to Scheme 2. 1,7-Heptanediol (13) was mono-
protected with 3,4-dihydro-2H-pyran,”® and oxidized with PCC
to the corresponding aldehyde 14. The following Z-selective
Wittig reaction with heptyltriphenylphosphonium bromide fur-
nished (2)-7-tetradecen-1-ol (15) after deprotection in a 97:3
Z/E ratio.*”’ Oxidation set the stage for the following Horner-
Wadsworth-Emmons reaction to yield ethyl (2E,92)-2,9-hexade-
cadienoate (17), which was saponified to the free acid. The
acid was finally coupled with L-homoserine lactone hydrobro-
mide in the presence of EDC to furnish (2E,92)-N-(2,9-hexa-
decadienoyl)-L-homoserine lactone (11). This AHL proved to be
identical to the natural compound and thus established the
configuration of the two double bonds. The separation of all
four geometrical isomers, which were formed as minor byprod-
ucts during the Wittig and Horner-Wadsworth—-Emmons re-
actions, was possible with GC. Only the 2E,9Z compound 11
proved to be identical to the natural component in all aspects;
this firmly established the proposed structure.

A Cy3-HSL is present in several Dinoroseobacter shibae
strains of the Roseobacter clade, but the low concentration has
made double bond localization impossible.”

Determination of the absolute configuration of N-(3-hydroxy-
alkanoyl)homoserine lactones

Since the first identification of 30H-C,-HSL in the marine bacte-
rium Vibrio harveyi, many other 3-hydroxy-AHLs have been re-
ported." Until now the absolute configuration of the hydroxyl
group at C-3 of the side chain has only be determined for the
“small bacteriocin” from Rhizobium leguminosarum.?" Isolation
of the pure AHL followed by NMR spectroscopy experiments
with chiral solvating agents assigned this compound to be
(3R,72)-N-(3-hydroxy-7-tetradecenoyl)homoserine lactone. Be-
cause this procedure is difficult and requires relatively large
amounts of the target molecule, a rapid method by using
chiral GC was developed to elucidate the absolute configura-
tion of 3-hydroxy-AHLs.

Therefore, the natural extract of A. culicicola containing 30H-
Cg-HSL (18) as major AHL compound was analyzed. Direct sep-
aration of AHLs on a chiral GC phase proved to be unsuccess-
ful. Therefore, the crude extract was treated with H,S0O, in
methanol to cleave the AHL into the corresponding methyl
ester and HSL. This procedure did not affect the stereogenic
center at C-3 of the acyl side chain. Both racemic and enantio-
merically pure methyl 3-hydroxyoctanoate were synthesized by
using the same strategy as described above for the synthesis
of 10 (see the Supporting Information). The gas chromato-
graphic investigation of the synthetic esters and the derivat-
ized natural extract on a chiral hydrodex-6-TBDMS phase

ChemBioChem 2009, 10, 1861 - 1868
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Figure 3. Mass spectra of: A) C;¢.,-HSL, and B) DMDS adduct of C,4,-HSL.
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Scheme 2. Synthesis of (2E,92)-C,¢.,-HSL (11): a) 3,4-dihydro-2H-pyran, pTsOH, CH,Cl,; b) PCC, CH,Cl,; ) [Ph;PC,H,;1Br, BuLi, THF; d) pTsOH, MeOH;
e) (CH;CH,0),POCH,COOCH,CH,, NaH, DME; f) NaOH, EtOH; g) HSL, EDC, NEt;, H,O.

showed that the naturally occurring compound is enantiomeri-
cally pure (R)-30H-Cg-HSL (Figure 4). Similarly, 30H-C,,-HSL
found in an extract of Phaeobacter gallaeciensis T5, which is a
strain of the Roseobacter clade that can produce the antibiotic
tropodithietic acid® and can decrease the population of other
bacteria under natural conditions,*® proved to be R configured
as well.

Activity of AHLs in quorum sensing or quorum quenching
experiments with biosensor strains

We were then interested to determine how a methyl branched
or a dienoic acyl chain could modify the activity of the identi-
fied AHLs on known LuxR receptors. This is of particular inter-
est because a diverse structural array of AHLs is now known.

ChemBioChem 2009, 10, 1861 - 1868

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tained during the test period of 24 hours by different AHLs
was recorded and the results are shown in Figure 5 (see also
Tables S1 and S2 in the Supporting Information).

Activation of fluorescence of sensor plasmid pJBA132 with
compounds having modified C; side chains was observed only
with concentrations at least 100-fold higher than 3-oxo-C4-HSL,
which is highly active even at a concentration of
0.025 pgmL~". While isoCs-HSL is inactive, an oxygen atom at
C-3 of the acyl side chain increased activity, as can be seen by
the higher reactivity of 30H-Cg-HSL. The absolute configuration
seems to have an effect on the reactivity. The unnatural (S)-
30H-C4-HSL is more active than the natural (R)-30H-Cg-HSL.
Most surprising is the finding that the additional methyl group
in 30H-isoC,-HSL increases reactivity, despite the fact that this
structure is less similar to 3-oxo-Cg-HSL than 30H-Cg-HSL. The

1865

www.chembiochem.org



www.chembiochem.org



BIO

A) B)

H
18 © <)

MeOH

e
o H,N
0

19 20

S. Schulz et al.

pound identity by chromato-
graphic methods by using reten-
tion times or direct comparison
seems to be mandatory.

(R-19 The structure of a long-chain
/ dienoic AHL has been described
here fully for the first time, and
shows the usefulness of the
well-known DMDS-derivatization

(5119 (R19
/
(S-19

(R-19

~—

E)

method for localization of
double bonds also in this type
of fatty acid derivative. Further-
more, a simple method was es-

(R-19

—
~

9.5

Figure 4. Enantiomer analysis of 30H-C4-HSL: A) derivatization procedure. Gas chromatographic analysis of: B) a
racemic mixture of (S)-19 and (R)-19 on a hydrodex-6-TBDMS column, C) coinjection of rac-19 and (5)-19, D) ex-
tract of Aeromonas culicicola after treatment with H,50,/MeOH, E) coinjection of B) and D).

unmodified parent compound Cg-HSL has the highest reactivi-
ty. Increasing the chain length further, for example, as in 30H-
C,o-HSL, decreased the reactivity. Also unexpected is the rela-
tively high activity of (2E,92)-C,s,-HSL, which has a very long
side chain.

The response of the sensor plasmid pKR-C12 to the investi-
gated AHLs is at least ten-times lower than that of the best in-
ducing compound, C,,-HSL. Here, the hydroxy group seems to
have a negative effect on activity, because 30H-Cg-AHLs are
less active than the respective Cg-AHL. The long chain (2E,92)-
C,6.,-HSL shows the best induction. This effect can be attribut-
ed to the chain length, which might better match this receptor
than the shorter modified Cg-AHLs, except for 30H-C,,-AHL.
Contrary to results with pJBA132, no effect of the stereochem-
istry at C-3, which was investigated by the two enantiomers
(R)- and (5)-30H-C4-AHL, was observed.

Besides investigating their functionality as QS inducers, the
compounds were also evaluated for their ability to inhibit the
induction of fluorescence obtained by the natural ligands of
the AHL signaling system. In the presence of 3-oxo-Cg-HSL
(025 ugmL™") fluorescence with pJBA132 was reduced to
about 50% only with very high concentrations (250 ugmL™")
of the hydroxy-AHLs (R)-30H-C,,-HSL, (S)- and (R)-30H-Cg-HSL,
30H-isoC4-HSL as well as the branched isoC4-HSL. By use of
pKR-C12 in the presence of C,,-HSL (0.25 ugmL™") appreciable
reduction of fluorescence was found only after addition of
25 ugmL™" (S)- or (R)-30H-Cg-HSL.

Discussion

The presented results show for the first time the presence of
methyl-branched AHLs in the AHL bouquets of bacteria (bacte-
rial quorum sensing systems). This finding is not surprising be-
cause bacteria are well-known for the abundant biosynthesis
of methyl branched fatty acids using amino acid derived build-
ing blocks as starters in fatty acid biosynthesis.®" The work
also shows the power of GC-MS methods in the identification
of unknown AHLs. Because of the similarity in El- and most
likely also in ESI-mass spectrometry the verification of com-
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10.3 #min taplished that allowed the deter-

mination of the absolute config-
uration of 3-hydroxyacyl-HSLs in
complex mixtures. The pattern
of AHLs found in A. culicula in-
creases the number of AHLs known from this genus. So far, C,-
HSL, C¢-HSL, Cg-HSL, C,,-HSL, and C;,-HSL have been reported
from A. hydrophila and A. salmonicida.'**>"

Our data provide clear evidence that the reported unusual
AHLs can stimulate the tested QS systems. The required con-
centrations are usually about tenfold higher than those of the
specific AHLs. Even small structural differences, for example, an
additional methyl group, can have a profound effect on the
activation of the AHL receptor protein. The LuxR proteins en-
coded by the sensor plasmids used here are not the natural re-
ceptors for the studied unusual AHLs; thus, these effects might
be even stronger for the cognate LuxR proteins of the investi-
gated bacteria. In such a way, differences in the composition
of the AHLs produced by a bacterial strain might modulate the
response of the quorum sensing regulon.

The now evident enhanced structural diversity can be re-
flected in different responses of bacteria towards exogenous
AHLs. The genetic response to AHLs can vary widely between
Gram-negative bacteria.®? Previous studies on the structural
diversity of AHL-related compounds did not address the type
of structural variation presented in this report,® but also
showed large differences in the activity between structural an-
alogues of AHLs.

Experimental Section

Culture conditions and extraction of AHLs: The various Roseo-
bacter strains were cultivated and extracted as described before.”
Homogeneity of the A. culicicola 3249 culture was determined by
sequencing of the nearly complete 16S rDNA gene (1525 bases)
and its subsequent homology search in NCBI by using the BLAST
search. The putative AHLs were extracted and purified in larger
quantities from A. culicicola 3249" culture supernatants in order to
deduce the chemical structures as described earlier.” The super-
natant from a stationary-phase culture (15 L) of A. culicicola 3249"
grown in M9 medium (Sigma) containing acid hydrolyzed casein
(0.2%; Oxoid) at 30°C and 225 rpm, were extracted three times
with dichloromethane (supernatant/dichloromethane 700:300). The
solvent was removed by a rotary evapoarator at 30°C and a 2 g
extract was obtained. The extract was dissolved in a minimum
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regular fold induction of specific fluorescence /%

B)

regular fold induction of specific fluorescence / %

Figure 5. Relative fold induction of sensors: A) pJBA132, which is most sensitive for N-(3-oxohexanoyl)homoserine
lactone (3-oxo0-C¢-HSL), and B) pRK-C12, which is most sensitive for C,,-HSL. Fold induction in the presence of
either 0.25 pgmL ' 3-ox0-C¢-HSL or C,,-HSL, respectively, was arbitrarily set to 100%.

volume of dichloromethane and filtered through a Whatman 2V
filter paper for further characterization.

FULL PAPERS

column (25 mx0.22 mm id.,
0.25 um film; SGE, Inc., Melbourne,
Australia). Conditions were as fol-
lows: inlet pressure 77.1 kPa, He
233 mLmin~', injection volume
2 uL, transfer line 300°C, electron
energy 70eV. The GC was pro-
grammed as follows: 5min at
100°C increasing at 10 °Cmin~' to
300°C, and operated in splitless
mode (60 s valve time). The carrier
gas was He at 1 mLmin~'. Reten-
tion indices () were determined
from a homologous series of n-al-
kanes (Cg—Cys).

Chiral gas chromatography: Sepa-
ration of the enantiomers was car-
ried out by using an 8000Top GC
(ThermoQuest, Toronto, Canada)
instrument fitted with a hydrodex-
6-TBDMS column (35m, 0.25 mm
i.d.; Macherey-Nagel) and a FID.
Conditions were as follows: inlet
pressure 30 kPa, H, 20 mLmin",
injection volume 1 puL. The GC was
programmed as follows: 1 min at
130°C increasing at 0.5 °Cmin~" to
180°C. The carrier gas was H, at
1 mLmin~".

Biological assays: The AHL biosen-
sor strains E. coli MT102 (pJBA132)
and P. putida F117 (pRK-C12) were
grown in LB medium with tetracy-
cline (25pgmL™") at 37°C and
with gentamycin (20 ygmL™") at
30°C, respectively. Overnight cul-
tures (50 mL) of the strains were
diluted with the same volume of
corresponding fresh medium, incu-
bated for about 1 h and adjusted
to an ODg, of 1.0. Aliquots
(100 uL) of these cultures were pi-
petted into wells of 96-well micro-
titer plates, which contained LB
medium (90 pL), methanol (5 pL),
and the test compounds (5 pulL;
0.025 ug-0.25mgmL™") to evalu-
ate the compounds for QS activity.
In the assays used for testing the
compounds for inhibitory activity
of QS, instead of methanol (5 uL)
the wells contained the corre-
sponding AHL (3-oxo-C4-HSL for
E. coli MT102, C,,-HSL for P. putida
F117) at a concentration of
0.25ugmL™". Samples containing

only the corresponding AHL without test compound were used as
positive control, and those containing solvent (10 uL) only were

used as negative control. The microtiter plates were incubated at
GC-MS analyses: GC-MS analyses were carried out by using a HP~ 30°C while being shaken. After 0, 4, 8, and 24 h growth at an
6890 Series GC system connected to a HP 5973 mass selective =~ ODgo fluorescence (excitation wavelength 485 nm, detection
detector (Hewlett-Packard) fitted with a BPX5 fused-silica capillary ~ Wavelength of 535nm) was determined by using a Victor 1420
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Multilabel counter (Perkin—-Elmer). Fold induction of fluorescence in
the test samples, which were prepared at least in triplicate, was
calculated by dividing their specific fluorescence (GFP5;5/ODg,,) by
the specific fluorescence of the negative control. Relative activity
was calculated by comparing the fold induction of positive control
samples (only AHL) to samples containing only test compounds,
and samples with test compounds and the corresponding AHL, re-
spectively.

Synthesis procedures: See the Supporting Information.
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The Synechocystis sp. PCC6803 Sfp-Type
Phosphopantetheinyl Transferase Does Not Possess
Characteristic Broad-Range Activity

Alexandra A. Roberts,™“ Janine N. Copp,™ ¥ Mohamed A. Marahiel,” and Brett A. Neilan*®

The cyanobacterium Synechocystis sp. PCC6803 harbours one
phosphopantetheinyl transferase (PPTase), Sppt. Protein model-
ling supported previous bioinformatics analyses, which sug-
gested that Sppt is a Sfp-type PPTase with the potential to
phosphopantetheinylate a broad range of carrier proteins from
both primary and secondary metabolism. However, no natural
products are synthesised by this species, which raises interest-
ing evolutionary and functional questions. Phosphopantethei-
nylation assays and kinetic data demonstrate that Sppt was
able to activate its cognate fatty acid synthesis carrier protein,

Introduction

Cyanobacteria produce a vast array of structurally unique sec-
ondary metabolites with useful bioactive properties, including
antimicrobial, immunomodulatory and antiproliferative activi-
ties.'® The filamentous species, Lyngbya majuscula, which pro-
duces over 100 natural products including curacins, lyngbya-
toxins and microcolins, is a striking example of the diversity of
natural compounds produced by cyanobacteria.*” Several de-
rivatives of cyanobacterial natural products are currently in
clinical trials as cancer therapeutics, including the potent anti-
cancer dolastatins and cryptophycins produced by Symplo-
ca sp. and Nostoc spp.B ™"

Most cyanobacterial bioactive products are synthesised by
large multimodular enzymes known as nonribosomal peptide
synthetases (NRPS) and polyketide synthases (PKS). Traditional
NRPS/PKSs are repeated modules made up of a minimum of
three domains, which activate, tether and form bonds between
the cognate amino acid or organic acid precursors.'>¥ The
peptidyl- or acyl-carrier protein domain (PCP or ACP) is respon-
sible for the transport of the nascent product along the assem-
bly line complex, and first requires activation by a phospho-
pantetheinyl transferase (PPTase).'” Carrier proteins are activat-
ed by PPTases by the addition of a 340 Da 4'-phosphopante-
theinyl arm, which is covalently bound from the coenzyme A
(CoA) substrate. PPTases are also essential for the activation of
carrier proteins in fatty acid and heterocyst synthesis."*"'®
While all organisms require a PPTase for primary metabolism,
some also encode additional PPTases that are capable of acti-
vating carrier proteins from secondary metabolite path-
ways.'"?” PPTases can be classified into two main groups: the
acyl carrier protein synthase (AcpS)-type PPTases, which are ca-
pable of activating ACPs from PKSs and fatty acid synthesis
(FAS),2"?? and the Sfp-type PPTases, which are named for the
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SACP, but was unable to effectively activate various cyanobac-
terial carrier proteins from secondary metabolism or glycolipid
biosynthesis pathways. To our knowledge, this is the first ex-
ample of a PPTase with a Sfp-type structure, but with activity
more closely resembling AcpS-type enzymes. The broad-range
PPTase from Nodularia spumigena NSOR10 was introduced into
Synechocystis sp. PCC6803 and was shown to activate a non-
cognate carrier protein, in vivo. This engineered strain could
provide a future biotechnological platform for the heterolo-
gous expression of cyanobacterial biosynthetic gene clusters.

broad range activity PPTase from surfactin synthesis in Bacillus
subtilis and typically activate NRPS/PKS multienzymes.”®*! Har-
nessing the diverse pharmaceutical potential of NRPS/PKS
compounds through heterologous expression and combinato-
rial biosynthesis requires the use or development of hosts that
possess broad range PPTase activity.?*%”

Within cyanobacterial species, NRPS/PKS gene clusters are
more abundant among the filamentous and heterocystous
strains.”® Recently, the filamentous cyanobacteria Nodularia
spumigena NSOR10 has been shown to harbour a broad range
specificity PPTase, NsPPT, which is able to phosphopantethei-
nylate carrier proteins from a variety of pathways and spe-
cies.” However, genetic techniques for the manipulation of
this species have not yet been developed. Therefore, a host
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with a broad range PPTase is necessary to harness the diversity
of cyanobacterial natural products.

The majority of unicellular cyanobacteria, including Prochlor-
ococcus, Synechococcus and Synechocystis species do not pro-
duce secondary metabolites,*” yet they have the potential to
be efficient heterologous hosts for the expression of novel cya-
nobacterial derived compounds due to their fast doubling
times and well characterised genetic manipulation methods.®"
Previous bioinformatics studies have suggested that Synecho-
cystis sp. PCC6803 harbours a broad-range specificity PPTase
capable of activating carrier proteins from secondary metabo-
lite pathways,"” however, this has not been confirmed ex-
perimentally. Sequencing of the Synechocystis sp. PCC6803
genome has revealed that this species does not contain any
NRPS/PKS gene clusters, which raises interesting functional
and evolutionary questions in regards to its Sfp-type PPTase.
Furthermore, the lack of biosynthetic gene clusters in this
strain provides a clean expression background, which would
make Synechocystis sp. PCC6803 an ideal host for heterologous
natural product biosynthesis. In this study, the functional, evo-
lutionary and biotechnological implications of this cyanobacte-
rial Sfp-type PPTase were explored through in silico, molecular
and biochemical characterisation of Sppt.

Results
Protein modelling of Sppt

Modelling of Sppt on the crystal structure of Sfp from B. subtilis
revealed a similar protein structure between the two enzymes
(Figure 1). Sppt possesses 28% amino acid sequence identity
and 52% similarity to Sfp. In contrast, Sppt could not be
threaded on the B. subtilis AcpS crystal structure®? (PDB ID:
1f80) by using SWISS-MODEL (data not shown); this suggested
that Sppt is more similar in structure to the broad-range Sfp-
type PPTases than the fatty acid specific AcpS-type. Alignment

Figure 1. Theoretical model of the Sppt enzyme (left) from Synechocystis sp.
PCC6803 by using SWISS-MODEL, threaded on the B. subtilis Sfp crystal
structure (right). The images were generated with PyMOL (Delano Scientific
LLQ).

1870

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

B. A. Neilan et al.

of the Sppt and Sfp amino acid sequences indicated six resi-
dues in the Sppt CoA/Mg?* binding pocket that differed from
that of Sfp.>3* E28 and Q109 (K28 and E109 in Sfp), which are
involved in hydrogen bonding to CoA and Mg?*, have oppo-
sitely charged side chains when compared to the Sfp residues
(Figure 2). A89 and F44 (589 and T44 in Sfp) have neutral side
chains in contrast to the charged hydroxyl groups of the resi-
dues in Sfp; therefore, there are no interactions between these
amino acids and CoA in Sppt. The electrostatic interactions
with CoA and Mg?" are not likely to be altered from those of
K31 and Y73 in Sfp with the residues Q73 and R31 in Sppt.

Phosphopantetheinylation of SACP by Sppt in vitro

The genome of Synechocystis sp. PCC6803 only encodes one
carrier protein, SACP, which is involved in FAS. The activity of
Sppt towards its cognate SACP was determined by phospho-
pantetheinylation assays. Although SDS-PAGE analysis shows
the purified SACP at an observed molecular weight of 17 kDa
(Figure 3), mass spectrometry revealed the purified protein to
be 14.594 kDa (Figure 4 A); this corresponds to a loss of the N-
terminal methionine residue when compared to the theoretical
mass of 14.73 kDa. The ratio of holo- to apo-carrier protein
after heterologous expression in E. coli was analysed by mass
spectrometry. SACP was partially phosphopantetheinylated
after heterologous expression in E. coli, with a holo:apo ratio
of 30:70. After in vitro incubation with Sppt, SACP showed an
increased abundance of phosphopantetheinylated carrier pro-
tein; this indicates that Sppt can activate the cognate SACP
(Figure 4B).

Enzymatic analysis of Sppt activity

Phosphopantetheinylation assays and subsequent HPLC analy-
ses were carried out to determine the pH and CoA activity
range of Sppt towards its cognate SACP3 carrier protein
(Figure 5). SACP3, a truncated form of SACP, was used in kinet-
ic assays as the full-length apo protein could not be separated
from the holo protein despite various experimental optimisa-
tions. SACP3 was partially phosphopantetheinylated after het-
erologous expresssion in E. coli, with a holo:apo ratio of 45:55.
The optimum activity for Sppt was approximately pH 7.7, with
a relatively broad pH activity range where approximately 25 %
of the activity was retained at pH 5.5 and 9.8. Sppt activity
increased with increasing CoA concentrations and reached a
maximum activity with concentrations greater than 1500 pm.
The Michaelis-Menten fit of the experimental data yielded a K.,
value of (169.17 4-37.48) um for Sppt with respect to CoA, and
a k. value of (28.4142.12) min~". The catalytic efficiency of

1

Sppt for CoA was 0.168 um ™~ 'min~".

Phosphopantetheinylation of noncognate carrier proteins
by Sppt in vitro

The ability of Sppt to activate carrier proteins from a range of
secondary metabolism pathways was tested, including those
from unicellular and filamentous, heterocyst-forming cyano-
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Figure 2. Amino acid residues in the CoA/Mg*" binding site of Sppt as compared to those of Sfp.>>3¥ Grey boxes
indicate variations in the sequence of Sppt when aligned with Sfp. Bold grey boxes correspond to amino acid dif-
ferences that could affect the electrostatic interactions (-----) between the residues and CoA or Mg>*. Repulsion

forces are indicated by unbroken, grey, short-curved lines. The corresponding key Sfp residues are: Y73, K31, K28,

T44, 589, E109.
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66 kDa

27 kDa

Figure 3. SDS-PAGE gel of purified A) Sppt and B) SACP; M: broad-range and
prestained markers (New England Biolabs).
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bacteria. The carrier proteins
tested included the Nostoc punc-
tiforme ATCC 29133 PKS aryl car-
rier protein (ArCP) from HetM of
glycolipid synthesis (NpArCP),
the PKS ACP of nostopeptolide
biosynthesis (NpACP), and the
Microcystis aeruginosa PCC7806
NRPS PCP from the loading
module McyG of microcystin
synthesis (MPCP). No phospho-
pantetheinylation of NpACP,
© MPCP or NpArCP by the E. coli
PPTases was detected after het-
! erologous expression.

NH;* Sppt was unable to phospho-
pantetheinylate the N. puncti-
forme ATCC 29133 NpArCP as
shown by mass spectrometry
(Figure 6B). The spectrum of
M. aeruginosa PCC7806 MPCP,
after incubation with Sppt,
showed a very low intensity
mass peak corresponding to the
poor efficiency addition of the
340 Da phosphopantetheinyl
moiety (22319 Da; Figure 6D).
Phosphopantetheinylated
NpACP was not reproducibly
detected after incubation with
Sppt (Figure 6F) and the mass
peak of 20153 Da was only
slightly above that of the spec-
trum background. In contrast,
the broad-range cyanobacterial
PPTase, NsPPT, was able to phos-
phopantetheinylate all  three
carrier proteins in vitro,”” and
was used as a positive control
(Table 1).

Engineering of a broad-range PPTase activity Synechocystis
sp. PCC6803 heterologous host

In order to utilise Synechocystis sp. PCC6803 as a heterologous
host for the biosynthesis of cyanobacterial natural products,
the gene for the broad-range PPTase from N.spumigena
NSOR10, NsPPT, was introduced into the wild-type (WT) strain.
PCR screening confirmed the presence of the introduced
NsPPT gene (data not shown). In order to verify the activity of
NsPPT in the engineered host, the native PPTase, Sppt, was
insertionally inactivated. Initial transformants were visible on
chloramphenicol plates and were subcultured repeatedly on
selective medium (Figure 7A). PCR screening of these trans-
formants revealed that complete segregation of the Sppt gene
disruption was not possible in the WT strain (Figure 8, lane 4)
and could only be achieved when complemented with NsPPT
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Figure 4. Phosphopantetheinylation of SACP by Sppt. A) Mass spectrum of SACP; B) mass spectrum of SACP after phosphopantetheinylation assay with Sppt.

A) B)

10
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cystin synthesis in M. aeruginosa PCC7806 and a PKS
carrier protein from nostopeptolide synthesis in
N. punctiforme ATCC 29133. Sppt was unable to effec-
tively activate any of these secondary metabolism
carrier proteins in contrast to the broad-range PPTase
positive control NsPPT from N. spumigena NSOR10.
This deficient broad-range PPTase activity correlates
with the lack of natural products synthesised by Syn-

=

1000 2000
CoA /pm

Figure 5. Enzymatic characterisation of Sppt with respect to SACP3. A) Effect of pH on
phosphopantetheinyl transferase activity as measured by HPLC assay; B) effect of CoA,

the 4'-phosphopantetheinyl group donor, on Sppt activity.

activity (Figure 8, lane 8). This confirms the role of Sppt as the
only enzyme capable of phosphopantetheinylation in Synecho-
cystis sp. PCC6803. Furthermore, disruption of Sppt in the engi-
neered Synechocystis sp. PCC6803 NsPPT™" strain indicated that
the broad-range NsPPT enzyme is capable of activating a non-
cognate carrier protein, SACP, in vivo.

Discussion

Characterisation of the cyanobacterial PPTase, Sppt, was ach-
ieved by multiple approaches. Firstly, protein modelling sug-
gested that Sppt was a Sfp-type PPTase, as supported by previ-
ous phylogenetic data."**¥ Secondly, phosphopantetheinyla-
tion assays and kinetic analysis revealed that Sppt was able to
activate its cognate fatty acid carrier protein from Synechocys-
tis sp. PCC6803, however, the enzyme efficiency was relatively
low and more similar to that of AcpS-type PPTases. These re-
sults prompted the assaying of Sppt’s activity towards noncog-
nate carrier proteins from various other cyanobacterial species
including a glycolipid synthesis carrier protein from N. puncti-
forme ATCC 29133, an NRPS carrier protein involved in micro-
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echocystis sp. PCC6803. However, the presence of a
Sfp-type PPTase in a species that only encodes a car-
rier protein for FAS raises interesting questions re-
garding the evolution of PPTases and secondary me-
tabolite synthesis in cyanobacteria.

Bioinformatics analysis has shown that, with the
exception of Gloeobacter violaceus PCC7421, cyano-
bacteria do not encode an AcpS-type PPTase, as
exemplified by the single Sfp-type Sppt in Synechocystis sp.
PCC6803."" Finking etal. hypothesised that the Sfp-type
PPTases arose from a duplication of the ancestral AcpS PPTase
and was subsequently maintained in genomes for the phos-
phopantetheinylation of secondary metabolism pathways.®
The broad specificity of Sfp-type PPTases and their ability to
complement AcpS activity could then have allowed the loss of
the AcpS-type PPTases in species also harbouring a Sfp-type
PPTase. Some organisms support this theory, such as Pseudo-
monas aeruginosa PAO1, which produces multiple secondary
metabolites requiring phosphopantetheinylation but which
harbours a single Sfp-type PPTase. However, it is surprising
that Synechocystis sp. PCC6803 would harbour a Sfp-type
PPTase when the genome does not encode any NRPS/PKS
gene clusters.

One hypothesis to explain this phenomenon is that an early
cyanobacterial ancestor might have originally produced NRPS/
PKS products, therefore, requiring a Sfp-type PPTase. Mutation
in this ancestral PPTase gene might have resulted in the inabili-
ty of Sppt to activate NRPS/PKS carrier proteins; subsequently,
Synechocystis sp. PCC6803 might have lost the biosynthetic
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Figure 6. Phosphopantetheinylation of noncognate carrier proteins by Sppt. Mass spectra of: A) NpArCP control; B) NpArCP after incubation with Sppt;
C) MPCP control; D) MPCP after incubation with Sppt; E) NpACP control; F) NpACP with Sppt. N1, N2 and N3 indicate the NsPPT positive control assay with

the NpArCP, MPCP and NpACP carrier proteins, respectively.

Table 1. Phosphopantetheinylation of noncognate carrier proteins by the Synechocystis sp. PCC6803 PPTase,
Sppt.

Carrier protein (CP) Mass [Dal holo-CP® NsPPT control
Expected Observed [%] holo-CP® [%]
apo-CP holo-CP™!
NpArCP glycolipid synthase 15751 15749 n.d. 0 100
MPCP microcystin NRPS 21978 21978 22319 8 100
NpACP nostopeptolide PKS 20812 20812 21153 5 69

[a] The holo-CP was detected by the mass addition of a phosphopantetheinyl moiety (340 Da) by using mass
spectrometry. [b] The percentage holo-CP was estimated by comparison of holo- and apo-CP abundance in
mass spectra as previously described;? n.d.: not detected.

gene clusters required for nonri-
bosomal peptide and polyketide
compound production. This cor-
relates with the widespread ab-
sence of these gene clusters in
Synechocystis and Synechococcus
species.?? The low catalytic effi-
ciency of Sppt for SACP, with re-
spect to CoA also supports this
theory, as it resembles the rela-
tively low activity of the B.sub-
tilis Sfp towards primary metab-
olism ACPs.?*31 A comparison of
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Figure 7. Complementation of Sppt knockout with NsPPT. A) Synechocys-

tis sp. PCC6803 WT Sppt::Cam®; B) Synechocystis sp. PCC6803 WT transformed
with chloramphenicol resistance plasmid as a positive control; C) NsPPT*
Sppt:Cam®; D) NsPPT" negative control.
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The inability of Sppt to phosphopantetheinylate cyanobacte-
rial secondary metabolite carrier proteins might not only be
due to electrostatic considerations, but could also be due to
the poor accessibility of active sites in larger recombinant pro-
teins.?® NRPS and PKS carrier proteins rarely exist as discrete
domains and are typically integrated into large biosynthetic
multienzymes. Therefore, these larger NRPS/PKS multidomains,
which encompass carrier proteins, might not be as structurally
accessible as some smaller recombinant counterparts used for
in vitro studies. In an initial attempt to understand the effect
of carrier protein size on the activity of Sppt towards secon-
dary metabolite carrier proteins, a smaller recombinant NRPS
protein, TycC PCP®¥ which is involved in tyrocidine biosynthe-
sis, from Bacillus brevis ATCC 8185, was tested with Sppt, in
vitro. Sppt was able to partially phosphopantetheinylate this
9970 Da carrier protein, which is
less than half the size of NpACP
and MPCP (data not shown).
This suggested that carrier pro-
tein size could be an important
factor and revealed the potential
problems associated with the
utilisation of small recombinant
carrier proteins for in vitro analy-
sis of PPTase activity. Such ex-
periments can propose the rec-
ognition and activation of sub-
strates in vitro, but might not

<— WT Sppt gene 2708 bp

Figure 8. PCR screening of Sppt-disrupted and NsPPT-complemented Synechocystis sp. PCC6803 strains. M:
marker; lane 1: Synechocystis sp. PCC6803 WT Sppt gene; lanes 2-4: Synechocystis sp. PCC6803 WT Sppt knockout
heterozygous mutant with repeated subculturing on selective media; lane 5: NsPPT* complemented Sppt™ gene;
lanes 6-7: NsPPT* complemented Sppt~ heterozygous mutant with repeated subculturing on selective media;
lane 8: NsPPT* fully segregated Sppt knockout mutant; lane 9: negative PCR control; lane 10: knockout plasmid,
pGCSlr, with chloramphenicol resistance cassette (Cam”®) inserted into the Sppt gene. Arrows indicate segregation

necessarily be indicative of
PPTase activity toward carrier
proteins in vivo and subsequent
utility for heterologous expres-
sion of NRPS/PKS compounds.

of Sppt into multiple chromosomal copies of the genome with repeated subculturing.

the Sppt and Sfp CoA/Mg”* binding pockets revealed several
changes in key CoA- and Mg?*-binding amino acids, which
could attribute to Sppt’s poor activation of secondary metabo-
lite carrier proteins. For example, E28 and Q109, which are
present in the Sppt binding site but not in Sfp, likely change
the electrostatic interaction of the residues with CoA and Mg**
from stabilising hydrogen bonds to destabilising repulsion
forces (Figure 2). Furthermore, the variation at positions A89
and F44 might reduce the number of hydrogen bonds inter-
acting with CoA, while the larger Phe residue in Sppt could in-
crease steric hindrances compared to Tyr in Sfp. These differen-
ces could be a factor in the poor observed activity and low
catalytic efficiencies of Sppt for CoA. Crystallisation of Sppt or
mutagenesis of its binding pocket might clarify this hypothesis
and determine whether these mutations contribute to the
functional deficiencies of the enzyme. An alternative hypothe-
sis could suggest that Synechocystis sp. PCC6803 acquired a
Sfp-type PPTase by horizontal gene transfer that was more effi-
cient than the original AcpS-type PPTase, which was subse-
quently lost due to the lack of biosynthetic gene clusters in
that species. However, this theory seems unlikely as all charac-
terised cyanobacterial species harbour a Sfp-type PPTase.™
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However, Sppt was unable to
activate the NpArCP carrier pro-
tein, which is only 1 kDa larger than the Sppt-activated full-
length SACP. This could indicate that the size of the carrier pro-
tein is not critical. To clarify these issues, in vivo studies or ex-
periments with various sized carrier proteins are required.
Despite in silico evidence, Sppt's behaviour is more similar
to AcpS-type PPTases with specific carrier protein activation, a
high pH optimum and low catalytic efficiency with respect to
CoA. Although most characterised PPTases show significantly
higher catalytic efficiencies, Sppt has similar values to AcpS
from E. coli, which has reported K, values of 50 or 150 um and
a k., value of approximately 10 min~—".?"3" Sfp-type PPTases,
such as the B.subtilis Sfp and P. aeruginosa PcpS, have pH
optima between 6-7 while the Sppt optimum is more similar
to the B.subtilis and E. coli AcpS PPTases with pH optima
between 8-9. This high pH requirement could allow for appro-
priate electrostatic interactions between Sppt and the acidic
SACP, and may explain its poor activation of the neutral
MPCP.”¥ Optimum Sppt activity at higher pH values could also
reflect the environmental conditions (pH 7-9) that favour cya-
nobacterial bloom formation over phytoplankton growth.*®
Sppt’s pH range is broader than other characterised PPTases;
this might reflect the dynamic pH of cyanobacterial environ-
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ments bloom
cycles.!

This research also has significant implications for the use of
Synechocystis sp. PCC6803 as a heterologous expression host.
A valid, proven expression host for cyanobacterial secondary
metabolite production and manipulation would be invaluable
for natural compound production. Synechocystis sp. PCC6803 is
an ideal host due to its natural transformability, well-character-
ised genetic manipulation techniques, sequenced genome and
null background of NRPS/PKS compounds, which would allow
the rapid identification of compounds produced by heterolo-
gous expression.>*"*" However, the low level of secondary
metabolite carrier protein phosphopantetheinylation by Sppt
indicates that this species would require the coexpression or
chromosomal integration of an additional PPTase to be suita-
ble as a heterologous host for NRPS/PKS expression.

The broad-range specificity PPTase, NsPPT, from N.spumi-
gena NSOR10 has previously been shown to activate noncog-
nate NRPS and PKS carrier proteins in vitro.” In this study,
NsPPT was introduced into Synechocystis sp. PCC6803 and was
shown for the first time to be able to activate a noncognate
carrier protein, SACP, in vivo. This NsPPT-complemented strain
could provide a valuable biotechnological platform for the
activation of entire secondary metabolite pathways in vivo for
the biosynthesis of natural and novel cyanobacterial-derived
compounds.

during

39,40]

eutrophication and subsequent

Experimental Section

Protein modelling of Sppt: The percentage identity and similarity
of Sppt (Genbank accession number: BAA10326) and Sfp (Genbank
accession number: CAA46561) were determined by using
BlastP®**¥ (basic local alignment search tool) by aligning the two
amino acid sequences. The protein sequence of Sppt (Swiss-Prot
accession number: Q55185) was modelled on the solved crystal
structure of Sfp from B. subtilis®® (PDB ID: 1qr0) by using the
SWISS-MODEL™ automated comparative protein modelling server
(http://swissmodel.expasy.org). The model and the corresponding
Sfp crystal structure were viewed by using PyMOL (DelLano Scien-
tific LLC) to determine structural similarities and variations between
the two proteins.

Expression and purification of recombinant Sppt and SACP pro-
teins: To determine the activity of Sppt with phosphopantetheiny-
lation assays, Sppt and SACP were expressed and purified. Sppt
(slr0495, Genbank accession number: NC_000911) was amplified
with the primer pair SynPpF (5'-TGT TTA AAC TCA CCT G) and
SynPpR (5'-CCC AAG GTT ACG AAA Q). The resulting PCR product
was cloned into pGEM-T (Promega), digested with the restriction
enzymes Sacl and EcoRV and ligated into pET30 (Novagen). The
Synechocystis sp. PCC6803 FAS ACP, designated SACP (AcpP
BA000022), was amplified with the primer pair ssl2084Efw (5'-GGA
ATT CTG AAT CAG GAA ATT T) and ssl2084Hrv (5'-CTC GGC TCC
AAA AAG CTT TGG G), digested with the restriction enzymes EcoRl
and Hindlll, and cloned into pET30. A truncated SACP, SACP3, was
cloned and expressed for HPLC kinetic analysis by using the pri-
mers 2084NdeF (5'-GCA TAT GAA TCA GGA AAT TT) and 2083XhoR
(5'-CCT CGA GTA ATT TAC TTT CGA TAT GCT CAA C). The constructs
were transformed into BL21(DE3) Rosetta (Novagen) for expression.
Sppt was expressed at 37°C by induction with isopropyl-p-b-thio-

ChemBioChem 2009, 10, 1869 - 1877

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

galactopyranoside (IPTG; 1 mm) for 3 h. SACP and SACP3 were ex-
pressed at 37°C with IPTG (1 mm) for 20-40 min. Cultures were
harvested at 5000g and cell pellets were stored at —80°C. Cell
pellets were resuspended in HEPES buffer (HEPES 50 mm, NaCl
150 mm pH7.4) and passaged three times through a cooled
French pressure cell at 1380 kPa (Paton Scientific). After centrifuga-
tion at 20000g for 30 min, proteins were purified by using HiTrap
affinity columns (Amersham Biosciences) with an imidazole
(300 mm) gradient as previously described.? Fractions containing
purified proteins were desalted with Amicon centrifuge columns
(Millipore) and snap frozen with glycerol (8%) for storage at
—80°C. Protein concentrations were determined based on the
calculated extinction coefficients: SACP, 6970 cm 'm~"; Sppt,
53110 cm™'m~". Due to the absence of aromatic amino acids in
SACP3, the concentration of this protein was established by using
molecular imaging (FUJIFILM LAS-3000) and compared to a stan-
dard curve of known BSA concentration.

Phosphopantetheinylation of SACP by Sppt, in vitro: Sppt activi-
ty towards SACP was determined in a 10 min phosphopantetheiny-
lation assay at 37°C as previously described.” Briefly, the reactions
(100-200 pL) comprised of Tris-HCl (50 mm, pH7.4), MgCl,
(12.5 mm), CoA (0.5 mm), DTT (2 um), carrier protein (100 um) and
Sppt (300 nm). Reactions were incubated for 10 min at 37 °C, termi-
nated by the addition of trichloroacetic acid (1 mL) and precipi-
tated, overnight, at —20°C before centrifugation for 15 min at
18000g. Samples were dissolved in water/acetonitrile/formic acid
(50:49:1). Phosphopantetheinylation was observed by an increase
in mass of 340 Da as visualised by ESI-MS. Spectra were acquired
by using an API Qstar Pulsari hybrid tandem mass spectrometer
(Applied Biosystems) as previously described.?”

Kinetic analysis of Sppt activity: The CoA inhibition and pH activi-
ty range for Sppt was determined by using in vitro phosphopante-
theinylation assays with the truncated SACP3. Assays were carried
out as described above, in reactions (200 ulL) comprising of MES
(75 mm, pH 5.5-6.5), Tris (pH 7-8.5) or CAPSO (pH 9-10) and CoA
(1-3 mm). After precipitation, the pellets were resuspended in
30 uL 55% solvent B (solvent A: water, 0.1% trifluoroacetic acid;
solvent B: acetonitrile, 0.1% trifluoroacetic acid). An Alltech 5 pm
Nucleosil C18 column (250x4.6 mm) was equilibrated with 55%
solvent B at 45°C before sample injection. Samples were eluted
with a linear gradient from 55% to 68% solvent B over 15 min
with 0.9 mLmin~' flow rate. The absorbance at 200 nm was con-
stantly monitored. The amount of holo-SACP3 formed was deter-
mined by comparative analysis of the holo-ACP peak area of con-
trol assays without PPTase. The holo-SACP3 present after heterolo-
gous expression in E. coli was subtracted from the total amount
phosphopantetheinylated.

Phosphopantetheinylation of noncognate carrier proteins by
Sppt, in vitro: The M. aeruginosa PCC7806, peptidyl carrier protein,
MPCP, and the N.punctiforme ATCC 29133 aryl carrier protein,
NpArCP, and acyl carrier protein, NpACP, were expressed and puri-
fied as previously described.”” Protein concentrations were deter-
mined based on the calculated extinction coefficients: NpArCP,
8250 cm™'m~'; NpACP, 13940 cm™'m~'; MPCP, 6970 cm 'm~". In
the phosphopantetheinylation assays, various conditions were uti-
lised in order to optimise Sppt activation of noncognate carrier
proteins. These included a range of Sppt (2-1000 nm) and carrier
protein concentrations (5-100 pm) as well as incubation times
(15 min to overnight). The other parameters remained constant.
NsPPT control assays were performed in reactions (100-400 pl)
comprising Tris-HCI (5 mm, pH 7.4), MgCl, (12.5 mm), CoA (0.5 mm),
DTT (2 pum), the respective carrier proteins (10-100 um) and NsPPT
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(300 nm). The control assays were incubated at 37°C for 30 min
before precipitation and ESI-MS analysis.

Engineering of a broad-range PPTase activity Synechocystis sp.
PCC6803 heterologous host: The N.spumigena NSOR10 PPTase,
NsPPT, was introduced into Synechocystis sp. PCC6803 in order to
develop a cyanobacterial heterologous host with broad-range
PPTase activity. NsPPT (Genbank accession number: AY646183) was
expressed under the control of a nitrate inducible promoter, PnirA,
from Synechococcus sp. strain PCC7942.! PnirA was amplified with
the primers nirAF (5'-TTC TAG ATC CCT CTC AGA TCA AAA AG) and
nirAR (5'-TGC ATA TGG GAT TCA TCT GCC TAC) and the fragment
was cloned into pET30a with Xbal and Ndel to yield pPnirA (Nova-
gen). NsPPT, was amplified with the primers NpptF (5-TGC ATA
TGA CGG CGC TTA ATC ATT) and NpptR (5'-TCT CGA GTC AGT AT
TGC CAA CAC) and was subsequently cloned into pPnirA with Ndel
and Xhol. NsPPT, complete with the PnirA promoter and T7 tran-
scriptional terminator, was released from this construct with Dralll
and Sphl and blunt-ended with Klenow enzyme (Promega). The re-
sulting fragment was ligated into Pstl-linearised pKW1188, which
harbours the slr07168 photosystem Il gene flanking regions and a
kanamycin resistance cassette.*! The final construct was then nat-
urally transformed into Synechocystis sp. PCC6803 for homologous
recombination into s/r0168"” Briefly, exponentially growing Syne-
chocystis sp. PCC6803 cells (approximately 2 mL) were centrifuged
and washed in BG-11 media. After resuspension in BG-11 (300 uL),
plasmid (3 pgmL™") was added and the cells were incubated at
25°C in 30 umolm™2s™' constant light for 6 h. The cells were
spread onto sterile nitrocellulose filters (0.45 pm, Millipore) on non-
selective BGTS plates (BG-11, 10 mm TES, 0.3% sodium thiosulfate,
1% agar). After 36 h, the filters were transferred to selective BGTS
plates supplemented with kanamycin (10 ugmL™"). The NsPPT-har-
bouring strain was designated Synechocystis sp. PCC6803 NsPPT*
(NsPPT™).

Gene disruption of Sppt: Sppt was insertionally inactivated in
order to confirm that the introduced broad-range PPTase, NsPPT,
was active in vivo and was able to modify the noncognate FAS
ACP from Synechocystis sp. PCC6803. To generate the knockout
plasmid, a 2.7 kb fragment including Sppt and flanking regions was
amplified with the primers slrup (5'-GTA AAC TCC ATT AAC GCT
GGC) and slrdn (5-GGT GCA AAT CCG TTA CAT GGA). This fragment
was cloned into pGEM-T-Easy (Promega) and digested with the
restriction enzyme Aval. A chloramphenicol (Cam®) resistance cas-
sette was ligated into this site and the resulting construct, pGCSlr,
was naturally transformed into both the WT and the engineered
strain Synechocystis sp. PCC6803, NsPPT", to insertionally inactivate
Sppt. The Synechocystis sp. PCC6803 WT was also transformed with
a chloramphenicol resistance knockout plasmid as a positive con-
trol for strain viability while ddH,O was transformed into NsPPT*
as a negative control. Transformants were selected on BGTS plates
supplemented with chloramphenicol (10 pgmL™"). Positive colonies
were subcultured ten times on antibiotic selection plates or until
complete segregation was achieved. Complete segregation of Sppt
gene disruption throughout the multiple chromosomal copies was
detected by colony PCR screening with the primers slrup and
slrdn. Knockout experiments were carried out three times in dupli-
cate.
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The development of synthetic, low-molecular-weight ligand re-
ceptor systems for the selective control of biomolecular interac-
tions remains a major challenge. Binding of oligohistidine pep-
tides to chelators containing Ni**-loaded nitrilotriacetic acid
(NTA) moieties is one of the most widely used and best-character-
ised recognition systems. Recognition units containing multiple
NTA moieties (multivalent chelator headgroups, MCHs) recognise
oligohistidines with substantially increased binding affinities. Dif-
ferent multivalencies both at the level of the MCH and at that of
the oligohistidine ligand provide a powerful means to vary the
dffinity of the interaction systematically. Here we have explored
the selectivity for the binding of different oligohistidines to immo-
bilised MCH. Using microarrays of mono-, bis-, tris- and tetrakis-

Introduction

Multivalency is a highly versatile phenomenon for the genera-
tion and control of specific, noncovalent molecular interac-
tions, that is frequently employed in nature for, for example,
the recognition of carbohydrates.” By covalently linking to-
gether of two or more copies of a ligand, as well as its recep-
tor, the binding constants of low-affinity interactions can be in-
creased by several orders of magnitude.” Although multivalent
design is a powerful approach for increasing molecular binding
affinities, the molecular mechanisms that govern the specifici-
ties of multivalent interactions are still poorly understood.®*
This holds particularly true for multivalent interactions at sur-
faces, where molecular multivalency is combined with multiva-
lency resulting from the potential to interact simultaneously
with multiple binding partners attached to a surface.”™

Binding of oligohistidine peptides to chelators containing
Ni*"-loaded nitrilotriacetic acid (NTA) moieties is a highly versa-
tile, low-molecular-weight recognition system in which multi-
valency has been exploited for control of binding affinities. In-
teractions with oligohistidines may be controlled through com-
plexation of Ni** ions and competition with imidazole. We
have recently introduced multivalent chelator headgroups
(MCHs, Scheme 1A), which bind oligohistidines with substan-
tially increased binding affinities relative to the individual
NTAs.”) The affinity of the interaction may be systematically
changed by variation of the multivalency, both of the oligohis-
tidine ligand as well as of the chelator.” Although the interac-
tion of individual receptor ligand pairs in this system has been
studied in great detail, little is known about the ability to dis-
criminate different ligands.
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NTA chelators spotted at different surface densities, we explored
the ability of these binders to discriminate fluorescently labelled
hexa- and decabhistidine peptides. When hexa- and decahistidine
were tested alone, the discrimination of ligands showed little de-
pendence either on the nature or on the density of the chelator.
In contrast, coincubation of both peptides decreased the dffinity
of hexabhistidine, increased the affinity of decahistidine, and
made the binding of decabhistidine highly dependent on MCH
density. Kinetic binding assays by dual-colour total internal reflec-
tion fluorescence spectroscopy revealed active exchange of His
by His,, and confirmed the high selectivity towards His,,. Our
results establish the key role of surface multivalency for the selec-
tivity of multivalent interactions at interfaces.

Here we have systematically explored the abilities of bis-,
tris- and tetrakis-NTA systems immobilised at different densities
on glass surfaces to discriminate oligohistidine peptides of dif-
ferent lengths.

In this recognition system, multivalency may be varied in dif-
ferent ways: the different multichelator headgroups and the
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Multivalency and Competition
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Scheme 1. A) Molecular structures of mono-NTA and bis-, tris- and tetrakis multivalent chelator headgroups
(MCHs). X's denote coordination sites for histidine side chains within the chelating sites, while amino groups for
surface immobilisation are highlighted by ovals. B) Schematic representation of the interaction of hexahistidine
with bis-NTA in solution (left) and on surfaces (right). These different types of multivalencies are referred to as
“molecular multivalency” and “surface multivalency”. C) Dissociation of surface binding in the presence of the
monovalent competitor imidazole.

two oligohistidine peptides possess different degrees of “mo-
lecular multivalency”, whereas immobilisation of the MCHs at
different densities enables variation of “surface multivalency”
(Scheme 1B). We reasoned that variation of degrees of surface
multivalency in combination with different degrees of molecu-
lar multivalency should provide a powerful means for creating

ChemBioChem 2009, 10, 1878 - 1887 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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selectivity for the recognition of
different ligands. Through the
ability to vary multivalency sys-
tematically in a controlled
manner, moreover, we expected
to gain further insight into multi-
valent interaction at interfaces in
general. In particular, through
the use of two oligohistidine
peptides of different lengths our
analyses focused on the mutual
competition of ligands of differ-
ent multivalency. In line with
previous experiments,"*"  we
focused on hexa- and decahisti-
dines, which are both used as af-
finity tags for the purification of
recombinant proteins and clearly
show distinguishable binding
characteristics to MCHs.® ™ Equi-
librium binding of fluorescently
labelled His; or His,, peptides
alone or in combination was
probed by using microarrays of
mono-, bis-, tris- and tetrakis-
NTA immobilised in different
densities.

Previously we have employed
the titration of fluorescently la-
belled ligands on microarrays
functionalised with a low-molec-
ular-weight recognition molecule
for the determination of binding
constants.'? In a subsequent
work, for a bivalent ligand, we
observed a dependence of affini-
ty on receptor density."® These
previous results demonstrated
the potential of microarrays for
quantitative analysis of recep-
tor-ligand interactions, and
more specifically multivalent in-
teractions. For analysis of the in-
teractions of oligohistidines with
the MCHes, instead of titration of
the arrays with ligand, equilibri-
um binding of the ligands was
first established, followed by
stepwise titration with the mon-
ovalent inhibitor  imidazole,
which is commonly used to

induce dissociation of oligohistidines from NTA chelators.
Moreover, the binding kinetics of Hiss- and His,,-tagged pro-
teins were characterised by total internal reflection fluores-
cence spectroscopy (TIRFS). TIRFS has been frequently em-
ployed to measure time-resolved binding of fluorescent mole-
cules to surfaces. The principle of total internal reflection very
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effectively restricts the detection to surface-bound mole-
cules."™™ Through the use of dual-colour TIRFS detection, we
independently monitored association and dissociation of both
Hise- and His,,-tagged proteins in real time. Our results demon-
strate that a substantial selectivity towards His,, relative to His,
can be achieved by optimisation of molecular and surface mul-
tivalencies.

Results
Generation of MCH density microarrays

To explore the roles of molecular and surface multivalencies
we manufactured MCH density arrays. The NTA chelators were
coupled to the surface through reactions of the amino groups
present in each compound (Scheme 1) with surface epoxy
groups or carboxylic acid N-hydroxysuccinimidyl (NHS) esters.
A piezo-driven nanopipettor was used to pipette sub-nanoliter
volumes of NTA solutions. Surface immobilisation by nanopi-
petting is subject to experimental constraints very different
from those associated with immobilisation by homogeneous
incubation of surfaces. It is a specific challenge to ensure ho-
mogeneous surface functionalisation in the presence of drying
of the spots. Highly homogeneous functionalisation of spots
was achieved by spotting chelator solutions on surfaces acti-
vated through coupling of a homobifunctional succinimidyl
ester linker on amino-functionalised glass surfaces (Figure S1 in
the Supporting Information)."” We did not include an explicit
quenching of residual succinimidyl esters in our functionalisa-
tion protocol because the surfaces were washed intensively
after pipetting of MCHs, and succinimidyl esters are subject to
rapid proteolysis in aqueous buffers. The specificity of the
binding of oligohistidines to the MCHs was validated by incu-
bation of the MCHs in the presence of EDTA, which complexes
Ni** ions (Figure S2).

Titration curves of individual oligohistidine peptides

The strengths of interactions of oligohistidine peptides with
the MCHs were compared on the basis of ECs, values for titra-
tion with the monovalent competitor imidazole (Scheme 1C).
MCH arrays were incubated with a fluorescently labelled oligo-
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histidine, followed by stepwise titration with imidazole. Micro-
array substrates were mounted in an open sample holder and
arrays were scanned after mixing and incubation by use of a
confocal laser scanning microscope. The buffer containing the
fluorescent ligand was left on the array in order to ensure
equilibrium conditions. This protocol followed a previously
published procedure for the determination of dissociation con-
stants.'? The time required to reach equilibrium after addition
of competitor was first determined by a stopped-flow protocol.
About 3 min after addition of imidazole, about 80% of the
equilibrium dissociation had been reached. Dissociation of the
remaining 20% was slow and constant over a further 30 min
(Figure S3). For this reason, scanning of the array 5 min after
each addition of competitor was chosen as a reasonable com-
promise between duration of an experiment and formation of
equilibrium. In order to enable a direct visual comparison of
ECs, values and the steepness of the curves, residual back-
ground was subtracted from the titration curves (Figure S4)
and the curves were normalised on the basis of the intensities
in the absence of imidazole. Carboxyfluorescein and the Cy5-
like dye S0387 were selected as fluorophores for the labelling
of oligohistidine peptides.”” By labelling both oligohistidine
peptides with either fluorophore, we ascertained that the fluo-
rophores were without influence on the binding affinities (Fig-
ure S5).

With four MCHs spotted at seven different concentrations
each, 28 binding curves were obtained simultaneously (Fig-
ure 1A). The normalised titration curves were fitted by use of a
logistic sigmoidal function [Eq. (1)]. ECs, values for the titration
with imidazole varied from 0.8 mm to 16.6 mm. The lowest
ECs, value was found for Hisg on mono-NTA (not shown), and
the highest for His;, on tris-NTA (Figure 1B). After the titration,
some spots were still visible, most probably due to unspecific
binding of peptide. For mono-NTA, binding was only a little
above background at low chelator densities. Only for the high-
est mono-NTA densities could titration curves be determined
reliably, precluding an analysis of the density dependence. This
chelator was therefore excluded from further analyses.

As reported previously, ECs, values increased with increasing
molecular multivalency on going from bis- to tris-NTA.® Sur-
prisingly, in contrast to this dependence on molecular multiva-
lency, the ECs, values were largely independent of the density

C) | mmHis,
I Hisg
1.64
Pzl
1%}
E
=0.8
>
Q
0.44
10 50500 10 50 500 10 50500 10 50 500 10 50 500
tris-NTA tetrakis-NTA bis-NTA tris-NTA tetrakis-NTA

Figure 1. Imidazole titration of His, and His,, from MCH microarrays. A) Representative titration curves for His, (@) and for His,, (m) fitted with Equation (1) for
binding to tetrakis-NTA spotted at a concentration of 500 um. Summary of B) ECy, values and C) p values for Hisg and His,, on MCH microarrays (MCHs spotted

from 10 to 500 pm solutions).
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of chelator on the surface. Only on bis-NTA was some density
dependence observed for His;,. More or less uniformly, the
ECs, values for His,, were larger than those for His, by a factor
of 2 to 2.5. The rather small differences in ECs, values for Hisg
versus His,, are consistent with the results obtained by isother-
mal titration calorimetry (ITC), which for His,, had also yielded
Ko values that were only slightly lower than those for Hiss."
However, the differences were smaller than those obtained for
the imidazole-induced dissociation of oligohistidine-tagged
proteins from immobilised MCHs measured in a flow system.!'”

In addition, the titration curves are characterised by their p
values, which relate to the steepness of the curves. The larger
the p value, the smaller the concentration range of imidazole
over which dissociation of the oligohistidine from the chelators
was induced. For His,,, there were slight positive correlations
with chelator density for bis-, tris- and tetrakis-NTA, whereas
for Hisg a negative correlation was observed for tris- and tetra-
kis-NTA (Figure 1Q).

Simultaneous titration of His, and His,,

The individual titrations had revealed only minor differences in
the various MCHs towards the imidazole-induced release of dif-
ferent oligohistidine ligands. In order to establish discriminato-
ry capabilities of MCHs towards different oligohistidine pep-

FULL PAPERS

tides directly, MCH microarrays were incubated simultaneously
with Hisg and His,, labelled with S0387 and carboxyfluorescein,
respectively. The combination of carboxyfluorescein and S0387
maximised the spectral separation of the two fluorophores,
thereby avoiding quenching of the short-wavelength dye by
fluorescence resonance energy transfer (FRET, Figure S6).

At the onset of the titration, both ligands were present on
all spots (Figure 2). Nevertheless, for the tetrakis-NTA spots, rel-
ative to the other chelators, a pronounced preference for bind-
ing of the fluorescein-labelled decahistidine peptide was ap-
parent from the strong fluorescence in the green channel. For
all spots, titration with imidazole led to a preferential initial dis-
sociation of the S0387-labelled His, resulting in a selective en-
richment of His,, on the microarray (Figure 3). Both peptides
were used at the same concentration. Still, it was impossible to
quantify the enrichment of either molecule in absolute terms.
The instrument settings for the detection of fluorescence were
adjusted so that roughly similar signals were detected in both
channels and signals with sufficiently high signal-to-noise
ratios could be recorded over the whole range of imidazole
concentrations.

In the presence of His,, the imidazole concentrations re-
quired to induce release of Hiss were significantly lower than
those required when His, was present alone (for example,
0.6 mm versus 1.1 mm for bis-NTA at a spotted concentration
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o000 @
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0000000 tetrakis-NTA
0000000 )
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0000000 bis-NTA
9000000
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Figure 2. Simultaneous detection of imidazole-induced dissociation of fluorescently labelled oligohistidines from MCH microarrays. Microarrays were incubat-
ed with Fluo-Ahx-His,,-OH and S0387-Ala,-His¢-OH (20 nm), and imidazole was added to the final concentrations [mm] indicated in each panel (Fluo: 5(6)-car-
boxyfluorescein; OH indicates a free C terminus, Ahx: 6-aminohexanoic acid). The layout of the MCH array is depicted in the bottom right corner: Concentra-
tions of spotted MCHs increase from left to right (2.5, 5, 10, 25, 50, 100, 500 um). For mono-NTA concentrations were higher by a factor of 2.5.
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Figure 3. Normalised imidazole-induced dissociation curves for competitive

binding of Hiss and His,,. A) Dissociation from bis-NTA, B) from tris-NTA, and
C) from tetrakis-NTA. The residual net fluorescence on each spot at the end

of the titration was set to zero, the net fluorescence on each spot at the be-
ginning of the titration to 1.0.

of 500 um, and 1.3 mm versus 2.3 mm for tris-NTA at the same
spotted concentration). In remarkable contrast, for His,, in the
presence of His, the EC,, values were higher than those deter-
mined for His,, alone.

In addition, the simultaneous presence of both oligohisti-
dine ligands had an unexpected effect on the dependence of
ECs, values for decahistidine on chelator density (Figure 4). For
His,o, the ECg, values were now strongly density dependent for
all chelators, this density dependence being most pronounced
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for tris-NTA. In contrast, for His, similarly to the titration of this
peptide alone, the density of the chelator had little influence
on the ECs, values. Only for tris-NTA was a slight positive
dependence on chelator density observed.

The p values were affected in a similar fashion. For His,, a
uniform decrease in p values was observed, corresponding to
weaker slopes, whereas for His,, the p values for the dissocia-
tion from bis-NTA were slightly increased. For tetrakis- and, es-
pecially, tris-NTA the positive correlation of p values with chela-
tor density was strongly increased. In order to ascertain that
the changes in ECs, values were not due to interaction of the
fluorophores, we confirmed that the shift in the ECg, values
was also observed when one of the ligands was not fluores-
cently labelled (not shown).

Discrimination of oligohistidine ligands

The simultaneous measurements of the dissociation of His,
and His,, had revealed that the dissociation behaviour of
either Hisg or His;; on the NTA multichelator headgroups is
strongly influenced by the presence of the corresponding
other ligand. When both ligands were present, the differences
in EC5, and p values were more pronounced, and both values
depended more strongly on the nature and density of the
MCH. Thus, the discriminatory abilities of the different MCHs
for the two oligohistidine ligands are significantly larger than
suggested by the individual measurements. To compare the
selectivity afforded by the different chelators and chelator den-
sities in more detail we calculated the ratios of ECs, values for
His,, and Hisg (Figure 5). With respect to the ECs, values, the
selectivity increased with the valency and the density of the
chelator head. For His,, on tetrakis-NTA, EC;, values were
higher than those for His by factors of up to 15.

Competition kinetics in a flow system

The puzzling outcome of the competitive binding experiments
in which both ligands were present simultaneously was that,
upon competitive binding, the ECs, values for His, and His,,
were shifted in opposite directions (relative to the situation in
noncompetitive binding). The extents of these shifts correlated
positively with chelator density. In order to unravel the molec-
ular mechanism underlying the mutual influence of the surface
binding affinities of His, and His,,, we monitored the kinetics
of competitive binding to MCH. Here, we made use of dual-
channel TIRFS to detect the binding of both ligands simultane-
ously in a time-resolved manner. TIRFS enables the time-re-
solved recording of surface-bound fluorescence.

A tris-NTA/biotin conjugate (*'tris-NTA; Figure 6A) was
loaded onto a streptavidin-functionalised surface."® The inter-
actions of Hise- and His,-tagged maltose binding proteins
(MBPs) labelled with Oregon Green 488 (°“*MBP-His;) and
with Cy5 (®°MBP-His,,), respectively, with ®Ttris-NTA-loaded
streptavidin were probed in real time by dual-colour TIRFS de-
tection under flow-through conditions. In this and our previous
studies, MBP was selected as a protein for the expression of
oligohistidine-tagged proteins because of its high yield, the
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Figure 5. Dependence of selectivity (His,,/His, ratio) on the chelator head
and the chelator density. Ratios were calculated from the data shown in
Figure 4, including those spots that were omitted from Figure 4.

absence of cysteines and the availability of alternative means
of purification. A cysteine residue for site-directed fluorescent
labelling was introduced through an F391C mutation.

Binding curves for noncompetitive (presence of only one
peptide) and for competitive binding (both ligands present
simultaneously) of °****MBP-His, and “*MBP-His,, in the pres-
ence of different concentrations of imidazole are shown in Fig-
ure 6B and C. Under noncompetitive conditions and in the ab-
sence of imidazole, similar binding kinetics were observed for
OG488\1BP-His, and “°*MBP-His,,. Substantial differences in the
binding amplitudes were obtained at different imidazole con-
centrations, which is in line with the different binding affinities
of Hiss and His,,. Competitive binding of both °“***MBP-His,
and °MBP-His,,, however, yielded binding curves for
OG48EMBP-His, (but not ®>MBP-His,) in which an initial increase
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in binding was followed by a
significant decrease in signal
throughout the injection (Fig-
ure 6B, C). We explain this effect
in terms of an active exchange
of °“®MBP-His, by “°MBP-His,,
because His;, can better exploit
the increased number of coordi-
nation sites generated by surface
multivalency. In the absence of
imidazole, the total binding of
“*MBP-His,, to the surface was
also somewhat reduced for com-
petitive binding relative to non-
competitive binding, but this
effect decreased with increasing
imidazole concentration.

As a measure of selectivity,
the ratios of the signals for
SMBP-His,, and 5**®MBP-His,
during the injection were plot-
ted. Strikingly, an increase in the
ratio with time was observed in
the case of competitive binding
(Figure 6D), which we ascribe to
the displacement of Hisg by
His,o. Moreover, the @°MBP-His,,/°***MBP-His, ratios increased
with increasing imidazole concentration, which is mainly due
to the strong decrease in the signal for MBP-His.. Consistent
with the equilibrium microarray experiments, the relative bind-
ing of His,, and His, differed much more strongly when both li-
gands were present, relative to the surface loading observed
when only one ligand was present (Figure 6E). Interestingly,
similar ratios of initial binding rates between °“**®MBP-His,,
and “°MBP-His, over a large range of imidazole concentrations
were observed under both competitive and noncompetitive
conditions (Figure 6F), suggesting a transition from kinetic to
thermodynamically controlled binding during the injection
period.

10 50 500

tris-NTA  tetrakis-NTA

tris-NTA  tetrakis-NTA

Discussion

Multivalent interaction at interfaces is a complex phenomenon
governed by a variety of parameters. By using the binding of
oligohistidine peptides to arrays of different MCHs spotted at
various densities, we have explored the contributions of mo-
lecular and surface multivalency to the generation of selectivity
in the presence of a monovalent competitor. Our results reveal
new and surprising characteristics of multivalent interactions
at interfaces that greatly enhance the selectivity for the recog-
nition of two oligohistidine peptides of different lengths.

For each ligand alone, the imidazole concentrations required
to induce release of the peptide from the surface showed little
dependence on the density of the chelator. One may argue
that the immobilisation of MCHs by nanospotting had led to
only small differences in surface density. However, the strong
concentration dependence of binding when both ligands were
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Figure 6. Competition kinetics of °**MBP-His; and “*MBP-His,, on ®'tris-NTA/streptavidin as measured by dual-channel TIRFS detection. A) Cartoon demon-
strating the experiment under noncompetitive conditions. After loading of a biotinylated surface with streptavidin, the free biotin binding sites were loaded
with ®Ttris-NTA. Subsequently, the association and imidazole-induced dissociation kinetics of fluorescently labelled MBP were measured. B) Binding of
OG488\MBP-His, (500 nm) alone (left) and of °***8MBP-His, (500 nm) in the presence of “°MBP-His,, (500 nm, right) at different imidazole concentrations (colour
coding given in the legend; the bar marks the injection period). C) “*MBP-His,, (500 nm) alone (left) and ®*MBP-His,, (500 nm) in the presence of °****MBP-
Hiss (500 nm, right) at different imidazole concentrations (same colour coding as B)). D), E) Time dependence of selectivity for “*MBP-His,, over °***MBP-His,
for D) competitive and E) noncompetitive binding. D) Simultaneous injection of both ligands at a concentration of 500 nm in the absence or presence of dif-
ferent imidazole concentrations [dotted line: no competition, no imidazole (that is, both ligands measured separately), same colour coding as B)]. E) Injection
of both ligands individually; this means that in D) ratios were calculated from signals recorded simultaneously by dual-channel TIRFS whereas in E) ratios
were derived from signals recorded in pairs of experiments. F) *MBP-His,,/°***MBP-His, ratios as determined from the final loading and initial slopes of the
binding curves as a function of imidazole concentration for competitive and noncompetitive binding.

present over the whole range of spotted concentrations clearly
indicates that the spots differed in ligand density.

The ECs, values increased with chelator multivalency on
going from mono- to tris-NTA. For tetrakis-NTA, ECs, values
were similar to those for tris-NTA, which we have observed
previously (A.R. and J.P., unpublished results). Nevertheless, in-
dependent of the nature of the chelator and the chelator den-
sity, the imidazole concentrations required to induce half-maxi-
mum release were about 2.5 times higher for His,, than those
required for His,. Although the general observations with re-
spect to chelator- and density-dependence of binding com-
pared very favourably with those reported before, we never-
theless noticed that previously a higher dependence on MCH
density had been found.®' Moreover, larger p values and a
stronger dependence on the nature of the MCH had been ob-
served."” These differences probably have to be ascribed to
the stopped-flow format used in our microarray experiments,
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resulting in equilibrium binding, in comparison to the flow-
through format used in previously published analyses.

Remarkably, very different ECs, values were obtained for Hisg
and His,, under competitive conditions, demonstrating that
the ligands had been mutually affecting one another. For the
low-affinity ligand Hisg in the presence of His,,, the ECs, values
decreased even further, whereas for His,, the EC;, values in-
creased. This increase was strongly dependent on chelator
density and the nature of the chelator. In contrast, for Hisg the
ECs, values remained largely independent on surface density
or even showed a slight decrease.

The lower ECg, value for the Hisg peptide may be considered
a logical consequence of a lower concentration of surface-
bound peptide according to Cheng-Prusoff.”" However, be-
cause the surface concentration of His,, should also be lower
in the presence of the hexahistidine, the higher EC;, value for
His,, was very surprising.
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We propose a statistic distribution of the MCHs on the sur-
face as the molecular basis for this striking behaviour. This dis-
tribution leads to binding sites with different surface multiva-
lencies. Because of its greater number of histidine side chains,
His,, can better exploit surface multivalency than His,. Upon
competitive binding of His; and His,, we believe that these
peptides are targeted into binding sites with different multiva-
lencies (Scheme 2): His,, competes with His; much more suc-
cessfully for binding sites with high surface multivalency, and
is therefore enriched in these. The higher the surface loading
with MCHs, the larger the number of such high-multivalency
binding sites. In support of this hypothesis, real-time fluores-
cence detection of competitive binding kinetics of both pep-
tides revealed an initial phase of rapid His; binding followed
by a partial dissociation of His, indicative of a transition from
kinetically to thermodynamically controlled binding. We ex-

i

*o g

which is highly relevant for quantitative understanding of nu-
merous fundamental biological mechanisms. With respect to
the general characteristics of multivalent systems, our results
show that selectivity might not originate from the binding of
an individual ligand when considered in isolation. Furthermore,
these insights into the selective recognition of different oligo-
histidine ligands further widen the scope of applications of the
oligohistidine recognition system in the controlled manipula-
tion of biomolecules.

Experimental Section

Reagents: Standard chemicals and solvents were from Fluka (Neu-
Ulm, Germany), Lancaster, (Mulheim am Main, Germany), Acros
(Ulm, Germany), Fisher Scientific (Loughborough, UK), J.T. Baker
(Deventer, The Netherlands), Biosolve (Valkensvaard, The Nether-
lands) and Sigma-Aldrich (Stein-
heim, Germany). Solvents were in
p.a. quality, LiChrosolv Gradient
Grade and Uvasol (for HPLC and
MS). Deionised water was used for

*w bty {Pnidieons. washing glass surfaces and as

4 \ i \ system liquid for the nanopipettor.

'ﬁ'?’Frrr % Il ‘-ff,-?rrr\ Chemicals for the derivatisation of
,— 4 Hismr" % 4 the glass surfaces were from ABCR
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Wit W Win % senhofen, Germany) and Sigma-
Aldrich. Carboxyfluorescein was

l imidazole l‘ from Fluka (Neu-Ulm), S0387 from

imidazole

*

>
fﬂ‘;_ i

in the text.

plain this observation in terms of an active displacement of
Hiss by docking of His,, to excess coordination sites in the vi-
cinity. Conversely, the displacement of His,, by His, is much
less likely, because His,, occupies more coordination sites.
Therefore, the exchange of Hisg for His,, is particularly efficient
at sites with high surface multivalencies, resulting in a pre-
ferred targeting of His,, in high-affinity binding sites and there-
fore increased ECs, value for elution with imidazole.

This sorting mechanism could also explain the increased p
values of the titration curves under competing conditions. Dis-
sociation of peptide over a smaller range of imidazole concen-
trations reflects an increased homogeneity of binding sites.
With increasing density of MCHs on the surface, the surface
multivalency also increases, explaining why the His,/His, ratio
increases with the surface concentration of the MCH.

However, we did not find clear evidence for an active role of
imidazole in the displacement of Hisg by His,,, because no ac-
celerated displacement of Hisg at higher imidazole concentra-
tions was observed. Rather, the monovalent competitor re-
duced the binding affinity for Hisg more strongly than for His,,,
thus enhancing the contrast upon competitive binding.

The results presented in this paper shed light on the com-
plexity of competitive multivalent interactions at interfaces,
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FEW-Chemicals (Wolfen, Germany),
Oregon Green from Invitrogen
(Karlsruhe,  Germany), Atto565
from Atto-Tec (Siegen, Germany)
and Cy5 from GE Healthcare (Frei-
burg, Germany).

Peptide synthesis: Oligohistidine

peptides were synthesised on
TCP-resin by automated peptide synthesis with solid-phase Fmoc/
tBu-chemistry on an automated peptide synthesiser for multiple
peptide synthesis (RSP5032, Tecan, Hombrechtlikon, Switzerland) in
2 mL syringes as described previously."® Amino acids were coupled
in tenfold excess by DIC/HOBt coupling. Fluorescent labelling pro-
ceeded with the side chain-protected peptide on the resin. To
ensure complete removal of the N-terminal Fmoc protecting
group, the resin was washed with piperidine in DMF (20 %, v/v) for
10 min. 5(6)-Carboxyfluorescein (Fluo, 5 equiv) was coupled with
DIC/HOBt (5 equiv each) in DMF for 16 h, S0387 (3 equiv) with DIC/
HOBLt (6 equiv each) in DMF for 16 h.

For 5(6)-carboxyfluorescein, prior to cleavage, fluorescein oligomers
resulting from acylation of the phenolic hydroxy group of the fluo-
rescein moiety were removed by washing the resin in flow through
with piperidine/DMF (1:4). For the S0387-labelled peptide, the
resin was first washed four times with acetic acid in DMF (1%, v/v).
Then, the resins were washed three times each with DMF, MeOH,
DCM and diethyl ether. The purities of all peptides were deter-
mined by analytical HPLC. The identities of the peptides were con-
firmed by MALDI-TOF MS analysis. Peptides with a purity of less
than 85% were purified by preparative HPLC. All peptides used
were >95% pure (214 nm HPLC).

Protein expression and purification: Maltose-binding proteins
with C-terminal hexahistidine (MBP-His;) and decahistidine (MBP-
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His,;) tags were cloned by insertion of the corresponding linker
into the multiple cloning site of the vector pMALc2x (New England
Biolabs). For cysteine-specific labelling of MBP-His,,, F391 within
the linker region between the MBP and the H,,-tag was mutated
into a cysteine by ligase chain reaction. The proteins were ex-
pressed in Escherichia coli and purified by immobilised metal affini-
ty chromatography followed by size exclusion chromatography as
described previously."” The MBP-His, was labelled with Oregon
Green 488 (0G488) N-hydroxysuccinimidyl ester in HEPES-buffered
saline (HBS; 20 mm Hepes, pH 7.5, 150 mm sodium chloride) by
standard protocols. The concentrations of protein and the reactive
dye were optimised so that an average labelling degree of ~1 was
obtained as determined photometrically: MBP-His,, F391C was
treated with Cy5 maleimide (twofold molar excess) in HBS by stan-
dard protocols. The labelled proteins (°“***MBP-His, and “°MBP-
His,,) were separated from the free fluorophore and aggregates by
size exclusion chromatography.

Preparation of MCH microarrays: The MCHs were synthesised as
described before. MCH microarrays were generated on type 1,
BK7 coverslips of 12 mm diameter (Marienfeld, Lauda-Konigshofen,
Germany). Prior to surface functionalisation, coverslips were im-
mersed in acetone for 15 min, followed by incubation for 16 h in
freshly prepared Piranha solution (H,50,/30% H,O, 6:5, v/v). The
coverslips were then rinsed thoroughly with doubly distilled H,0O
(ddH,0) and dried in a stream of filtered process air, and were
then either used immediately for further treatment or stored under
argon. For epoxy activation, coverslips were incubated with (3-gly-
cidyloxypropyl)trimethoxysilane (GOPTS) for 8 h at room tempera-
ture followed by careful rinsing with acetone and drying.

For succinimidyl ester activation, coverslips were incubated with 3-
aminopropyltriethoxysilane (3%, v/v) in ethanol/H,0 (95:5, v/v) for
1h at room temperature. The reaction was stopped by dilution
with ethanol followed by thorough rinsing of the coverslips with
ethanol and heating of the coverslips at 115°C for 1 h. Next, the
coverslips were rinsed with ethanol again and dried in a stream of
filtered process air. Finally, the coverslips were incubated with a so-
lution of suberic acid bis(N-hydroxysuccinimidyl ester) (35 mm) and
DIPEA (82.5 mm) in DMF for 2.5 h. The coverslips were then rinsed
with DMF, dried in a stream of filtered process air and used imme-
diately for the generation of microarrays.

Microarrays were spotted with the aid of a piezo-electric contact-
free nanopipettor (Nanoplotter NP2.0, GeSiM, Dresden, Germany),
mounted in a housing with humidity control. The spotted volume
was 0.9 nL per spot. C-Ahx-K(Fluo)-NH, (Ahx, 6-aminohexanoic
acid) was spotted as a control for surface functionalisation. The
control peptide was dissolved to a concentration of 50 um in DMF/
NH,Ac (10 mm)/buffer (1:4, v/v; pH 7.3), and the MCHs were dis-
solved in ddH,0 and diluted in NH,Ac buffer (10 mm, pH 7.3) to
the indicated concentrations. The coverslips were placed on a cool
plate, and the relative humidity and temperature of the plate were
adjusted to just above dew point. After spotting, the arrays were
left on the cool plate for 1 h, followed by drying and thorough
washing with DMF (1 h), acetone (1 h), HBS (HEPES (10 mm), NaCl
(135 mm), KCI (5 mm), MgCl, (1 mm), CaCl, (1.8 mm), pH 7.3; 16 h)
and ddH.,O (1 h) and dried in a stream of filtered process air.

Imidazole titration experiments: Dissociation curves of fluores-
cently labelled oligohistidines were derived from fluorescence
images recorded by confocal laser scanning microscopy with an in-
verted LSM510 confocal microscope (Carl Zeiss, Gottingen) and a
Plan Neofluar 10x0.3 NA objective. The confocal detection served
for the suppression of out-of-focus fluorescence of free peptides in
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the buffer. Fluorescein and S0387 fluorescence were simultaneous-
ly detected by excitation with the 488 nm line of an argon-ion
laser and a 633 nm helium-neon laser and detection of fluores-
cence with a BP505-550 band-pass filter and an LP650 long-pass
filter. Fluorescence of both channels was separated with an
NFT570 dichroic mirror. The detector and amplifier settings ena-
bled the saturation-free recording of fluorescence for the whole
microarray and for the full concentration range of the peptides.
Microarrays were imaged by scanning of individual frames in a
mosaic-like fashion.

For the measurement of titration curves, coverslips were mounted
in a custom-made holder."? Prior to the incubation with oligohisti-
dines, coverslips were washed with EDTA (10 mm, 1 mL) for 10 min,
dried and incubated with a solution of NiCl, (10 mm) for 10 min.
Following a quick rinse with water, the array was incubated with a
solution of fluorescently labelled oligohistidines (1 mL) for 30 min.
The solution was agitated by pipetting on the array several times
during this period. After recording of an initial image of the array,
the MCH-bound ligands were titrated by stepwise addition of imi-
dazole solution (0.5M) to cover a concentration range of 0.5 to
10 pm. Each addition was followed by careful mixing for 4.5 min
and image acquisition. This procedure was repeated until there
was no further decrease in spot intensity. In order to facilitate
direct visual comparison of titration curves, the titration curves
were normalised. Firstly the fluorescence at the end of the titration
was subtracted, thereby removing offset due to background fluo-
rescence. Background fluorescence was due to some unspecific
binding of the peptides to the spots (Figure S2) and out-of-focus
fluorescence that was not fully suppressed by the confocal detec-
tion. As a consequence, fitting of the titration curves was per-
formed in offset-free manner. The curves then were normalised on
the basis of the background-corrected intensities in the absence of
imidazole. Titration curves for titrations with imidazole were fitted
as described previously with a logistic sigmoidal function [Eq. (1)].

_ Rtrapped,max
Rirappea(€) = TF (c/ECoy P M

Ruapped denotes the bound oligohistidine at equilibrium in the pres-
ence of a given imidazole concentration c. Ryppedmax IS the maxi-
mum attainable signal in the absence of imidazole, and EC, the
imidazole concentration for half-maximum binding of oligohisti-
dine peptide. The exponent p represents different slopes of the
titration curve that qualitatively are a result of different modes of
binding.

Image analysis: Array images were analysed with Array-Pro Ana-
lyzer Version 4.5.1.48 (Media Cybernetics, Silver Spring, MD, USA)
with use of the confocal images without any pre-processing. Sig-
nals were corrected for local background, corresponding to a ring
around each spot. This background contained contributions from
surface-bound fluorescence as well as fluorescence of free peptide
in the incubation buffer. For each pair of spots the average was
calculated. Dissociation curves were fitted and ECs, values deter-
mined by use of Microcal Origin 6.1 (OriginLab Corporation, MA,
USA).

Real-time kinetics by total internal reflection fluorescence spec-
troscopy: Competition on surfaces was monitored in real time by
dual-colour total internal reflection fluorescence spectroscopy
(TIRFS) with simultaneous label-free detection by reflectance inter-
ference (RIf) as reported earlier.™ 0G488 and Cy5 fluorescence
were excited simultaneously with an argon ion laser (488 nm) and
a helium-neon laser (633 nm). For protein immobilisation, the
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transducer surface was covered with a PEG polymer brush to pre-
vent nonspecific adsorption,"” and biotin was covalently attached
as described recently."® All binding experiments were carried out
in Hepes buffer [HEPES (20 mm), NaCl (150 mm), Triton X100
(0.01%), pH 7.5] by use of a flow-through system as described.!™!
Firstly, streptavidin (100 nm) was immobilised on the biotinylated
surface and the remaining biotin binding sites were loaded with
BTtris-NTA (100 nm). For probing of competitive binding, “*MBP-
His,, (500 nm) and °“**¥MBP-His, (500 nm) were injected simultane-
ously at different imidazole concentrations (0-50 mm), and both
the fluorescence signals and the RIf signals were recorded. As a
reference, “°MBP-His,, (500 nm) and °“**®MBP-His, (500 nm) were
immobilised separately at different imidazole concentrations (0-
50 mm). The absolute surface concentrations of both proteins were
comparable, as confirmed by the RIf signals.
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Characterisation of a Recombinant NADP-Dependent
Glycerol Dehydrogenase from Gluconobacter oxydans and
its Application in the Production of L-Glyceraldehyde

Nina Richter,” Markus Neumann,® Andreas Liese,”™ Roland Wohlgemuth,™

Thorsten Eggert,” and Werner Hummel*¥

The acetic acid bacterium Gluconobacter oxydans has a high
potential for oxidoreductases with a variety of different catalyt-
ic abilities. One putative oxidoreductase gene codes for an
enzyme with a high similarity to the NADP *-dependent glycer-
ol dehydrogenase (GlyDH) from Hypocrea jecorina. Due to this
homology, the GlyDH (Gox1615) has been cloned, over-ex-
pressed in Escherichia coli, purified and characterised. Gox1615
shows an apparent native molecular mass of 39 kDa, which
corresponds well to the mass of 37.213 kDa calculated from
the primary structure. From HPLC measurements, a monomeric
structure can be deduced. Kinetic parameters and the depend-

Introduction

Oxidoreductases (EC 1.1.1.x) are cofactor-dependent enzymes
that are ubiquitously distributed and catalyse different reac-
tions of biotechnological interest. Alcohol dehydrogenases
(ADHs) are members of this enzyme class. Their ability to cata-
lyse the chemo-, regio- and stereoselective reduction of ke-
tones makes them versatile tools for the production of chiral
building blocks.""? These chiral building blocks act, for exam-
ple, as key intermediates in the production of pharmaceuticals,
fine chemicals and natural products.®>! Due to their stereo-
chemical properties, including the high enantioselectivity,
ADHs with a broad substrate spectrum are of primary impor-
tance for various technical applications.

Enantiopure glyceraldehyde is an example of a small chiral
building block of great interest for further synthesis because of
the wide applicability of its structural motif. It has been suc-
cessfully used in the synthesis of, for example, enantiopure
4-(dihydroxyalkyl)-B-lactams (antibiotic)’ or 8a-epi-swainsoine
(anticancer drug).”? Although the chemical synthesis of both
glyceraldehyde enantiomers is possible on laboratory scale,®”
the major drawbacks are the extensive and expensive proce-
dures. The chemical synthesis of p-glyceraldehyde starts with
p-mannitol, whereas the L-enantiomer is derived from L-arabi-
nose. Up to now, only the synthesis of p-glyceraldehyde was
realized on industrial scale. With regard to environmental as-
pects and cost factors new short enzymatic routes for the
preparation to enantiopure glyceraldehyde are desirable.
Therefore, enzymes catalysing either the selective oxidation of
glycerol or the selective reduction of glyceraldehyde are of
great interest. The class of enzymes that catalyse the NADPH-
dependent reduction of glyceraldehyde to glycerol are called
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ence of the activity on temperature and pH were determined.
The enzyme shows a broad substrate spectrum in the reduc-
tion of different aliphatic, branched and aromatic aldehydes.
Additionally, the enzyme has been shown to oxidize a variety
of different alcohols. The highest activities were observed for
the conversion of p-glyceraldehyde in the reductive and L-ara-
bitol in the oxidative direction. Since high enantioselectivities
were observed for the reduction of glyceraldehyde, the kinetic
resolution of glyceraldehyde was investigated and found to
yield enantiopure L-glyceraldehyde on preparative scale.

NADP*  glycerol dehydrogenases (GlyDHs; EC 1.1.1.72;
Scheme 1). These enzymes are common in moulds and fila-
mentous fungi and have been isolated from mammalian tis-

OH GlyDH OH
Ho\)\/OH +NADP —= HOWO + NADPH
Glycerol Glyceraldehyde

Scheme 1. General reaction scheme of the NADP(H)-dependent oxidation
and reduction catalysed by GlyDHs.

sues.' So far, different bacterial GlyDHs have been reported
to catalyse the reduction of dihydroxyacetone (DHA) to glycer-
ol, and can be classified as glycerol:NADP™* 2-oxidoreductases

[a] N. Richter, Dr. T. Eggert
Evocatal GmbH, Merowingerplatz 1A
40225 Diisseldorf ( Germany)
[b] M. Neumann, Prof. Dr. A. Liese
Institut fiir Technische Biokatalyse
Technische Universitdt Hamburg-Harburg
21073 Hamburg (Germany)
[c] Dr. R. Wohlgemuth
Research Specialties, Sigma-Aldrich Chemie GmbH
Industriestrasse 25, Buchs 9471 (Switzerland)
[d] Prof. Dr. W. Hummel
Institut fiir Molekulare Enzymtechnologie
Heinrich-Heine Universitdt Disseldorf, Forschungszentrum Jiilich
Stetternicher Forst, 52426 Jiilich (Germany)
Fax: (+49)2461-612490
E-mail: w.hummel@fz-juelich.de

ChemBioChem 2009, 10, 1888 - 1896





Glycerol Dehydrogenase from Gluconobacter oxydans

(EC 1.1.1.156) or glycerol:NAD* 2-oxidoreductases
(EC 1.1.1.6).""* Among the GlyDHs catalysing the reduction of
glyceraldehyde only the GlyDH from Hypocrea jecorina® has
been heterologously expressed, purified and characterised
whereas the others have been characterised by using purified
enzymes from wild-type stains.

Acetic acid bacteria like Gluconobacter oxydans show high
activities in the oxidation of a wide range of substrates, such
as alcohols, sugar, sugar acids, and sugar alcohols. For such ox-
idative reactions G. oxydans has numerous membrane-bound
and cytosolic oxidoreductases, which are of great biotechno-
logical interest, due to their high stereo- and regionselectivity.
G. oxydans is applied, for example, in the industrial production
of 2-keto-L-gulonic acid, which is a vitamin C precursor, 6-
amino-L-sorbose, which is a miglitol precursor, and the produc-
tion of DHA, which is an ingredient in tanning agents.”" Be-
cause of this ability we selected G. oxydans for a homology
search to identify oxidoreductases for the enzymatic produc-
tion of enantiopure glyceraldehyde. After homology searching
based on the sequence of GlyDH, GDL1 from H. jecorina, which
is known to catalyse the reduction of glyceraldehyde and DHA
to glycerol, we identified an oxidoreductase with the ability to
act specifically on glyceraldehyde.

Herein, we report the cloning, heterologous expression and
biochemical characterisation of the GlyDH from G. oxydans.
Furthermore, we show its applicability in the kinetic resolution
of glyceraldehyde and the production of enantiopure L-glycer-
aldehyde on the preparative scale.

Results
Identification of the GlyDH

ment between the protein sequences of the two enzymes
showed an identity of 17%, a similarity of 32% and 14% gaps.
The corresponding gene gox1615 encodes for a protein with a
calculated molecular mass of 37.213 kDa.

Cloning and heterologous over-expression of the GlyDH

In order to improve expression and simplify the purification of
the GlyDH, standard cloning techniques were applied to create
a recombinant plasmid containing the glydh gene with a hexa-
histidine affinity purification motif (His-tag) fused to the N ter-
minus of the protein. This recombinant protein was expressed
in E. coli BL21(DE3) at different temperatures and was found to
have optimum activity at 25°C. In the crude extract the protein
with the N-terminal His-tag showed a specific activity of
9.2 Umg™' for the reduction of glyceraldehyde. Soluble protein
was expressed to a medium level (Figure 2, lane 1). The His-tag
allowed the purification of the protein through immobilized
metal affinity chromatography (IMAC).

Purification of the GlyDH

The recombinant enzyme with N-terminal His-tag was purified
in one chromatographic step by using IMAC with Ni-NTA resin
(Table 1). The purification resulted in recovery of 67% of the
activity measured in the crude extract. The specific activity of
Gox1615 after purification was 36.4 Umg™' corresponding to a
fourfold improvement in activity compared to the crude ex-
tract. Samples of the crude extract and target fraction after pu-
rification were analysed by SDS-PAGE (Figure 2). A single band

gene *
GDL1 : EiEGRTVTLNTGYgﬂ %Amg ———————— ﬁ @ &Y : 42
The genome of G. oxydans 621H Gox1615 : DTIRIPGIDT 1GG GPDDDNGVR : 50
was recently sequenced by Prust 60 * 80 100
and co-workers.”? Seventy five GDL1 E RM%?ENQKEV%GE KALAEN PR I—EKREDIFITSKLW : 83
Gox1615 : N FG-HSERICRENMENIKIgNKAHVATKLI@BHWVGEDEKNMKV @ 99
genes were annotated to be
putative  oxidoreductases of
K functi Theref GDL1 : NNSHSERE VAF. GADLFPKSE‘.DGS 133
unknown function. erefore, Gox1615 : FRD DDKTH-——————————— 137
G. oxydans was selected for a Ci5
BLAST search by using the se- GDL1 : EvQLNQNVSHm:EgE prsm . PESEAVFQE ﬁvp . 182
quence of GLD1 (DQ_422037), Gox1615 : ————————- OKMHQD S AT : 178
which is a NADPH-dependent 220
glycerol dehydrogenase from GDL1 : ERHEELPNQMQCE;E PE{ECQFGNNTKEPLLVSSDEVK : 232
the mould H. jecorina,™ as tem- Gox1615 : IQP NLFERTIEK A LCR-——[@#LTGKMNRDTT : 225
plate. The named enzyme has
; ; GDL1 : AV SKKQ VIEWSQIGGHTVI : 281
p'rev'lously E;en described - by Gox1615 : FPmRSND 31\1% DEFEKLAE% mvm E\/ $ : 275
Liepins et al."* and found to cat-
alyse the conversion of p- and L-
GDL1 : LDDEE.;.A @@—ﬁzxpo LE‘NTEEEKAAAHTAV : 328
glyceraldehyde to glycerol. The Gox1615 : GPVIENIWGA QVSGVKD Gws DILARHVPNPIDPTF : 325
protein sequence of GLD1 was
used to find homologies in the GDL1 . !KL____ 331
genome of G. oxydans 621H and Gox1615 APPARD : 332

the putative oxidoreductase
Gox1615 (YP_192012; Figure 1)
was identified. A pairwise align-
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Figure 1. Comparison of amino acid sequences of the GlyDH from the mould H. jecorina (GDL1) and the a-proteo-
bacterium G. oxydans (Gox1615). The alignment was created with the GeneDoc software. Shaded regions in black
indicate conserved or similar amino acids. The two GlyDHs show a homology of 32 %.
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66 kDa

55 kDa

36 kDa
31 kDa

Figure 2. SDS-PAGE analysis of the purified GlyDH from G. oxydans. Lane 1:
crude extract (25 pg); lane 2: flow through (25 pg); lane 3: purified Gox1615
(12.5 pg); lane 4: purified Gox1615 after desalting (6.25 ug); lane 5: molecu-
lar weight marker. Lanes 3 and 4 show a single major band at an apparent
molecular weight of 39 kDa.

Table 1. Purification of the recombinant GlyDH from E. coli BL21(DE3).

Purification Total activity ~ Specific activity ~ Purification  Yield
step [UmL™"] [Umg™"] factor [%]
crude extract 10323 9.0 1 100
purified GlyDH 6867 36.4 4 66.5

with an apparent molecular size of 39 kDa corresponds to the
enzyme (Figure 2, lane 4); this confirms the calculated molecu-
lar mass of 37.213 kDa derived from the amino acid sequence.
It was therefore possible to purify the recombinant GlyDH
almost to homogeneity (>95%) by applying a single purifica-
tion step (Figure 2).

Molecular characteristics of the GlyDH

The calculated molecular mass of 37 kDa of one subunit of the
GlyDH was confirmed by SDS-PAGE (39 kDa; Figure 2). Addi-
tionally, the native molecular mass was determined by using
size-exclusion chromatography. The apparent molecular mass
of the GlyDH was estimated to be 31 kDa; this suggests a
monomeric structure.

Studies concerning cofactor dependency showed that
Gox1615 prefers NADPH over NADH. Using NADPH, we ob-
served a 200-fold increase in activity compared to the activity
achieved with the same concentration of NADH (data not
shown).

Characterisation of the kinetic parameters

The kinetic properties of the GlyDH during reduction and oxi-
dation were characterised based on the standard substrates
glyceraldehyde and L-arabitol. Respective kinetic constants for
the reduction of glyceraldehyde and oxidation of L-arabitol
were determined. Additionally, kinetic parameters for NADPH
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or rather NADP' were estimated by using the purified
enzyme. Michaelis-Menten constants determined during re-
duction of glyceraldehyde were 2.69+0.35 mm (Ky) and 77.9+
3.5Umg™" (V,..,). For the cofactor NADPH, inhibition at concen-
trations above 0.15 mM was observed. Therefore, an equation
for substrate-excess inhibition was used (v=V,,,,xs/(Ky+s(1+
s/K)) for fitting to the Michaelis—Menten equation. The estimat-
ed kinetic constants are a K, value of 0.04+0.009 mm, a V..,
of 101+13 Umg~" and a K; value of 0.4+0.1 mm. For the sub-
strate L-arabitol the enzyme showed a hyperbolic reaction ve-
locity in a plot versus substrate concentration, with a K, value
of 193+ 11 mm and a V,,, of 867+0.2Umg~". The oxidized
cofactor NADP ™" follows a typical Michaelis-Menten equation
with a Ky value of 0.02+0.001 mm and a V,, of 2.1+
0.02Umg™".

Dependence of GlyDH activity on temperature and pH

Since the influence of temperature on enzyme activity and sta-
bility is often a limiting parameter in technical applications,
studies concerning the temperature optimum and stability
were performed. Figure 3 A illustrates that the purified enzyme
has optimum activity at 55°C, whereas the activity is approxi-
mately 50% lower when the temperature is changed to 57 or
37°C. The pH dependence during the reduction of glyceralde-
hyde was measured in the range of pH 3 to 10. As demonstrat-
ed in Figure 3B the optimal activity was determined to be at
pH 5.5. The pH dependence of the enzyme was examined by
using TEA (pH 6.8 to 10.0) and citrate phosphate buffers (pH 3
to 7.2). The best activities at the same pH values (pH 7.0) were
observed by using citrate phosphate buffer.

For the determination of the pH optimum in the oxidation
of L-arabitol, TEA buffer (pH 7.0 to 9.2) and potassium carbon-
ate buffer (pH 9.2 to 11) were used. The optimum activity was
rather broad with a maximum at pH 10.0 (Figure 3C). At pH 9.2
GlyDH showed an activity of 3.1 Umg™' in TEA buffer and
3.2Umg™' in potassium carbonate buffer. These results indi-
cate a similar activity in both buffers.

Enzyme stability is also a very crucial parameter for technical
applications and processes; hence temperature-dependent in-
activation over time and pH and the thermostability of the
GlyDH were investigated. Studies concerning the thermostabili-
ty of the purified enzyme were performed at different temper-
atures (4, 20 and 30°C) over 48 h, and at 50°C over 8 min. As
shown in Figure 4A the enzyme is stable at 4, 20 and 30°C
during the investigated period, but at 50 °C a rapid inactivation
of the enzyme was found (Figure 4B). After incubation for
4 min only 50% activity was observed and after 8 min no resid-
ual activity was detected. In a second study the midpoint ther-
mal inactivation (T,,) of Gox1615 was determined to be 47.2°C
(Figure 4C).

The pH stability was investigated at three different pH
values (pH 5.5, 7.0 and 9.7) over a period of 43 h by using the
standard activity assay for the reduction of glyceraldehyde, de-
termining the residual activity. At all pH values the enzyme
was stable and showed a residual activity of 93% (pH 7), 84%
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Figure 3. Determination of optimum: A) temperature, and pH for the B) re-

duction and C) oxidation reactions of the GlyDH. The effects of temperature

and pH on enzyme activity were measured by using the standard spectro-
photometric assays for reduction and oxidation. For the determination of
the optimum pH in the reduction of glyceraldehyde two different buffers,

for reduction was used. C) For the determination of the midpoint thermal in-
activation (T, the different temperatures were maintained for 10 min before
samples were withdrawn for measuring the residual activity in the soluble
protein content. The standard deviations are indicated in the diagram.

(pH 5.5) and 82% (pH 9.7); the results indicate the enzyme’s

citrate phosphate buffer (m; pH 3.0 to 7.2) and TEA (o; pH 6.8 to 10.0) were applicability at these pH values.

used. The pH optimum for the oxidation reaction was determined by using
TEA (m; pH 7.0 to 9.2) and potassium carbonate buffer (o; pH 7.0 to 11.0).
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Substrate specificity of the GlyDH

Substrate specificity of the enzyme was assessed by using
spectrophotometric assays for either the reduction or oxidation
reaction. The specific activities of the purified enzyme in the
reduction of different aliphatic, branched and aromatic alde-
hydes and ketones and oxidation of a variety of alcohols were
determined. For the reduction reaction activities were com-
pared to the standard substrate glyceraldehyde (entry 9, specif-
ic activity 39.1 Umg™"), and for the oxidation reaction L-arabi-
tol (entry 44) was used as standard substrate (2.46 Umg™"). By
comparing the reduction and oxidation reactions, it became
obvious that the GlyDH favours the reduction reaction: the
observed specific activities were up to 19-times higher than
those observed for the oxidation. In the reduction the best ac-
tivity was obtained with p-glyceraldehyde as substrate; activi-
ties towards other substrates are shown in Table 2. In general,
aliphatic, branched and aromatic aldehyde substrates are ac-
cepted by the GlyDH.

In the oxidation the highest activity was achieved by using
L-arabitol as substrate. Various other substrates with up to six
alcohol groups were oxidized with different specific activities
(Table 3).

Kinetic resolution of glyceraldehyde

L-Glyceraldehyde is a versatile building block and has been
successfully applied in a broad range of syntheses.!®”224
Enantiopure glyceraldehyde can be obtained by regio- and ste-
reoselective oxidation of glycerol or the stereoselective reduc-
tion of racemic glyceraldehyde. Thus, preparative scale kinetic
resolution of glyceraldehyde was performed with simultaneous
regeneration of NADPH by using glucose and glucose dehy-
drogenase (GDH; Scheme 2). The conversion and enantiomeric
excess (ee) were determined by means of HPLC and GC.

Figure 5 illustrates a typical time curve for the kinetic resolu-
tion of glyceraldehyde using crude extract of GlyDH from
G. oxydans. The figure shows the development of glyceralde-
hyde and glycerol concentrations, and additionally the ee
value of L-glyceraldehyde, measured over a period of 26 h. A
conversion of 50% and an ee>99% was achieved by using
Gox1615 in the kinetic resolution of glyceraldehyde on prepa-
rative scale.

Discussion

In the present study, a GlyDH from G. oxydans (Gox1615) was
successfully cloned, expressed, purified, and biochemically
characterised. Gox1615 was annotated as a putative oxidore-
ductase and showed 32% homology to the protein sequence
of the GlyDH GLD1 from H. jecorina."” Both enzymes favour
the reduction of glyceraldehyde compared to DHA. Therefore,
Gox1615 belongs to the glycerol:NADP* oxidoreductases
(EC 1.1.1.72). Other purified and characterised enzymes belong-
ing to this class are, for example, the GlyDH from Neurospora
crassa™® and the GlyDH from rabbit skeletal muscle."® Among
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Table 2. Substrate spectrum in the reduction catalysed by the GlyDH
from G. oxydans. The activity was obtained by using the standard spectro-
photometric assay.

Substrate Specific activity
[Umg™]
Aldehydes
1 ~F° 0.1
2 P 1.1
3 ~o~z0 233
4 AN 31.9
5 AN 4.9
6 NP NP 355
7 P NN 15.9
8 A N N N NN 19.3
OH
9 Ho._A 0 39.1
OH
% Ho A0 46.6
OH
9b HOWO 20
10 _0 6.7
1 \)\¢o 26.8
12 /\)\%O 25.7
o}
13 @—// 13.8

o]
. y
14 19.6
F

Ketones
17 /\/\)J\/ 0.02
18 ®_< 0.04
]
]
0
20 0.03
le]
0

21 Ho._J_ oH 0.5

these known members of this enzyme class Gox1615 is the
only GlyDH of bacterial origin.

Moreover, quaternary structure comparison of different
GlyDHs showed a considerable difference between the native
conformations of Gox1615 and the GlyDH from N. crassa. Our
results indicate that Gox1615, much like the GlyDH from rabbit
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Table 3. Substrate spectrum in the oxidation catalysed by the GlyDH from G. oxydans. The activity was obtained by using the standard spectrophotometric
assay.
Substrate Specific activity Substrate Specific activity
[Umg™"] [Umg™]
OH
22 NSNNOH 0.74 34 Q—( 077
OH
OH OH
23 \/\/I\ 0.22 35 HO \)\/OH 0.17
7LO /\)Oi/
24 0.03 36 OH 121
(e} OH HO
~ OH
25 HO” “OH 0.05 37 AN OH 045
HO
OH
oH OH
26 Aon 05 38 0.76
OH
OH
27 Ho >"~CH 021 39 HO OH 075
OH
OH
OH A OH
28 P 0.66 40 HO Y T 0
OH
OH
OH
29 \(\/ 0.04 41 HO OH 0.90
OH
OH
OH OH
30 HO o~ -OH 059 42 HO OH 025
OH
OH OH
oH HO_A_A_OH
31 A~ A_oH 039 43 \/\(\/ 0
OH
OH OH
32 HO™ NN OH 0.87 44 HO\)\H\/OH 246
OH
OH OH
OH A OH
33 HO/\/\)\/OH 030 45 HO/YK/\/ 1.08
OH OH

OH OH

reaction, with the reduction being the favoured reac-
OH tion as evident from a 19-fold higher activity for p-

Gox1615 R
HOJ\?O HO A0+ HO\)\/OH glyceraldehyde compared to L-arabitol, which is the

NADPH NADP

GDH
D-glucono-1,5-lactone B-D-glucose

Scheme 2. Scheme of the reduction of glyceraldehyde by using Gox1615.

muscle, has a monomeric structure whereas the GlyDH from
N. crassa is a tetrameric protein. A biochemical comparison of
the described GlyDHs and Gox1615 revealed a number of simi-
larities with respect to substrate specificity, but also a number
of differences concerning selectivity.

Regarding substrate specificity, Gox1615 acts on a broad
substrate range in the reduction as well as in the oxidation

best substrate in the oxidation.

With respect to the oxidative potential, Gox1615
showed a broad acceptance of alcohols with up to
six alcohol groups. The best specific activity was
reached with the oxidation of L-arabitol, for which
Gox1615 oxidized the L enantiomer with a specific
activity of 2.5Umg™", whereas no conversion was
detected with the p enantiomer. These results lead to

the suggestion that as with the reduction the enzyme shows
stereo- and regioselectivity in the oxidation.

This broad substrate range together with the assumed
stereo- and regioselectivity in the oxidation make Gox1615 a
versatile tool for enzymatic oxidation in the production of
chiral hydroxyaldehydes. This enzymatic oxidation opens an
environmentally-friendly process of great interest®?® as an al-
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Figure 5. Kinetic resolution of glyceraldehyde by Gox1615. The figure shows
the development of glycerol (o) and rac-glyceraldehyde (A) concentration
over a period of 26 h. Concentrations were determined by HPLC. The deter-
mination of the ee for L-glyceraldehyde (®) was carried out by using GC.

ternative to the metal-catalysed chemical oxidations. Addition-
ally, the chemical oxidations often suffer from a lack of regio-
and stereoselectivity—a complicated protecting group strategy
is necessary to obtain the desired products.?’=>% Therefore, the
oxidative potential of Gox1615 is currently under investigation.

Due to the named preference for the reduction, the main
focus of this work was the investigation of the substrate specif-
icity and selectivity in this reaction. We could show that
Gox1615 reduces different aliphatic aldehydes and showed the
best activity with a medium chain length of C, to C; (entries 3,
4, 6), which is similar to the GlyDH from rabbit skeletal muscle.
A comparison of the unsaturated aldehyde trans-hex-2-enal
(entry 5) with hexanal (entry 4) showed significant variations in
activity; this indicates the preference for saturated substrates.
Branched-chained and aromatic aldehydes (entries 13 and 14)
have also been accepted by the enzyme; this emphasises the
broad substrate range of Gox1615 in the reduction of different
aldehydes.

Interestingly, Gox1615 showed almost no activity in the re-
duction of ketones. The other GlyDHs so far known from the
literature show an inferior selectivity in the discrimination of
ketones and aldehydes compared to that observed for
Gox1615. All four compared enzymes show the highest activity
in the reduction of glyceraldehyde (entry 9), but differ in their
ability to reduce DHA (entry 21). The GlyDH from N. crassa re-
duces DHA with 43% activity relative to the activity obtained
for p-glyceraldehyde, GLD1 with 20%, the GlyDH from rabbit
skeletal muscle with 49%. Gox1615 showed the lowest side
activity towards DHA in the range of 1%; this means a quite
high regioselective reaction and a good discrimination of al-
dehydes and ketones by Gox1615 compared with the other
enzymes.

Comparison of the enantiopreference of the different
GlyDHs showed that while GLD1 has no enantiopreference in
the reduction of glyceraldehyde, the other GlyDHs displayed a
preference for the reduction of the b enantiomer. As a result a
lower activity in the reduction of L-glyceraldehyde compared
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to that of the p enantiomer was observed. Gox1615 reduced L-
glyceraldehyde with only 4% of the activity reached for the
D enantiomer, compared to the higher activity (36 %) obtained
for the GIlyDH from N.crassa and rabbit skeletal muscle
(Table 4). Therefore, Gox1615 showed the best stereoselectivity

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 4. Comparisson of the biochemical properties of Gox1615, GLD1
and the GlyDHs from N. crassa and rabbit skeletal muscle.
Gox1615  GLD1 GlyDH GlyDH
(G. oxydans) (H. jecorina) (N. crassa) (rabbit skeletal
muscle)
DHA acceptance 100:1 100:20 100:43 100:4
(p-Ga"/DHA)
stereopreference  p-specific no D-specific p-specific
preference
(p-Ga"/L-Ga*) 100:4 100:93 100:36 100:36
molecular weight 39000 - 43000 34000
(monomer) - (tetramer)  (monomer)
pH optimum reduction: - reduction: reduction:
55 6.5 5.0-7.0
oxidation: - oxidation:
10 9.5
[a] Ga=glyceraldehyde.

as evident from a ninefold lower activity with L-glyceraldehyde
compared to the other GlyDHs. The enantiopreference was
proven by GC analysis, with which Gox1615 showed an ee >
99% for L-glyceraldehyde.

Due to this excellent enantioselectivity a kinetic resolution
of racemic p,L-glyceraldehyde was our primary focus. In the lit-
erature, several reports can be found on kinetic resolution by
using oxidoreductases in the oxidative direction, starting, for
example, from racemic alcohols.”**'¥ But only few examples
are described that employ reductive resolution of racemates,
such as the kinetic resolution of racemic bicyclo[3.3.1]nonane-
2,6-dione®” by using whole genetically engineered cells of Sac-
charomyces cerevisiae as the catalyst. More common are kinetic
resolutions with hydrolases®*=>® due to their easy applications
without the need for coupled cofactor regeneration systems.
The advantage of using oxidoreductases for kinetic resolutions
are the excellent stereoselectivity of these enzymes for most of
the substrates, compared to hydrolases, which often show
moderate stereoselectivity, especially towards primary alco-
hols.?”

Additionally, L-glyceraldehyde is a valuable chiral building
block that has to be synthesised by using expensive L-arabi-
nose as starting material. Consequently, L-glyceraldehyde has
not been easily accessible at industrial scale. Furthermore, our
results show that by using Gox1615 in the kinetic resolution of
glyceraldehyde the optimal conversion of 50% was reached
with an ee>99%.5® The kinetic resolution was also performed
on preparative scale (4.05 g, 45 mmol) with a high ee value.
Therefore, the present direct enzymatic one-step preparation
of enantiopure L-glyceraldehyde represents an important mile-
stone towards a viable industrial bioprocess.
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Experimental Section

General: If not stated otherwise all chemicals were purchased
from Sigma-Aldrich. All columns and instruments for chromatogra-
phy (FPLC, Akta-Explorer) were purchased from GE Healthcare. Cen-
trifugations were carried out by using the centrifuges RC5BPlus
(Sorvall), Mikro22 and Rotina 35R (Hettich). For analytical methods
GC-17A and LC-20AHT (both Shimadzu) were used. Restriction en-
zymes were purchased from Fermentas. The studied GlyDH is com-
mercially available at evocatal (evo-1.1.190).

Molecular cloning of the GlyDH gene: Genomic DNA from G. oxy-
dans (DSM 2323) was used as template for the amplification of the
glydh gene. For the following cloning steps primers with recogni-
tion sites for the restriction enzymes Ndel and Sall were used for
the construction of the enzyme with N-terminal His-tag in pET-28a
(5’-ATA TAT ACA TAT GGC ATC CGA CAC CAT CCG CAT CcCcC C-3' and
5'-ATA TGT CGA CTC AGT CCC GTG CCG GGG GC-3). The PCR prod-
uct was cloned into pET-28b (Novagen) between the Ndel and Sall
restriction sites by using standard techniques.

Heterologous expression of the GlyDH: E. coli BL21(DE3) cells car-
rying the recombinant plasmid were cultivated in LB medium
(5 mL)®® containing ampicillin (100 ugmL™"), overnight, at 37°C.
These cultures were used to inoculate different amounts of LB
medium containing ampicillin (100 pg mL™") for expression in shak-
ing flasks at a final concentration of 0.05 optical density at 600 nm
(ODgoo). The cultures were grown at 37 °C. When the ODg, reached
0.5 to 0.7, production of the recombinant GlyDH was induced by
addition of isopropyl thio-f-p-galactoside (IPTG; 0.3 mm). For the
determination of the optimal growth conditions cultures were
grown at 25, 30 and 37°C (after induction) and assayed after a
period of 20 h.

Purification of the GlyDH: The bacterial culture was harvested by
centrifugation at 17000g for 20 min at 4°C. A cell suspension
(10%) was prepared in triethanolamine buffer (TEA, 100 mm) pH 7.
Cells were disrupted by five sonication cycles of 5 min (40% power
output) with cooling periods in between. The lysed cells were cen-
trifuged at 17000g for 30 min at 4°C, and the supernatant was
used for further purification steps. The enzyme was purified from
the crude extract by using immobilised metal affinity chromatogra-
phy IMAC (Ni-NTA, Qiagen). The column was equilibrated with TEA
buffer (50 mm, pH 7). The GlyDH was eluted by using a linear gra-
dient of imidazole (0 to 500 mm) in TEA buffer. After a desalting
step by gel filtration on Sephadex G25 (Pharmacia) the enzyme
was freeze dried and stored at —20°C until use.

Activity assay: GlyDH activities for the reduction or oxidation reac-
tions were determined by measuring the initial velocity change in
absorbance at 340 nm. For the enzymatic reduction racemic glycer-
aldehyde was used as standard substrate. One unit of activity was
defined as the amount of enzyme that catalyses the oxidation of
1 umol NADPH per minute under standard conditions (30°C, pH 7).
The reduction assay mixture contained substrate solution (970 pL
of 10 mm substrate in 100 mm TEA buffer, pH 7), NADPH (20 pL,
12.5 mm) in distilled water and enzyme solution (10 pL). For the ox-
idation the standard conditions were 37 °C and pH 9.7 with L-arabi-
tol as substrate. The assay mixture contained assay solution
(990 uL of 1 mm NADP, 30 mm ammonium sulfate, 100 mm sub-
strate in 100 mm potassium carbonate buffer, pH 9.7) and enzyme
solution (10 uL). Reactions were started by addition of the enzyme
solution and measured over 1 min. All measurements were carried
out at least in triplicate.
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Protein analysis: Protein concentrations were determined accord-
ing to the Bradford by using BSA as a standard.®” SDS-PAGE was
performed by using Bis-Tris gels (4-12%) in MOPS (3-(N-morpholi-
no)propanesulfonic acid) buffer (Invitrogen); Mark 12 protein stan-
dard (Invitrogen) was used for molecular weight estimation of pro-
teins. The molecular mass of the GlyDH was determined by using
size-exclusion chromatography. Therefore, a BioSep SEC $2000-
HPLC column (300 7.8 mm, Phenomenex) connected to a Shimad-
zu LC-20AHT system with Tris-HCl buffer (200 mm, pH 7.5) as
mobile phase (1 mLmin~") was used. The lyophilized protein and
the protein standard (AQUEOUS SEC 1, Phenomenex) were dis-
solved in Tris-HCl buffer (200 mm, pH 7.5) and analysed by HPLC.

Determination of pH and temperature optima: In order to obtain
the temperature optimum of the GlyDH the standard reduction
enzyme assay was performed at different temperatures. The pH
optimum was determined by using both standard assays at differ-
ent pH values (reduction and oxidation). For the investigation of
the pH optimum for the reduction reaction the standard activity
buffer TEA (pH 6.8 to 10.0) as well as citrate phosphate buffer
(pH 3.0 to 7.0) were used. For the oxidation reaction potassium car-
bonate buffer (pH 9.2 to 11.0) and TEA buffer (pH 7.0 to 9.2) were
used.

Stability investigations: For the investigation of temperature and
pH stability the enzyme was incubated at different temperatures
and pH values. At appropriate time intervals samples were taken
and the residual activity was assayed by using the standard reduc-
tion assay. For the determination of the midpoint of thermal inacti-
vation (T,) each temperature was maintained for 10 min before
samples were withdrawn for the assessment of the residual activi-
ty.

Determination of kinetic constants: To determine the kinetic con-
stants (K und V) the standard activity assays of reduction and
oxidation were used. All parameters were kept constant, only the
investigated parameter, cofactor or substrate concentration was
modified. For the determination of the kinetic parameters the
Michaelis-Menten equation was used with the exception of the
cofactor NADPH (see the Results section).

Preparative kinetic resolution of glyceraldehyde: The reaction
mixture was prepared by dissolving racemic glyceraldehyde
(4.05 g, 0.045 mol, 150 mm), glucose (8.92 g, 0.045 mol, 150 mm),
ammonium sulfate (7.93 g, 0.06 mol, 200 mm) and NADP* (0.12 g,
0.15 mmol, 0.5mm) in potassium phosphate buffer (250 mL,
100 mmMm, pH 7). The reaction was started by addition of Gox1615
crude extract (50 mL, 700 U) and glucose dehydrogenase from
Thermoplasma acidophilum (300 pL, 460 U; Sigma: G5909). Samples
(50 pL) were taken periodically and diluted either with trifluoroace-
tic acid (300 pL, 0.5m) for HPLC analysis or with ethyl acetate
(300 pb) for GC analysis. GC samples were derivatized for 30 min
with acetic anhydride (100 pL) and pyridine (10 pL). Concentrations
of glyceraldehyde and glycerol were determined by using Agi-
lent 1100 HPLC equipped with a CS organic acid resin column
(300x 8 mm) with triflucroacetic acid (5 mm, 0.7 mLmin™") at 5°C.
The enantiomeric ratio for glyceraldehyde was determined by
using a HP 6890 GC with a Varian CP-Chirasil-Dex CB column
(25 mx0.32 mm).
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