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Achievements and Challenges in Generating Protocell

Models

Helmut H. Zepik and Peter Walde*™

Dedicated to Pier Luigi Luisi on the occasion of his 70" birthday.

The most promising approach for the
synthesis of a cell-mimicking chemical
system that can undergo Darwinian evo-
lution is the coupling of a self-replicating
ribozyme with a self-reproducing lipid
vesicle.! The polymerisation of RNA and
the in situ formation of fatty acid (FA)
vesicles was first combined in the 1990s
in Luisi's group, albeit with the help of
an enzyme, polynucleotide phosphory-
lase (PNPase).?’ In a similar approach,
Joyce, Deamer and co-workers encapsu-
lated PNPase in phospholipid vesicles
that could be permeated by the sub-
strate of PNPase, ADP, by adjusting the
temperature to the main phase transi-
tion temperature (T,) of the lipid bilay-
er® Permeability again takes center
stage in a recent study by Szostak and
coworkers that employs mixtures of
simple lipids to prepare model proto-
cells. They developed a system that was
able to use template-directed synthesis
to generate a genetic polymer within
these model protocells—this time, how-
ever, without using an enzyme." Proto-
cells are hypothetical precursor struc-
tures that are assumed to have preceded
the first cells during the prebiological
chemical evolution and eventually led to
the first biological cells.”

The Szostak lab has done a formidable
job in recent years in working towards
the creation of a potentially prebiotic
protocell model. Their earlier work in-
cludes studies on the growth and divi-
sion of FA vesicles,® the encapsulation
of RNA adsorbed on clay-particles,”
hammerhead ribozyme activity in stabi-
lized FA-based vesicles,” the selective
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growth of osmotically challenged vesi-
cles,” and the diastereoselective perme-
ability for ribose."”

While big challenges remain, and not
all of the above-mentioned processes
work under the same conditions, the
recent paper by Mansy et al.”! brings us
a step further on the way towards a lab-
oratory simulation of the origin of life.
Mansy et al.”! managed to render mixed
FA-based vesicles sufficiently permeable
for activated nucleotides but stable
enough so that a DNA-oligomer, which
served as the template, remained encap-
sulated inside the vesicle.

This new report consists of three
parts. First, the authors studied the per-
meability of mixed FA vesicles for ribose,
examining factors like surface charge,
chain length, unsaturation and branch-
ing. They found that farnesol, a highly
branched and unsaturated isoprenoid,
has the strongest effect on permeability
in a 1:2 mixture with myristoleic (C14:1)
acid; this is most likely caused by the
creation of packing disorders. In the
second part, the permeability of nucleo-
tides was examined. As expected, per-
meability was reduced as the number of
charges increased (AMP vs. ADP vs. ATP),
but enhanced by complexation with
Mg?* and by activation as imidazolide.
Finally, the system developed by Mansy
et al.” was able to carry out a template-
controlled, nonenzymatic synthesis of an
oligonucleotide within vesicular com-
partments that were composed of chem-
ically simple, potentially prebiotic amphi-
philic lipids: decanoic acid, decanol and
glycerol monodecanoate (4:1:1)." Be-
cause activated nucleotide monomers
were added to the vesicles already con-
taining the template, the permeability
properties of the vesicles used were the
key point for the success of the work;""?
the nucleotides had to move across the

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

vesicle membranes without leakage of
the encapsulated macromolecular tem-
plates.

Protocell research is where biophysics,
synthetic chemistry, molecular biology,
surfactant self-assembly and nanotech-
nology meet—in a field at the border
between chemistry and biology and
strongly driven by theoretical considera-
tions and computer simulations."¥ This
is due to both the complexity of con-
temporary cells and the different ideas
about what theoretically constitutes a
minimal cell. Early cells were certainly
structurally and functionally simpler than
modern ones, although they already
possessed a considerable degree of or-
ganization. It is obvious that compart-
mentalization must have been an impor-
tant property of the first cells, but com-
partmentalization alone was not suffi-
cient. The first cells probably contained a
primitive metabolism linked to a tem-
plate-based replication system, which
allowed informational molecules to be
copied. These were then linked to the
metabolic activity and to the formation
of amphiphilic molecules, which consti-
tuted the compartments boundary, to
allow for compartment growth and re-
production.'*'®

One of the challenges in the field of
protocell research today is the prepara-
tion of a chemical system which fulfils
the conceptual requirements set for
early cells—at best with molecules
which are potentially prebiotic (see
Figure 1). To reach this goal, a number of
experimental problems still have to be
solved. Some of these are 1) linked to
the molecular structures of the compo-
nents of which the protocells were possi-
bly made of (for example, prebiotically
relevant lipids, templates, catalysts), and
2) linked to analytical and systemic
methodologies to investigate those pro-
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Figure 1. Schematic representation of the cross
section of a spherical unilamellar vesicle, which
serves as model of a protocellular system. The
vesicle shell, which separates the inside from the
outside, is composed of amphiphiles with varied
chemical structure; some examples are A) mix-
tures of single chain lipids, B) mixtures of single
chain lipids and hydrophobic non-amphiphilic
compounds, C) mixtures of lipids which do not
mix homogeneously, but assemble into domains
with different molecular order and D) double
chain lipids. The protocell hosts a template that is
copied and a template-dependent primitive me-
tabolism, which results in the formation of mem-
brane compounds that allow for its growth and
eventually for vesicle reproduction. The vesicle
permeability properties, which are given by the
membrane composition and the chemical com-
position inside and outside of the vesicles, con-
trol the (selective) nutrient uptake and waste re-
lease. The size and lamellarity of the vesicles are
in turn controlled by the membrane composition
and by the physicochemical conditions during
the vesicle formation process.

tocell models and their dynamic behav-
iour. This latter point comprises ex-
change of components between outside
and inside (and vice versa), chemical
transformations and protocell morpholo-
gy changes.

With respect to a further increase in
the complexity of a protocell model,
there is still a need for new methods
that allow quantification of vesicle bilay-
er permeability. The methodology used
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by Mansy et al.” largely depends on an
indirect assay using fluorescent probe
molecules."” The method is based on
the self-quenching of an entrapped fluo-
rophore that becomes diluted upon
solute permeation, leading to an in-
crease in fluorescence intensity. Despite
the great progress that has been made
during the last decades in the field of
lipid vesicles as biomembrane models
and as drug delivery systems,"® which is
essential for protocell research at large,
direct vesicle permeability measure-
ments still remain a challenge.

From a strictly prebiotic point of view,
there are a number of chemical ques-
tions that need to be addressed. First,
the number of presumably prebiotic am-
phiphiles which form bilayers is rather
limited today: FAs and fatty alcohols, al-
kylphosphates and phosphonates,® pol-
yprenylphosphates.”® The range of ex-
perimental conditions under which they
form stable membranes (for example,
change in pH, salt content) is also limit-
ed.?"? Second, even though the lipid
mixtures used by Mansy et al” are an
improvement with respect to earlier sys-
tems that only used single types of FAs,
more work will certainly have to be de-
voted to membrane and vesicle repro-
duction processes.”>*? Finally, it is im-
portant to recall that the template, the
primer and the (activated) nucleotides
used by Mansy etal™ are chemically
complex, nota bene optically active, and
it will be a big challenge to 1) either
convincingly demonstrate that a prebiot-
ic synthesis of nucleotides and oligonu-
cleotides is possible, or 2) to find alterna-
tive, chemically simpler molecular sys-
tems with similar properties.””!
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Polymerization of a-Hydroxy Acids by Ribosomes

Atsushi Ohta,” Hiroshi Murakami,”™ and Hiroaki Suga*® "’

Over 30 years ago, Fahnestock and Rich reported intriguing data
showing the capability of the ribosome to polymerize phenyllac-
tic acid. Although the polymerization was initiated and terminat-
ed randomly on polyuridic acids, the given data convincingly
suggested that the generated polymer was composed of an ap-
proximately 7:3 mixture of phenyllactic acid and phenylalanine.
Despite the fact that Fahnestock’s conclusion was very likely cor-
rect, there have been no reports to follow up the ribosome-cata-
lyzed polymerization of a-hydroxy acids until very recently. At the

Introduction

Can ribosomes polymerize an a-hydroxy acid?

Over 30 years ago, Fahnestock and Rich published a report en-
tittled “Ribosome-catalyzed polyester formation”."! This report
describes a landmark experiment in which it was shown that
the ribosome is capable of polymerizing a non-o amino acid
substrate, phenyllactic acid (F*). The classic Nirenberg method,
which led to decoding the universal genetic code, was modi-
fied for their experiment. Instead of translating a synthetic
polyuridic (poly-U) acid by using Phe-tRNA™, [“C]-labeled
F_tRNA™™ was added to the translation system, which was
composed of a cell-free E. coli S-100 and minimal organic/inor-
ganic components, such as GTP and buffer (Figure 1A). The
["C]-F*~tRNAP" was chemically prepared by deamination of
['*C]-Phe—tRNA™™ by using nitrous acid. After the translation
reaction, the polymerized products were precipitated with tri-
chloroacetic acid (TCA) and the radioactivity of the precipitates
was counted to quantify the yield of polymer. It was shown
that the TCA-insoluble matter was formed only in the presence
of all translation components, that is, S-100, poly-U, and GTP,
and its recovery yield was nearly 10% of the poly-Phe synthe-
sis. Upon treating the precipitate with alkaline, the resulting
products were analyzed by paper electrophoresis. Supposedly,
alkaline digestion would cleave ester bonds between F&—F=,
but not amide bonds such as F*—Phe or Phe—Phe. In fact, the
paper electrophoresis separated the products that originated
from F*—Phe and F™ with a ratio of approximately 3:7. The
authors suggested that Phe likely originated in S-100, and thus
such a minimal contamination of amino acids could not avoid-
ed. Nonetheless, this observation gave indirect but convincing
support for the idea that the polymerization of F* occurred
consecutively three or four times followed by random incorpo-
ration of Phe into the poly-F chain.

Despite the limitations of the analytical techniques available
at that time, the data convincingly suggested that the ribo-
some is capable of catalyzing the polymerization of F°; how-

ChemBioChem 2008, 9, 2773 -2778
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end of 2007, we reported messenger RNA (mRNA)-directed polyes-
ter synthesis by using the new emerging method of genetic-code
reprogramming in which a-hydroxy acids with various kinds of
side-chains are assigned to arbitrarily chosen codons. In this
work, we have achieved the ribosomal synthesis of polyesters
with the sequence composition and length in a fully controlled
manner according to the sequence of mRNA. This Concept article
describes the background of the method development and its
application to the synthesis of polyesters.

ever, many technical as well as scientific questions were left
unresolved by this demonstration. Regarding technical issues,
the polyester formation was only confirmed by indirect evi-
dence, that is, by detecting the ["*C]-radioisotope of the alka-
line-digested sample of the acid-insoluble precipitants. There-
fore, it was still unknown how long F? could be consecutively
polymerized. Ideally, the polyester should be directly detected
as an intact polymer. Moreover, due to unavoidable contami-
nation of Phe in S-100, deacylated tRNA™ generated by the
hydrolysis of ["C]-F*~tRNA™ would be recharged by phenyl-
alanyl-tRNA synthetase (PheRS). This resulted in the random
incorporation of Phe into the poly-F* chain after every three
or four residues. Thus, the contamination-free polymerization
of F¢ was not, unfortunately, achieved. Moreover, it is of scien-
tific interest whether other types of a-hydroxy acids (a-ha) can
be accepted by ribosomes for polymerization. Along the same
line, instead of the random initiation and termination demon-
strated by Fahnestock’s experiment, it is critical to utilize the
full capability of the translation system, that is, to show fully
controlled initiation, elongation, and termination along the
mRNA sequence that leads to the generation of a defined
length of polyester. Finally, it would be the most critical chal-
lenge to demonstrate the ribosomal synthesis of a variety of
polyesters that contain distinct side-chains designated by
mMRNA templates. To this end, we set a project to challenge the
ribosomal polymerization of a-hydroxy acids that would simul-
taneously address all of the above issues.”

[a] A. Ohta, Prof. H. Suga

Department of Chemistry and Biotechnology
Graduate School of Engineering, University of Tokyo
113-8656 Tokyo (Japan)
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Figure 1. Two different approaches for ribosomal polyester synthesis. A) In Fahnestock’s approach, in which F*~tRNA™™ was prepared by chemical deamina-
tion of Phe—tRNA™*, polymerization was randomly initiated and terminated on the poly-U template. Due to the lack of an open-reading frame in the poly-U
template, the resulting product had nonhomogenous lengths of polyesters. Moreover, a trace amount of Phe—tRNA™™ resulted in the random incorporation
of Phe into the polyester chain; B) mRNA-directed polyester synthesis by using genetic-code reprogramming. The flexizyme system facilitates the hydroxyacy-
lation of tRNAs, and these hydroxyacyl-tRNAs were added to a wPURE system for the polymerization of the a-hydroxy acids; L*: isopropyllactic acid; F?<:

phenyllactic acid.

Genetic-Code Reprogramming for Polyester
Synthesis

About ten years after Rich’'s report, a new methodology was
developed for introducing nonproteinogenic o-amino acids
into peptide chains.®># A mischarged tRNA,, with a nonpro-
teinogenic amino acid was used to suppress a UAG stop
codon (amber codon) and the amino acid was incorporated
into a specific site of the peptide chain by using a cell-free
translation system. This method is also applicable for the incor-

2774
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poration of a-hydroxy acid®™® to generate an ester bond in the
peptide chain. In fact, it has been utilized to disrupt the back-
bone hydrogen-bonding network in a protein of interest and
to specifically cleave the peptide chain at the ester site. Un-
fortunately, the mischarged tRNA.,, must inherently compete
with the release factor present in the translation apparatus,
that is, translation termination, and therefore the incorporation
efficiency heavily depends on the kind of side chains in the
a-hydroxy acid. This fact also prohibits us from performing
consecutive multiple incorporations of an a-hydroxy acid(s).

ChemBioChem 2008, 9, 27732778
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Polymerization of a-Hydroxy Acids

Clearly, it is necessary to use another methodology that allows
us to control the undesirable competition in translation so as
to polymerize many kinds of a-hydroxy acids. More recently an
alternative technology, referred to as genetic-code reprogram-
ming, has been devised to resolve the above problem.

In genetic-code reprogramming some of the proteinogenic
amino acids and/or other components are withdrawn from the
translation system so as to break the tight relationship be-
tween the amino acids and cognate codons in the genetic
code. In 2003, Forster et al. introduced this concept by demon-
strating that three kinds of nonproteinogenic amino acids
were reassigned to three different codons and incorporated
into a peptide in succession by sense suppression."” Despite
the fact that this early work used a translation system that was
unable to turnover, two significant benefits over the classical
method that used amber suppression®* are evident. First, be-
cause the proteinogenic amino acids, the codons of which are
aimed at reprogramming, are withdrawn from the translation
system, there are no direct competitors against the desired
suppression. This is in sharp contrast to the amber suppression
in which the release factor competes with a suppressor
tRNAy, that is charged with a nonproteinogenic amino acid
to terminate the translation. Therefore, it is expected that the
efficiency of sense suppression would be higher than that of
amber suppression. Second, because the assignment of non-
proteinogenic amino acids can be achieved by choosing any
desired codons, and is not restricted to stop codons, the
number of nonproteinogenic amino acids for the codon re-
assignments is—in principle—unlimited. If these two concepts
were achieved, we expect that nonstandard peptides or even
other types of biopolymers could be synthesized with the
translation machinery. Stimulat-
ed by Foster’s experiment, sever-
al groups have started work on  A)
further development of genetic-
code reprogramming."'-*!

For nearly ten years, we have
engaged in a project to develop
artificial ribozymes, called “flexi-

zymes”, which are capable of / o
charging amino acids onto OJKI,
tRNA.'%263Y The |atest version of %QU\

the flexizyme system enables us A~

. . CuG
to charge virtually any amino

acid, including nonproteinogenic
ones, onto tRNA that bear vari-
ous anticodons."? Importantly,
we have found that it is able to
charge a variety of a-hydroxy
acids onto tRNAs, to yield hy-
droxyacyl-tRNAs (ha-tRNAs).>'®
Thus, the use of this system
should facilitate the study of the
ribosomal synthesis of polyesters
to address the questions that
were raised earlier when it was

—@®
b %?U\ b %’?U
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Competition with Lys

combined with the genetic-code reprogramming methodolo-
9y.

Despite the fact that some a-hydroxy acids were successfully
incorporated into a peptide (protein) chain at a specific site by
the nonsense suppression,®®3%33 to the best of our knowl-
edge there is no report for the successive incorporations of
a-hydroxy acids by any means except for Fahnestock’s experi-
ment. To successfully achieve the polymerization of a-hydroxy
acids by ribosome catalysis, two technical improvements
turned out to be critical. First, we needed to use a special re-
constituted E. coli cell-free translation system,?3*=7 referred to
as WPURE, in which both amino acids and cognate aminoacyl-
tRNA synthetases (ARSs) for the reprogramming codons were
withdrawn from the ordinary PURE translation system. Because
a-hydroxy acids are intrinsically poorer substrates for ribosome
than a-amino acids,*®**” the wPURE system that lacked only a-
amino acids was insufficient to control the background level of
competitive incorporation of a-amino acids into the polyester
chain. Second, we developed two types of engineered, orthog-
onal tRNAs that are not aminoacylated by E. coli ARSs, tRNA*"E
and tRNAY™™" (Figure 2A and B), to carry the a-hydroxy
acids—in the experiments, we used three tRNAs, but two of
these belonged to the family of tRNA*"t and behaved virtually
the same. We performed the reassignment of seven codons to
seven o-hydroxy acids (Figure 3A), but one of the codons,
CAG (GIn), suffered from minor misincorporation of Lys as the
LysRS catalyzed the mischarge of Lys onto tRNA*"E. . the
body sequence of which was our standard scaffold for orthog-
onal tRNAs with various anticodons (Figure 2A). We thus
screened potential body sequences of orthogonal tRNA and
found tRNAM*" derived from mycobacteriophage L5 tRNA*",

tRNAMLAsn

deacylation

4 0 /S j\r A
5 NH; "
%g%ﬁ %g}ﬁ
CUG " CUG

mRNA mmmmm CAG wme

ribosome ribosome

CAG Specific incorporation of a-ha

Figure 2. A strategy for controlling the competition with undesirable misincorporation into the polyester chain.

A) Competition between o-hydroxy acid and Lys for tRNA*" at the CAG codon. Because the deacylated tRNA*"®
suffered from mis-lysinylation catalyzed by Lys—tRNA synthetase (LysRS), the resulting Lys—tRNA*™ competed
with ha-tRNA for CAG decoding; this resulted in misincorporation of Lys into the polyester chain. B) Specific incor-
poration of a-hydroxy acid on tRNAMA" at the CAG codon. The deacylated tRNAM*" was inert to LysRS, which
prevented its mis-lysinylation. Thus, the CAG codon was exclusively decoded by ha-tRNAY*4"; this led to the pro-

grammed incorporation of the a-hydroxy acid.
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A)

B)

mRNA templates

AUGHAS GUU@EAS cuc @A GUUEAR CUC AAG AAG flag

AUGHEAS GUUEAB UUC AAG AAG flag

Figure 3. mRNA-directed polyester synthesis by using genetic-code reprogramming. A) The genetic-code reprog-
rammed by seven kinds of a-hydroxy acids; B) mRNA-directed polyester synthesis. Each template yielded respec-
tive polyester sequences under the control of the reprogrammed genetic code shown in A).

This tRNAM*" was inert to LysRS and other E. coli ARSs, and
therefore the CAG codon could also be used for reprogram-
ming (Figure 2B).

Messenger RNA-Directed Polyester Synthesis

Using the above-described wPURE and flexizyme systems, we
attempted to express polyesters in a mRNA-dependent
manner (Figure 1B). We designed the mRNA template se-
quence to encode a polyester—peptide hybrid. In this polymer,
the polymerization was initiated from formylated methionine
assigned by AUG, elongated with a-hydroxy acids assigned by
seven different codons, and further elongated by three amino
acids (K, D, and Y) yielding a modified sequence of flag pep-
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tide, KKDYKDDDDK (Figure 3B).
This flag peptide facilitated isola-
tion as well as detection/quan-
tification of the products by
means of tricine-SDS-PAGE when
['*C]-D was included in the trans-
lation mixture to yield the ["*C]-
flag peptide at the C terminus of
polyester. It should be noted
that wPURE is a coupled tran-
scription-translation system, and
therefore the actual template is
the corresponding DNA that
bears a T7 promoter sequence.
Thus, the DNA template was
added to the wPURE system
along with ha-tRNAs that were
prepared by the flexizyme
system, and the resulting prod-
uct was assayed by MALDI-TOF
mass spectrometry and tricine-
SDS-PAGE.

We demonstrated the expres-
sion of a trimer-polyester and
four tetramer-polyesters with a
variety of compositions of a-hy-
droxy acids. In the case of these
polyesters, their expression level
was comparable to wild-type
peptide expression, and gave a
quantity that ranged from 5-
15 pmol per 5 plL. Most impor-
tantly, in all cases the MALDI-
TOF analysis revealed a single
major peak that was consistent
with the molecular mass (MS) of
the anticipated composition of
polyesters. Therefore, this was
the first direct evidence that
showed ribosomal synthesis of a
polyester, the sequence and
length of which were fully con-
trolled by the mRNA template.
We also extended the polymerization of a-hydroxy acids to
pentamer, hexamer, octamer, and dodecamer. In all cases, we
observed a band on tricine-SDS-PAGE in the individual expres-
sion; this suggests that the product contained the correspond-
ing ["*Cl-flag peptide, that is, it is likely that the polyester-flag
hybrids were expressed. The MALDI-TOF analysis of the polyes-
ter-flag hybrids, however, gave no peak; we examined a variety
of analytical conditions by altering the supporting matrixes
and/or laser powers, but the expected MS that corresponded
to the full-length polyester-flag hybrid was not observed. We
assumed that the product was lost during sample manipula-
tion, for example, by aggregation or precipitation of polyes-
ters. We thus treated the crude product under basic condition
to hydrolyze it, and analyzed the resulting sample by MALDI-

GUU@AB GUU AAG AAG flag
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TOF and found the peaks for (ha),-flag and ha-flag in all cases.
Most importantly, the observed MS for each of the (ha),—flag
was consistent with the MS value that was expected from that
expressed from the respective mRNA sequence. Therefore, we
concluded that it was very likely that the full-length polyesters
were expressed in accordance with the mRNA sequences.

Outlook
Challenges successfully achieved and still remaining

We have thus far resolved the following questions: 1) Can the
polyester sequence be programmed by mRNA? Yes, it can be
done by genetic-code reprogramming. We have demonstrated
the reassignment of seven different a-hydroxy acids to seven
codons and successfully polymerized them to polyesters ac-
cording to the mRNA templates. 2) How many a-hydroxy acids
can be successively polymerized? We have demonstrated poly-
ester synthesis up to tetramer length as confirmed by MS evi-
dence of the full-length products, and up to the dodecamer
length as confirmed by MS evidence of the fragmented prod-
ucts.

Although the above two achievements resolved most issues
that remained unanswered in the Fahnestock experiment,
some issues are still unresolved. The expression level of polyes-
ters longer than dodecamers was very low, which made it diffi-
cult to ensure their expression. Moreover, we were only able to
detect hydrolyzed products, rather than the full-length polyes-
ters, when their lengths were longer than five. Thus, from a
technical point of view, we need to achieve better polymeri-
zation efficiency of a-hydroxy acids than the current system,
and to develop a method to detect the polyesters as intact
full-length products. How can we solve these problems? Un-
fortunately, we currently do not have a definitive approach.
For the former improvement, we might be able to engineer
elongation factor Tu (EF-Tu)®" or orthogonal tRNAs“**! for
higher affinity of ha—tRNA because it is known that EF-Tu
binds F*~tRNA nearly 300-fold poorer than Phe—tRNA.B? Also,
it would be critical to engineer the ribosome itself**" to
increase the acyl-transfer rate for the a-hydroxy acids in the
active site, because the transfer rate of a-hydroxy acids has
been estimated to be at least tenfold slower than that of a-
amino acids.®**? By combining these approaches, it might be
possible to solve the former problem. The latter problem
might be solved by an appropriate manipulation and isolation
of the products to avoid their loss, and also by MALDI-TOF
analysis under the conditions that are specially designed for
the analysis of labile polyesters.

Despite the above technical problems, our technology as a
whole has great potential to serve as a platform to new re-
search directions. First, mRNA-programmed polyester synthesis
allows us to polymerize multiple a-hydroxy acids that have
various side-chains with a desired sequence. Moreover, com-
bining ribosomal polymer synthesis with some in vitro display
techniques™*” facilitates the selection of functional sequences
of polyesters or polyester—peptide hybrids from the corre-
sponding libraries with high complexities. Considering the fact
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that the ester bond has unique properties—in terms of plasti-
city and rigidity—that are distinct from the peptide bond, it is
of great interest to generate functional polyesters and polyes-
ter—polypeptide hybrid biopolymers and investigate their de-
tails. Second, a-hydroxy acids are also useful for investigating
elongation chemistry in the ribosome. In fact, the use of an a-
hydroxy acid (phenyllactic acid) in elongation slows the rate of
the peptidyl-transfer reaction in ribosomes;“” this allows re-
searchers to ask specific questions of the chemical event that
are not readily accessible by the use of standard amino acids.
Although Rich’s classic method was used to prepare the ha-
tRNA in the reported work so far,"” our flexizyme system readi-
ly expands the usable repertoire of a-hydroxy acids (and also
nonproteinogenic amino acids) without limiting the tRNA spe-
cies. This would provide researchers a nearly unlimited capabil-
ity to investigate the elongation chemistry that occurs in the
active site of the ribosome.

On the other hand, the methodology developed through
this study has already given many fruits. For instance, the
same methodology has been fully utilized in our recent work
for the synthesis of N-methyl-peptides.?? In this work, because
the analytical problem did not exist, we were able to success-
fully detect up to dodecamer N-methyl-peptides by MALDI-
TOF. Similarly, we recently reported the ribosomal synthesis of
a cyclic peptide that is highly resistant to peptidases, and the
methodology used was an adaptation of that developed for
the polyester synthesis.?"?*2% Thus, mRNA-directed polyester
synthesis was the first example of a series of studies,?'~2**"
and the methodology described here provides a foundation
for new avenues in ribosomal synthesis of biopolymers.

Keywords: genetic code - ribosomes -

translation - tRNA

template synthesis -
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An Alternative Nucleobase Code: Characterization of Purine-Purine DNA
Double Helices Bearing Guanine-Isoguanine and Diaminopurine 7-Deaza-

Xanthine Base Pairs

Benjamin D. Heuberger and Christopher Switzer*®

Non-natural nucleic acid frameworks have exhibited functional
behavior as independent,”" expanded,” and potentially prebi-
otic® genetic systems. While success has been achieved in
these areas by replacing the native chemical functionality that
is found in the sugar-phosphate backbone or bases with non-
native groups, less-divergent structural alternatives to nucleic
acids still remain to be fully explored. To date, nonstandard
base pairs rely on alternate hydrogen-bonded motifs,” com-
plementary hydrophobic surfaces,” dimensional homologues,™
and metal coordination.”” One minimally divergent alternative
that is yet to be fully explored is an all-purine genetic system.

Crick proposed that a genetic system that incorporates only
adenine and hypoxanthine might have preceded the modern
genetic code.” In this connection, a wide array of helical struc-
tures have been reported for all-purine nucleic acids, including
those that contain three, four,”” and five strands."” Double-
stranded purine-purine structures are known in the context of
both nonstandard"*"" and natural*'*'¥ nucleic acids; howev-
er, only two reports describe all-purine duplexes of DNA that
display Watson-Crick!™ or reverse Watson-Crick!™" pairing for
association. Whereas model systems have so far failed to dem-
onstrate nonenzymatic oligomerization by purine-purine
pairs," insufficient information exists to date concerning the
fitness of an all-purine double helix to assess its suitability as a
precursor or independent genetic material. In an extension of
our earlier work on iG self-pairing,”'” we report the character-
ization of the G-iG and D-“X base-pairing system in DNA
(Scheme 1).1'9

Several considerations guided purine nucleobase selection.
To minimize potential mispairs (e.g., A-G""” or H-iG'¥), diami-
nopurine and xanthine motifs were utilized in place of adenine
and hypoxanthine. Further, 7-deazaxanthine was deemed a
more-suitable complement to diaminopurine than xanthine
because the lack of a 7-nitrogen atom leads to reduced sus-
ceptibility to depurination and an increased pK,."® Additionally,
the nitrogen substitution in 7-deazaxanthine removes a Hoog-
steen-face hydrogen-bond acceptor, thereby inhibiting alterna-
tive modes of strand association.®'? |soguanine, via its N3-H
tautomer, was chosen to complement guanine in analogy with
homo-DNA pairing."® It is notable that both D-“X and iG-G
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4: 5-dCAACACCA-3’ 14: 5°-diGDC7XDIGDC'GC7XCTGIGDG-3
5: 5°-dGDDGDGGD-3’ 15: 5°-diGAC7XAIGAC'GCTXCTGIGAG-3’
6: 5-dC7XiGiIGCTXIGCTXCTXiG-3"  16: 5°-dCTGCACTGTATG-3’
7: 5-dGAAGAGGA-3’ 17: 5°-dCATACAGTGCAG-3’
8: 5°-dTCCTCTTC-3 18: 5°-diGDC?GE7XDC7XiGG-3°
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21: 5’-dCGATACTG-3’

Scheme 1. A) Purine-purine and purine-pyrimidine base-pair structures;
B) oligonucleotide sequences.

base pairs benefit from the potential to form three hydrogen
bonds via their Watson-Crick faces.

The oligonucleotides displayed in Scheme 1 were synthe-
sized from commercially available phosphoramidites on an Ex-
pedite 8909 DNA synthesizer. To assess the association of com-
plementary strands, UV-monitored thermal denaturation ex-
periments were performed on each of two strands individually,
and then combined. Because the optimal wavelength at which
to observe hyperchromicity is expected to be unique for a
given nucleic acid complex, multiple wavelengths were moni-
tored simultaneously during initial experiments. A clear melt-
ing transition was observed with maximal hyperchromicity at
250 nm for 1-2 (Figure 1A). It can also be seen from Figure 1
that profiles for 1 and 2 alone do not sum to the denaturation
profile of 1 and 2 combined. These results are consistent with
duplex formation between 1 and 2. Similarly, clear melting
transitions are seen for 5-6 and 9-10 (Figure 1C, E). Thermody-
namic values for strand association were obtained by nonlinear
regression of the melting curve traces'” and a van't Hoff
plot?” (Table 1).

Whereas clear evidence is seen for association between olig-
omers 1 and 2, thermal denaturation of the individual strands
revealed that oligomer 2 self associates in the absence of its

L WWILEY






0.08] ) - 0.18] B) -
0.12
4 004 1
1
/2 0.06
0.00 g — 2
10 30 50 70 R TR 50 70
021y ¢ o 0.12] D)
0.14 0.08 506
A
0.07 0.04
0.004 i 0.00 o
T 30 50 70 10 30 50 70
0.0391 E) 010 29 B 9410
0.026 0.030
A
9,10
0.013 0.015
0.000 9,10
0 30 s 70 M=

rc

Figure 1. UV,5, denaturation profiles: A) 1.0 m NaCl, 10 mm NaH,PO,, pH 7.0,
35 pm DNA; B) 10 mm NaH,PO,, pH 7.0, 25 pm DNA; C) 1.0 m NaCl, 10 mm
NaH,PO,, pH 7.0, 25 um DNA; D) 10 mm NaH,PO,, pH 7.0, 25 um DNA;

E) 1.0m NacCl, 10 mm NaH,PO,, pH 7.0, 2.5 um DNA; F) 10 mm NaH,PO,,

pH 7.0, 2.5 um DNA. Both heating and cooling curves are shown in all cases.

Table 1. Thermodynamic data for duplexes.
Duplex NaCl®! —AH° [kcal —AS® —AG;, [keal T,
[um] [Mm] mol™] [calmol™7  mol™] [°c]
1.2 (el 1.0 41.0 109 7.26 ol
1.2 35 1.0 41.4 12 6.82 37.0
1.2 25 1.0 47.3 131 6.67 35.2
1.2 25 0 39.7 12 4.89 21.6
34 25 1.0 48.6 132 7.71 42.4
34 25 0 44.2 127 4.71 21.8
56 25 1.0 69.6 194 9.45 48.4
56 25 0 375 103 5.63 26.4
67 25 1.0 42.7 115 7.08 379
78 25 1.0 54.0 154 6.25 334
78 25 0 40.1 18 341 1.3
9:10 25 1.0 67.8 197 6.72 29.6
1112 25 1.0 55.0 151 8.21 36.1
13:14 25 1.0 90.7 245 14.7 60.3
1315 25 1.0 66.4 182 9.95 445
1617 25 1.0 99.0 275 139 55.3
1819 25 1.0 39.8 103 7.81 326
2021 25 1.0 49.7 137 7.08 29.1
[a] All samples contained 10 mm NaH,PO,, pH 7.0, with DNA duplex and
NaCl concentration as indicated. [b] van't Hoff analysis.

complement, oligomer 1. The behavior of oligomer 2 was com-
plex; it possesses both hypochromism with increasing temper-
ature and hysteresis upon comparison of heating and cooling
profiles (Figure 1A). The latter is indicative of a system that is
out of equilibrium. Oligomer 2 contains isoguanine, which
readily forms both quadruplexes® and pentaplexes'? in the
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presence of alkali metal cations. Interestingly, none of the re-
maining all-purine single strands in Figure 1A, C or E showed
any tendency to self-associate, despite strand 6, which con-
tains four iG residues.

Thermal denaturation experiments were also performed in
solutions of reduced ionic strength. In general, lowering the
ionic strength was expected to disfavor any competitive
higher-order association. In particular, removing excess Na™
from the buffer was expected to eliminate self-association in
the case of 2. Figure 1B displays denaturation profiles for 1
and 2 under these conditions. It can be seen that reducing the
Na* concentration avoided self-pairing by 2, while at the same
time it promoted the association of 1 and 2. The T, of 1-2
under low-salt conditions was 21.6°C, which was effectively
indistinguishable from the 21.8°C T, for the natural duplex
analogue 3-4.

To gain further information about purine-purine double-
helix structure and to explore any differences under typical
versus low-salt conditions, circular dichroism spectra were ob-
tained. Figure 2 displays circular dichroism spectra in the pres-
ence and absence of 1.0m NaCl. As anticipated, 2 gave a char-
acteristic band at 314 nm that was representative of a high-
order (quadruplex/pentaplex) structure in the presence of NaCl
(Figure 2 A).2" This band diminished when 1 and 2 were com-
bined. Circular dichroism spectra taken in 10 mm NaH,PO,
buffer in the absence of NaCl (Figure 2B) support a unique sec-
ondary structure for 1-2 due to spectral differences compared

B)

CD/mdeg
{

400

(=1

'
wn

CD/ mdeg

'
=]

CD /mdeg

270 310

A/nm

190 230

Figure 2. Circular dichroism spectra. A) 1.0m NaCl, 10 mm NaH,PO,, pH 7.0,
25 um 1, 2; B) 10 mm NaH,PO,, pH 7.0, 25 um 1, 2; C) 1.0m NaCl, 10 mm
NaH,PO,, pH 7.0, 25 um 5, 6; D) 10 mm NaH,PO,, pH 7.0, 25 um 5, 6; E) 1.0m
NacCl, 10 mm NaH,PO,, pH 7.0, 2.5 pm 9, 10; F) 10 mm NaH,PO,, pH 7.0

2.5 um 9, 10. Compounds 1, 5, 9: medium gray; 2, 6, 10: light gray; 1-2, 5-6,
and 910 black.

ChemBioChem 2008, 9, 27792783



www.chembiochem.org



to 1 and 2 alone. No distinguishable CD band at 314 nm was
observed for 2 under these low-salt conditions. The remaining
CD spectra support complementary strand association in the
cases of Figure 2C-E, and no (or weak) association in the case
of Figure 2F, which is consistent with the results of UV-moni-
tored thermal denaturation. Higher oligonucleotide concentra-
tions were used for initial experiments (shown in Figures 1 and
2, panels A-D) because these conditions would favor strand as-
sociation, and the behavior of the system was unknown. With
the association of 1-2 and 5-6 established, more typical strand
concentrations were subsequently used (Figures 1 and 2, pan-
els E, F; also vide infra).

Beyond the possible formation of four or five-stranded struc-
tures such as exhibited by 2 under high ionic strength condi-
tions, there are also a plethora of possible triple-stranded
structures available to oligomers 1, 2, 5, 6, 9, and 10 given the
propensity of purines to simultaneously use their Watson—-Crick
and Hoogsteen faces to bond.®'®?? Nevertheless, any tenden-
cy to form higher-order structures is balanced by D-“X and
iG-G base pairs that bear Watson-Crick motifs with three hy-
drogen bonds, a feature that should help prevent disproportio-
nation® of a double helix to a triple helix plus a single strand.
A further limitation on higher-order-structure formation derives
from X, which lacks a standard Hoogsteen-pairing face; this
base occurs in one strand of the 1-2 and 5-6 duplexes, and
both strands of the 9:10 duplex.

To further assess the stoichiometry of strand association,
two duplexes were prepared, 13-14 and 18-19, which incorpo-
rate two 7-deaza bases, “X and “G. The introduction of both
“G and “’X leads to the disruption of 50% of all Hoogsteen-
pairing faces (omitting consideration of the first or last nucleo-
tide of the strands), and has unavoidable consequences for the
stability of a hypothetical triplex or higher-order structure that
is formed by formal disproportion of a duplex. UV-monitored
thermal denaturation of 13-14, 18:19, and their component
single strands (Figure 3A and 3E) supports robust double-helix
formation in each case.

The importance of the Watson-Crick faces in D and X for
base pairing was addressed by replacing D with A in strands 5
and 14, and then comparing the stability of duplexes with and
without the 2-amino group. The difference in T, and free
energy values were found to be 10.5°C/2.37 kcalmol™' for 56
versus 6-7 and 15.8°C/4.75 kcalmol™" for 13-14 versus 13-15,
in favor of greater stability for D-“X over A-“’X in both cases.
Given six D-“X pairs in 13-14 and three internal D-“X pairs in
5.6, there exists a AG°;;=0.79 kcalmol™' average stabilization
per 2-amino substitution. The greater stability of D-'X over
A-“X is consistent with Watson-Crick pairing. By extension,
Watson-Crick pairing is expected to pertain for iG-G. Whereas
X and “’X pairing opposite A in an otherwise standard purine-
pyrimidine double helix has been investigated,” to our knowl-
edge the D-(“)X interaction has not been similarly explored.
Previous work has reported that D-T or D-U base pairs contrib-
ute more to helix stabilization than A-T or A-U base pairs,**
which is consistent with our findings.

The five duplexes incorporating D-“X and iG-G base pairs,
namely, 1-2, 5:6, 9-10, 13-14 and 18-19, might be compared in
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Figure 3. UV,5, denaturation profiles A), C), E) and the corresponding circular
dichroism spectra B), D), F) in 1.0m NaCl, 10 mm NaH,PO,, pH 7.0. Duplex
and single-strand concentrations were 2.5 pm. A), C), E) Heating and cooling
curves shown in all cases; B), D), F) 13, 19 medium gray; 14, 15, 18 light
gray, 13-14, 13:15, 18:19: black.

stability to their natural DNA counterparts by using the data
given in Table 1. In the presence of 1.0m NaCl, which is com-
monly used for thermodynamic measurements,'>?" the rela-
tive changes in free energy of duplex formation (-AG;,) are,
respectively, —13, +51, —18, +6, and +10%. Thus, three of
the five purine-purine duplexes are more stable than compara-
ble duplexes of natural DNA. Also of interest is a comparison
of the stability of the two duplexes bearing A-“’X in place of
D-“X to natural DNA. In these cases, the number of donor/
acceptor groups involved in base-pairing map between the
nonstandard and standard duplex (i.e., G:iG/G-C=3 H-bonds
and A-“X/A-T=2 H-bonds). Here the relative stabilities are
+13% and —28% for 6-7 and 13-15, respectively.

To gain a better understanding of the forces that govern the
stability of purine-purine duplexes, ab initio computations
were performed on the base pairs that are shown in Scheme 1
and two additional base pairs: D-X and A-H. The results are
summarized in Scheme 2. A striking trend is that the inter-
action energies fall in two categories independent of their
purine-purine or purine-pyrimidine composition. Thus, base
pairs with an A:D:D (acceptor-donor-donor) pattern (G-iG, G-C)
exhibit an E;,;~ 25 kcal, and base pairs with a D-A(-D) pattern
have E,, values of approximately half of the A:D-D value, or
10-12 kcal. Significantly, the two purine-purine base pairs that
were in the present study, G-iG and D-“’X, have nearly identical
E,: values in comparison to their purine—pyrimidine analogues
G-C and D-T, respectively. A similar comparison of the dipole
moments for the latter base pairs reveals that they also share
nearly identical orientations, although the magnitude of mo-

2781

www.chembiochem.org



www.chembiochem.org



BIO

GG ~ D-C7x
Eint -25.18/ keal mol sapa FEint-128%/keal mol™
4 f
\ 09 DF \N o
\ 63D3
9.3D

7.1 D2

D-X B
Ejnt -12.42 / keal mol

09 DA /
7.6 D2

7.5D4

AH :
Ejnt -12.42/ keal mol”

2.5D2

<
j4.0 D2 \5.6 pa

G-C ;
Eint -25.5° / keal mol”

AT \
Eint -10.30 / keal mol”

7.1DP -
[ T ™es50Db
DT ,
Ein -12.6D / keal mol™,
7.10b [ r\450P
=—=>/12Db

/o8pb

Scheme 2. Summary of HF/6-31G**//HF/6-31G** dipole moments and inter-
action energies. Bold arrows correspond to dipole moments for base pairs,
whereas nonbold arrows correspond to dipole moments for the isolated
bases. a) This work; b) ref. [38].

ments for the purine-purine pairs is approximately 50% great-
er than that of their purine—pyrimidine counterparts. The simi-
larity in dipole moment orientation also extends to D-X (the
parent of D-“X) in comparison to D-T, but does not extend to
A-H when compared to its counterpart, A-T. The close parallel
in interaction energies and electronic properties calculated for
D-“X and D-X provides a basis for anticipating similar thermo-
dynamic stabilities for a duplex incorporating G-iG/D-X, beyond
the presently studied G+iG/D-“’X; this analysis omits consider-
ation of the difference in pKa between <X and X.

The purine-purine DNA duplexes characterized herein have
thermal stabilities and free energies that, on average, parallel
the analogous purine-pyrimidine DNA duplexes. Recently, Bat-
tersby etal™ described a mixed sequence all-purine DNA
duplex with A-H pairs in contrast to the D-“’X pairs used here.
Their purine duplex displayed diminished stability (T,,=—15-
20°C; AG°=-40%) relative to the analogous natural DNA
duplex. While the sequences used in the two studies were dif-
ferent, D-“’X appears to contribute considerable stability to a
double helix over A:H. Interestingly, the two reverse Watson-
Crick (parallel-stranded) purine duplexes reported by Seela™
with guanine-5-aza-7-deazaguanine base pairs appear to have
higher stability than that which may be predicted®” for the
analogous natural (antiparallel stranded) DNA duplexes; this is
consistent with the results from three of the purine duplexes
studied here.

Our findings indicate that a four-letter purine-purine code
for DNA might be viable for information storage. Whereas the
G-iG/D-“X DNA system studied does not exhibit stronger base
pairing than G-C/A-T DNA in all cases studied, and, therefore,
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does not necessarily undergo sequence-independent, nonen-
zymatic replication,” a purine-only genetic code notably sim-
plifies prebiotic synthesis by requiring only one type of hetero-
cycle. Purines have proven to be more readily accessed than
pyrimidines in prebiotic model reactions;*” benefiting from
this phenomenon in the present context requires successful
substitution of “’X by its parent, X, which the current study
only addresses computationally.

Relationships between purine-purine and purine-pyrimidine
coding systems might impact molecular evolution as originally
proposed by Crick.”? Thus, a two-letter genetic system that is
comprised of A-H might evolve to the current four-letter code
of A-T(U)/G-C via the intermediacy of A-T(U)/H-C, given seam-
less hydrogen-bond and size complementarity of the bases. A
similar transition can be imagined by beginning from G-iG/D-X;
however, this four-letter purine—purine system might be con-
strained in its evolution to the current four-letter code by a re-
quirement for segregation of G/D and iG/X in separate strands
if the conservation of base-pair dimensions in a helix is re-
quired for fitness. An N-7-G-iG/D-X origin of the genetic code is
reminiscent of the proposed replacement of C and U with N-3-
iG and N-3-X.*® Given that pyrimidine complements are
known for iG and X in addition to G and D, the evolution of
this four-letter all-purine system to an eight-letter purine-pyri-
midine system (comprised of G-C, D-T(U), iG-iC** and X-K&%) is
a formal possibility. The four-letter purine-purine-pairing
system investigated here is directly, or indirectly, relevant to
terrean, exo," and synthetic® biology. Independent of
whether a purine-purine genetic system could support life,
our findings inform the function/fitness landscape of (secon-
dary) structures that are related to natural DNA and
RNA 1914293334 \Whjle iG presents challenges as a component
of a genetic code due to its tendency to populate more than
one tautomeric form,"**! a recent demonstration of faithful
copying®® and replication®” suggests that they are surmounta-
ble.

Experimental Section

Oligonucleotide synthesis: Oligonucleotides 1--21 were synthe-
sized from commercially available reagents and phosphoramidites
(Glen Research, Virginia, USA) on an Expedite 8909 DNA synthesizer
by using the standard (1 umol) DNA synthesis protocol and the
manufacturer’s recommendations. A 16-minute coupling time and
two additional phosphoramidite reagent pulse cycles were used
with unnatural phosphoramidites. Stepwise coupling yields were
98-99%. Cleavage from the universal CPG support and deprotec-
tion of the oligomers followed the manufacturer’s guidelines for
unnatural nucleosides, and in most cases was achieved by heating
in concentrated NH,OH at 55°C for 16 h. The crude oligonucleo-
tides were purified by 20% (29:1) denaturing PAGE, and UV,
quantified. dG £,,=12010M'cm™", diG £,,=5500M 'cm™,
dDe,,=8500M 'cm ™!, dX £y, =8440M 'cm~'. Buffer 1: 1.0m
NaCl and 10 mm NaH,PO,, pH 7.0. Buffer2: 10 mm NaH,PO,,
pH 7.0.

Thermal denaturation: Experiments were performed on a Varian
Cary 500 UV-Vis spectrophotometer. A,s, was recorded at 1°C inter-
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vals while the temperature continuously ramped from 75—5—
75°C at a rate of 1°Cmin~".

Circular dichroism spectra: Spectra were collected on a JASCO
J-815 CD spectrometer at 20 °C, and corrected for buffer.

Abbreviations: “G, 7-deaza-guanine; X, 7-deaza-xanthine; CD,
circular dichroism; CPG, controlled pore glass; D, diaminopurine;
H, hypoxanthine; iG, isoguanine; X, xanthine.
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Detection of Ligand Binding to Nucleotide Sugar Transporters by STD NMR

Spectroscopy

Andrea Maggioni, Mark von Itzstein, Joe Tiralongo,* and Thomas Haselhorst*!

Fifty percent of all drugs on the market target integral mem-
brane proteins,!" however, crystallization and structure deter-
mination of these proteins for use in the drug discovery pro-
cess, particularly for highly hydrophobic multiple-membrane-
spanning proteins, has proven problematic. In fact, integral
membrane proteins represent less than 1% of all available
crystal structures.” The hydrophobic nature and poor solubility
of multiple-membrane-spanning proteins also complicates pro-
tein-ligand interaction studies. A much-used approach in-
volves generating recombinant soluble forms of the catalytic/
receptor domain. However, this approach is only effective
when the catalytic/receptor domain functions independently
of the membrane. In these instances, the contribution of the
membrane environment in protein function is ignored. Ligand
interactions with membrane-anchored proteins, such as the in-
teraction of binding ligands to the human sweet receptor,”
aypPs integrin, which was reconstituted in proteoliposomes®
and present on platelets® have been studied by saturation
transfer difference (STD) NMR experiments. There have been
no reports however, of STD NMR being used to assess ligand
binding to nucleotide sugar transporters whose function is
inextricably linked to the membrane environment.

Here we report the direct interrogation of an isolated cellu-
lar organelle (Golgi-enriched Fraction; GeF) that incorporates
nucleotide sugar transporters for ligand-binding studies with
STD NMR spectroscopy (Figure 1). GeFs can be easily isolated
and directly used in STD NMR experiments without the need
for membrane protein solubilisation, purification and/or recon-
stitution into artificial liposomes. Further, by using isolated cel-
lular organelles, the binding of ligands to integral membrane
proteins that are not exclusively associated with the cell sur-
face can be studied.

STD NMR spectroscopy is an ideal tool to study the interac-
tion of larger-sized targets with low-molecular-weight ligands,
and has been previously used to investigate ligand interactions
with whole virus particles,”” platelets,” intact cells,’® sephar-
ose-immobilized recombinant protein” and more recently
virus-like particles.®® The large molecular weight of bulky par-
ticles makes them particularly attractive for STD NMR spectros-
copy studies because the inherently large line width enables
saturation of the particle without affecting the ligand signals.
Additionally, the larger correlation time of bulky particles re-
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Figure 1. The interrogation of a Golgi-enriched fraction (GeF) to study ligand
binding to a type Ill transmembrane transport protein by STD NMR spectros-
copy.

sults in efficient spin diffusion and consequently stronger satu-
ration transfer.

The cytidine-5-monophosphate (CMP)-sialic acid transporter
(CST) was used as the model multiple-membrane-spanning
protein in this study. The CST is a Golgi-resident type Il trans-
membrane protein with 8-10 predicted membrane-spanning
domains that catalyses the transport of CMP-sialic acid (com-
monly CMP-N-acetylneuraminic acid; CMP-Neu5Ac) into the
Golgi apparatus of eukaryotic cells."*'? The CST plays a central
role in the sialylation of glycoproteins and glycolipids that are
destined for the surface of healthy cells,"® however, the over-
expression of sialic acid on tumour cells directly correlates with
their metastatic potential.’'? Significantly, a reduction in
cancer cell sialylation by inhibiting the CST leads to a decrease
in metastasis."” Therefore, the CST represents an attractive
target for regulating cancer cell sialic acid expression, and
hence is a candidate for drug discovery. There are currently no
2D or 3D crystal structures available for the CST.

The CST was overexpressed in Pichia pastoris under the con-
trol of the methanol-inducible AOX1 promoter. P. pastoris does
not possess an endogenous CST” and therefore represents
an ideal system for heterologous CST expression. Western blot
analysis (Figure 2A) showed that recombinant CST was only
present in GeFs that were isolated from methanol-induced
P. pastoris cells (GeF-I; Figure 2A, lane 3); no CST was detecta-
ble in GeFs that were isolated from methanol-uninduced
P. pastoris cells (GeF-Ul; Figure 2 A, lane 2) or in GeFs that were
isolated from pPICZ-B-CST nontransformed P pastoris cells
(GeF-wt; Figure 2 A, lane 1).
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Figure 2. A) Western blot analysis of mouse anti-His, (primary) and HRP-con-
jugated anti-mouse (secondary) antibodies. Lane 1, GeF-wt (20 pg); lane 2,
GeF-Ul (20 pg); lane 3, GeF-1 (20 ug); lane 4, GeF-Ul (200 pg). B) Transmission
electron micrograph of a GeF-I preparation (6 pgmL™") stained with 2%
uranyl acetate. Golgi-enriched vesicles are intact and vary in size between
200-500 nm in diameter.

Isolated GeF-I preparations were subjected to STD NMR
spectroscopy by using CMP-Neu5Ac and CMP as the binding
ligand. The 'HNMR spectra of CMP-Neu5Ac and CMP are
shown in Figure 3A and E, respectively. The STD NMR spectra
of GeF-l:CMP-Neu5Ac and GeF-I:CMP complexes (Figures 3B
and F, respectively) clearly reveal that both ligands interact
with the GeF-l preparation. In order to ascertain if these inter-

COMMUNICATIONS

actions were specific for the recombinant CST, control STD
NMR spectra were acquired by using GeF-Ul (Figures 3C and
G) and GeF-wt (Figures 3D and H) preparations in complex
with CMP-Neu5Ac and CMP. STD NMR effects for CMP-Neu5Ac
when complexed with GeF-Ul (Figure 3C) were evident, al-
though with a 55% decreased intensity compared to that

| observed for the CMP-Neu5Ac:GeF-| complex (Figure 3B). No
_ binding of CMP-Neu5Ac to GeF-wt preparations was observed,

(Figure 3D), and trypsin treatment of GeF-| preparations prior
to complexation with CMP-Neu5Ac resulted in an almost com-
plete reduction in binding (see the Supporting Information).
These observations suggest that some recombinant CST is as-
sociated with the GeF-Ul preparation, probably due to low-
level background expression in the absence of inducer. The
AOX1 promoter offers tight regulation; however, when cultures
are grown at high cell density prior to induction, the promoter
can undergo de-repression resulting in “leaky” protein expres-
sion.'"® The low-level expression of recombinant CST in the
absence of inducer was confirmed by analysing the equivalent
quantity of GeF-Ul that was used in STD NMR experiments
(200 pg) by Western blot (Figure 2A, lane 4). Electron microsco-
py revealed that Golgi-enriched vesicles are intact and vary in
size between 200-500 nm in diameter (Figure 2B).

As seen for the GeF-Ul:CMP-Neu5Ac complex (Figure 3Q),
STD NMR effects were also observed for the GeF-Ul prepara-
tion that was complexed with CMP (Figure 3G); however,

TRIS TRIS
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HDO
D) i " H) \  GeF-wt
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H5 (Cyt) ‘ W
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Figure 3. 'H NMR spectra of CMP-Neu5Ac (A) and CMP (E). STD NMR spectra of

CMP-Neu5Ac and CMP in the presence of GeF-I (B and F, respectively), GeF-

Ul (C and G, respectively) and GeF-wt (D and H, respectively). All spectra were recorded at 285 K, 600 MHz in deuterated Tris buffer (10 mm, pH 7.5), MgCl,
(2 mm) containing GeFs equivalent to 200 pg of protein. the protein-ligand ration was set to 1:100. The on-resonance frequency was set to —1.00 ppm and
the off-resonance to 300 ppm. The residual water signal was removed by applying a WATERGATE sequence. Epitope maps were constructed by calculating
the relative STD NMR effects according to the formula: Asrp = (lo X l,)/lo = Is1o/l, (Supporting Information).
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unlike the GeF-wt:CMP-NeuAc complex (Figure 3D), in which
no STD NMR signals were detected, STD NMR effects for the
GeF-wt:CMP complex (Figure 3H), which represented approxi-
mately 15% of the signal intensity seen for the GeF-1:CMP
complex, were observed. This result strongly suggests that
CMP is being bound by endogenous proteins within the GeF-
wt preparation; this highlights the sensitivity of STD NMR for
monitoring ligand interactions with proteins that are associat-
ed with isolated cellular organelles. Importantly, the subtrac-
tion of the GeF-wt:CMP from the GeF-1:CMP spectra clearly re-
veals significant STDD effects that are attributable to the spe-
cific binding of CMP to recombinant CST present in P. pastoris
GeF-I preparations (Supporting Information).

P. pastoris, like other yeasts, lacks an endogenous CST,"” but
is presumed to possess other NSTs. We were therefore interest-
ed in assessing the potential of STD NMR to monitor interac-
tions of nucleotide sugars with endogenous NSTs associated
with the P, pastoris GeF-wt preparation. STD NMR spectra that
were acquired upon complexation of UDP-Glc, UDP-Gal, UDP-
GalNAc, GDP-Fuc and PAPS individually with GeF-wt showed
direct binding of all nucleotide sugars to the GeF-wt prepara-
tion, probably to their corresponding NST (Supporting Informa-
tion). Interestingly, addition of an equimolar amount of CMP to
the GeF-wt:UDP-Gal complex reduced the STD NMR signal in-
tensities that corresponded to UDP-Gal by 56 %. This strongly
suggests that CMP is displacing UDP-Gal from its binding site
(possibly the UDP-Gal transporter), which is associated with
the GeF-wt preparation, thus accounting for the observed
binding of CMP to GeF-wt (Figure 3H). These results clearly
show that not only can the specific binding of ligands to re-
combinant CST be assessed, but binding to endogenous NSTs,
and hence ligand selectivity, can also be monitored.

Taken together, our method has the potential to provide
unique binding data that is not accessible by other methods;
this permits the high-throughput screening and design of
novel and specific CST inhibitors that might lead to the devel-
opment of novel anti-metastasis drugs. In summary, the STD
NMR methodology reported herein provides an efficient tech-
nique for probing recombinant and endogenous multiple-
membrane-spanning proteins with ligands. Importantly, the
contribution of the membrane environment in protein function
is not ignored; in fact it is a fundamental component of the
analysis.

Experimental Section

Detailed experimental procedures for this article are available in
the Supporting Information.
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Self-Assembling Polyethylenimine Derivatives Mediate Efficient siRNA

Delivery in Mammalian Cells

Gaelle Creusat and Guy Zuber*®

Synthetic 21-22-nt-long RNA duplexes (siRNAs) can trigger
specific mRNA degradation and selectively control gene ex-
pression, and because of this they have potential therapeutic
applications."” Unfortunately, the intracellular localization of
siRNA targets and the inability of oligonucleotides to diffuse
across cellular membranes requires siRNA conjugation or for-
mulation with synthetic delivery vectors.”! Interestingly, poly-
ethylenimine (PEI), a popular gene transfection agent™ that
showed promise for cancer gene therapy,” appears inefficient
for siRNA delivery in vitro.”

The poor performance of PEl could be linked with the
length of the siRNA anionic segment, which is too short to
maintain electrostatic cohesion with the soluble cationic poly-
mer. Consequently, siRNA polyplexes break apart too readily
upon contact with polyanions present at cell surfaces.® We
reasoned that the transformation of water-soluble PEI into a
molecule with self-assembly properties should stabilize siRNA
polyplexes and hence favor overall siRNA delivery.

A water-soluble polymer could acquire new aggregating
properties through the addition of hydrophobic domains. We
avoided using alkyl chains, which, by mixing with the cell lipid
bilayer, might act as a detergent and cause cell death. Our
preference was instead for natural a-amino acids with decreas-
ing hydropathy indices,” such as leucine (L), phenylalanine (F),
tryptophan (W), and tyrosine (Y). Indeed, these amino acids
constitute the cores of globular proteins and help maintain
protein structures. They also can be coupled to PEl amines
without destroying nucleic acid binding properties, because
over the course of the reaction a cationic amine replaces the
reacted one.

Commercially available 25 kDa branched PEl contains pri-
mary, secondary, and tertiary amines in a ratio of 1:1:1.”! The
primary amines were allowed to react fully with the succini-
midyl esters of butyloxycarbonyl-protected amino-acids (Boc-
aa-OSu) (Scheme 1). Removal of the Boc groups with trifluoro-
acetic acid (TFA) and subsequent dialysis in aqueous HCl gave
the desired products, with a-amino acid contents of 30% per
ethylenimine, in 30-60% overall yields.

The aggregating properties of the polymers were evaluated
by measurement of dynamic light scattering (Table 1). All poly-
mers, as hydrochloride salts, were soluble in water, even at a

[a] G. Creusat, Dr. G. Zuber
Laboratoire de Chimie Génétique, ULP CNRS UMR 7175
Faculté de Pharmacie
74, Route du Rhin, 67400 lllkirch (France)
Fax: (+33) 3-9024-4306
E-mail: zuber@bioorga.u-strasbg.fr

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author: protocols for polymer
synthesis and delivery experiments.
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Table 1. Sizes [nm] of polymer self-assemblies in RPMI medium.

Polymer® Alone +siRNA®

PEI - 155+31 nm
PEIL - 175+13 nm
PEIF 700434 nm 880466 nm
PEIW 475+11 nm 620+41 nm
PEIY 325+28 nm 570+33 nm

[a] 120 uM in ethylenimine. [b] 2.4 um in phosphate.

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

concentration of 0.5m. Upon dilution in RPMI cell culture
medium, no light scattering signals were detected in the cases
of PEl and PEIL. On the other hand, PEIF, PEIW, and PEIY self-as-
sembled into particles with apparent diameters between 0.3-
0.7 um. Addition of siRNA permitted PEI and PEIL to form com-
plexes and led to slight increases in the sizes of the self-assem-
bling polymers in a range that had previously been observed
to be effective for PEl-mediated gene delivery.”’ Transmission
electron micrographs showed that PEIY (Figure 1A) forms
fiber-like structures of fused irregular spheroids roughly 20 nm
in diameter. Addition of siRNA (Figure 1B) led to a twofold
diminution in the fiber diameters and to further clustering.
Nanoparticles, including viruses, are too large to diffuse
freely across membranes and thus need to divert the cell ma-
chinery for translocation. They first anchor to receptors on the
cellular surface and are then actively dragged into cells within
membrane-coated vesicles (often endosomes)."” Evidence sug-
gests that the high buffer capacity of PEI enables rupture of
the endosome membranes and hence effective nucleic acid
translocation."! We therefore examined whether amino acid
modification impacted this important function by acid-base
titration (Figure 1). Profiles of modified PEls superposed almost
perfectly in the pH 6.0-8.0 range and showed that the poly-
mers have higher buffering capacities than PEI, probably due
to the electron-withdrawing effect of carboxamide on the a-
terminal amines. This greater “proton sponge” ability should






D) PEI N/P ratio

10 f: complexes —- S5
?
8 4
Ple. A —

PE| — SIRNA —

4 ] PEIY =— E) PEIY
PEIL g

24 PEIF —— complexes
PEIW =—

0 — 77—

0 0.4 0.8 1.2

NaOH eq per [Nqneyionimine] siRNA— (N

Figure 1. TEM pictures of PEIY, A) alone, or B) with siRNA (see Table 1 for conditions).
Q) Titration profile of modified polymers showed an increased buffer capacity relative to
PEI. Gel retardation assays showed complexation of siRNA by PEIY (gel E) and PEI (gel D).
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targeted reporter. To avoid experimental bias gener-
ated by transient plasmid transfection, we used A549
cells, which stably express the pGL3 gene. One of the
most efficient routes for entry of synthetic delivery
systems into endosomes uses initial electrostatic an-
chorage to sulfated proteoglycans present on cell
membranes."” One necessary condition for its em-
ployment is the formation of cationic particles."”
Particles were thus prepared by mixing an excess of
the polymer (12 nmol in ethylenimine) with siRNA
(6 pmol) in RPMI (100 pL). The resulting cationic as-
semblies (C of +20 mV) were then simply added to
cells (grown in the presence of serum) to reach a
final siRNA concentration of 10 nm. Cells were lysed
48 h later, and the efficacies of the polymers were
compared to that of Interferin, a commercially avail-
able lipid optimized for siRNA delivery (Figure 2A).
Water-soluble PElI and PEIL were inefficient, whereas
aggregating PEIW, PEIF, and PEIY produced siRNA-
mediated inhibition of luciferase expression. The PEIY
was particularly impressive, even at doses as low as
1 nm. (Silencing of 96 and 91% was observed for 10
and 1nwm, respectively). The vector altered neither
the cell viability (for details see the Supporting Infor-
mation), nor the siRNA selectivity, because untarget-
ed siRNA did not inhibit luciferase production. PEIY
was also effective in delivering another siRNA in a dif-
ferent cell line, as exemplified by knockdown of
lamin A/C expression in Hela cells (Figures 2B, 2C).
The efficacy of PEIY seems to be mainly related to its
hydrophobic/hydrophilic balance and was decreased

PEFY upon decreasing the tyrosine to 20%. The opposite

[siRNA conc]
2}l control SIRNA/PEIY

10 nm

[$3] lamin siRNA/PEIY

1nm

trend was observed for the more hydrophobic PEIW,
which achieved 90% gene silencing at a lower tryp-
tophan content (Supporting Information).

In summary, we have shown that simple but
potent siRNA delivery molecules can be rationally
conceived. Work to evaluate these delivery vehicles
in vivo is in progress.

Figure 2. A) The efficiency of the polymers in delivering siRNA was monitored by measur-

ing the luciferase activity with control siRNA (light bars) and luciferase siRNA (dark bars).

Experimental Section

B), C) Silencing of lamin A/C in HelLa cells with 10 nm of B) control siRNA, or C) lamin

siRNA delivered with PEIY. Lamins appear in green after immunostaining.

ensure more proton capture during endosome acidification
and therefore better delivery."? However, this property results
in fewer ammonium ions, which may weaken siRNA binding.
At pH 8.0, only 18% of the amino nitrogen atoms of the modi-
fied polymers are still protonated, as compared to 40% for PEI.
Nevertheless, they were still able to bind siRNA and to form
electrophoretically stable siRNA polyplexes, and as expected,
the PEIY ratios of ethylenimine nitrogens (N) to nucleic acid
phosphates (P) were roughly twice that of PEI (Figures 1D, 1E).

The abilities of the polymers to convey siRNA were evaluat-
ed through the use of the firefly pGL3 luciferase gene as the
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Protocols for polymer synthesis and for delivery experi-
ments are described in the Supporting Information.
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Effects of Asymmetric Arginine Dimethylation on RNA-Binding Peptides

Soonsil Hyun,” Sunjoo Jeong,*™ and Jaehoon Yu*®

Arginine is the most frequent methylation site (about 90%) in
proteins found in higher eukaryotes."! Numerous studies have
shown that Arg methylation in RNA-binding proteins (RBP) can
regulate pre-mRNA processing” and control the stability of
MRNA through modulation of both protein—protein and pro-
tein-RNA interactions.”> Many RBP’s,”) as well as proteins in-
volved in transcription and RNA metabolism,”’ serve as sub-
strates for the enzyme Arg methyl transferase (PRMT). Since
Arg methylation can be reversed by enzyme catalyzed deme-
thylation, the reversible modification plays a critical role as a
gene-control mechanism.”

The role(s) of Arg methylation of proteins, however, remains
an intriguing question, especially with regard to molecular rec-
ognition of RNA, even though it has both positive and nega-
tive effects on protein-protein interactions.”? The results of
previous studies with a small number of synthetic Arg methy-
lated peptides led to the conclusion that methylation does not
promote significant changes in binding affinities to RNA.®
Also, in biological experiments, no significant physiological
changes™ or reductions®' in binding affinities with RNA were
observed upon Arg methylation. However, these investigations
employed indirect methods, utilized random sequences from
the repeated sequence Arg-Gly-Gly found in nuclear and
hnRNP proteins (RGG box), and involved comparisons of prop-
erties of the native proteins with those of Lys and Ala mu-
tants.?’™ Consequently, the findings and conclusions might
have misrepresented the role that methylation plays in interac-
tions between proteins and RNA.

To analyze the physicochemical changes that arise from al-
terations in the affinities of methylated proteins (or peptides)
for their cis-element RNA, we thought that a large number of
modified proteins (or peptides) should be probed. The Rev
peptide was chosen as a model for this purpose, because it
contains ten Arg residues in its RNA-binding motif. The well
known RBP, Rey, is a key peptide in HIV propagation. When
unspliced or partially spliced viral RNA is imported into the nu-
cleus, Rev binds to the Rev responsive element (RRE) in the
RNA of HIV-1 and increases gene transcription."” Furthermore,
the Rev peptide has a-helical structures, which provide oppor-
tunities to explore the effects of methylation on conformation-
al rigidity.
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Seoul 151-742 (Korea)
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The effects of methylation might depend on the position™"

and number of asymmetric dimethylated Arg residues, which
result from the operation of a major methylation mode.™'? A
recent report suggested that Rev is a substrate for asymmetric
dimethylation."” But physicochemical effects of methylation
on the individual Arg residues have not been demonstrated
yet.

In this study, all possible Rev mutant peptides containing
asymmetric dimethylated Arg residues™ were synthesized and
their binding affinities to RRE were measured. The results, de-
scribed below, demonstrate that a variety of binding affinity
changes take place upon methylation of the Arg residues of
Rev; these range from a 25-fold reduction to a 1.3-fold increase
in binding affinity to RRE RNA. The findings suggest that the
affinity changes brought about by methylation are highly
dependent on the position of the Arg residue, and lead to
the interesting conclusion that post-translational methylation
could be used process as a reversible switch to differentiate
protein-RNA interactions in a selective manner.

A library of peptides was synthesized by using the standard
Fmoc solid-phase protocol. The dissociation constant (K,) for
the binding of each peptide to RRE was measured by using
the electrophoretic gel mobility shift assay (Figure 1, Table 1).
As expected, modifications of Arg residues that have been
identified to have the most contact with RRE based on the so-
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Figure 1. Selected EMSA analysis of Rev peptides that bound to RRE. A) Plot
of the binding fraction against the concentration of Rev peptide (0-

1000 nm); RRE (1 nm) was mixed with increasing amounts of Rev peptide.

B) A representative EMSA assay in which RRE (1 nm) was mixed with increas-
ing amounts of Rev; wt: wild-type protein.
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Table 1. K, values®™ of Rev peptides against RRE RNA and their helicities
in the absence and presence of RNA.['

Rev peptide® Ky Inm] o Helicity a Helicity
[%] with RRE [%]
wild-type 0.77+0.12 33 85
R35 0.63+0.062 36 100
R38 3.5+0.12 17 53
R39 19+4.2 22 60
R41 1.2+£0.23 25 84
R42 1.3+£0.19 26 95
R43 1.7£0.1 30 89
R44 434044 23 65
R46 1.1+£0.42 27 94
R48 1.2+£0.56 25 76
R50 0.58+0.073 23 84
R35/R39 20+9.4 24 62
ReVsg 3, 48+74 12 46

[a] Affinities were measured at 4°C by using electrophoretic gel mobility
shift assays with radioactively labelled RRE RNA as probe. [b] The amino
acid sequence of Rev peptide is Suc-TR(35)QARRN(40)RRRRW(45)R-
ERQR(50)RAAAAR-NH.,. [c] Values indicate averages and the standard devi-
ation of at least three experiments. [d] Revs, s, is the reverse sequence of
wild-type Rev peptide, ACRQRERWRRRRNRRAQRT-NH,.

lution structure solved by Williamson et al.,"™ cause larger de-

creases in binding affinities. For example, the R39, R44 and R38
mutant peptides show a 25-fold, sixfold and fivefold reduction
in binding affinity, respectively. Since these three Arg moieties
interact with RNA bases through H bonds, methylation likely
interrupts the hydrogen-bonding interactions. Compared with
the large decreases observed at these three Arg residues,
methylation at R35 brings about a 1.2-fold increase in binding
affinity. It has been suggested that R35 makes base specific
contacts with two different nucleotides."™ Therefore, the small
net increase in binding affinity caused by dimethylation at R35
might be the result of a new hydrophobic interaction that
compensates for an interrupted H-bond interaction.

In order to quantify the negative and positive effects that
take place in association with changes at major methylation
sites, the double mutant peptide R35/R39 (Table 1) was pre-
pared and its binding affinity against RRE was determined. The
mutant displayed almost the same binding affinity (K;=20 nm)
as that of R39; this suggests that the loss in energy caused by
the removal of the H bonds is much larger than that gained by
introduction of the hydrophobic interaction.

Methylation at all other Arg sites in Rev brought about rela-
tively small changes in binding affinities. While most of these
modified proteins have a lower binding affinity, the mutant
peptide that is methylated at R50, displayed a 1.3-fold in-
creased binding affinity with RRE (K;=0.58 nm). This positive
effect on binding can be attributed to the introduction of a
new hydrophobic interaction with one base in RRE."® The
other mutant peptides (R41, R42, R46 and R48) show no
change or at best a 1.7-fold decrease in binding affinities rela-
tive to wild-type Rev. The Arg residues in these peptides are
thought to be involved in minor electrostatic interactions with
the negatively charged RNA phosphate backbone.™™ Thus,
asymmetric dimethylation causes a minor weakening of these

ChemBioChem 2008, 9, 2790 - 2792
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interactions, since it causes the Arg residues to be less basic.®

Consequently, if there is a space for asymmetric dimethyl
groups on Arg and the distances are appropriate, a new hydro-
phobic interaction can increase the binding affinity, as seen in
the case of R50.'”

Binding affinities of five selected mutants (R35, R38, R39,
R44 and R50) were measured in the presence of tRNA™ and
were compared with those values in the absence of tRNA™ as
specificity ratios (K; with tRNA™YK, without tRNA™; see
Table S2 in the Supporting Information). First four mutants
were chosen because these positions make the most impor-
tant contact with RRE; R50 was chosen as the strongest binder.
As expected, R35, R38, R39 and R44 showed higher specificity
ratios (lower specificities) since the most important hydrogen
bonds are absent. Interestingly, the specificity ratio of R50 (1.4)
is almost identical with that of the wild type (1.3; Table S2) in
spite of new hydrophobic contacts.”” These data suggest that
specificity also depends on the position of Arg methylation.

In order to gain structural information related to the effects
of Arg methylation, CD measurements were made with the
methylated peptides in the absence and presence of RRE
(Table 1). In general, the a-helical contents of Rev proteins are
known to increase in the presence of RRE as a result of an in-
duced-fit mechanism."”'® Unlike the generally observed reduc-
tion of a helicity that is brought about by lysine methylation,™”
the a-helical content of Rev peptides vary according to the po-
sition of Arg methylation. Furthermore, a correlation appears
to exist between the percentage a helicity and binding affinity
(K,, nm) of the Arg methylated Rev peptides as demonstrated
by the plot of data from Table 1 that is shown in Figure 2; this

2
15
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x {R42
R43
05 '
« R44
0 V5034 R?Q «R35/R39
10 15 20 25 30 35 40
helicity / %

Figure 2. Correlation between o helicity (%) of peptides and association con-
stants, K, (nm), with RRE RNA; K, = —0.75+0.064 X helicity, R=0.99.

correlates with the relationship given by Frankel et al."®'? Al-
though R35 is at the top of the directly proportional correla-
tion and the reverse sequence reference peptide, Revs, s, is at
the bottom, many exceptions to the correlation exist. Firstly,
the R50 mutant has only a moderate a-helical content but it is
the strongest binder to RRE. Secondly, the methylated peptides
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R39, R43, R44 and R35/R39, in which important hydrogen
bonding interactions with RRE are altered, have lower binding
affinities than their a-helical contents suggest.

These deviations indicate that a-helical content is one of the
factors involved in determining binding affinity. However,
other factors appear to govern the effects of Arg methylation
on Rev binding to RRE. These include substantial reductions of
hydrogen bonding interactions®” and increases in hydropho-
bic interactions that are significant enough to compensate for
loss of H-bonding interactions. The results of the study de-
scribed above suggest that the methylation-demethylation
process is used as a position specific conformational and inter-
action switch and that Arg methylation can operate in both a
positive and negative manner. It should be noted that positive
effects associated with the interaction switch has not been
observed in biological system, per se."”

Experimental Section

Syntheses of peptides: A library of peptides was synthesized by
using the standard Fmoc solid-phase protocol. The N*-Fmoc-N",N*-
asymmetric dimethylarginine hydrochloride salt was used for asym-
metric dimethylarginine synthesis."™

Circular dichroism: CD measurements were performed at 20°C by
using a JASCO model J715 spectropolarimeter equipped with Pelti-
er temperature controller and JASCO Spectra Manager™ software.
Spectra were acquired from 190-250 nm at scan speed
20 nmmin~', data pitch 0.5 nm, response time 165, band width
1.0 nm, and sensitivity 100 mdeg by using 0.1 cm pathlength cuv-
ette, and the signals were averaged over two accumulations.'”

Electrophoretic gel mobility shift assay: A solution of RRE RNA
(10 nm) was heated to 65°C for 5 min and slowly cooled to room
temperature over 1 h in a buffer containing 4-(2-hydroxyethyl)pi-
perazine-1-ethansulfonic acid (HEPES; 20 mm), MgCl, (1 mm), KCl
(5 mm) and NacCl (140 mm, pH 7.4). All samples used for measure-
ments were 10 uL with final concentrations of 1 nm RRE mixed
with the indicated amount of peptide in binding buffer (90 mm
Tris-borate, 2mm EDTA, 50 mm MgCl,, 100 mm NaCl, 0.01%
Tween” 20). The binding mixtures were incubated on ice for 1 h.
Loading buffer (2.6 pL; 50% glycerol in 1.25 % Tris-borate and EDTA:
TBE buffer) were added to the resulting sample solution. A native
polyacrylamide gel (10%; 1 mm MgCl,, 4% glycerol) that had been
prerun for 30 min was used. Each sample (12 plL) was loaded on
the native polyacrylamide gel (10%) and run at 150V, 4°C in 0.5%x
TBE running buffer (45 mm Tris-borate, 1 mm EDTA) for 2.5-3 h.
The gel was exposed to a phosphorimager screen and individual
bands were quantified on a FLA-3000 and analyzed with Multi
Gauge ver. 3.0 software (Fuji Photo).""
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How Do Halogen Substituents Contribute to Protein-Binding Interactions?
A Thermodynamic Study of Peptide Ligands with Diverse Aryl Halides

Adnan Memic® and Mark R. Spaller*®

The large inventory of known alkyl and aryl halides, of both
manmade and natural origin, attests to the fact that useful and
often unique properties are enjoyed by such organic struc-
tures. The presence of fluorine, chlorine, bromine and iodine is
especially notable when considering biologically active sub-
stances, many of which derive benefit from the presence of
one or more halogen substituents."? In the case of a biomo-
lecular interaction—frequently that of a protein with a small
molecule or peptide ligand—one of the accrued benefits is
often an increase in binding affinity. But underlying such em-
pirical observation is an incomplete understanding of the
actual energetic contributions that allow a halogenated com-
pound to enhance a molecular association.

Much of our understanding about the biomolecular recogni-
tion properties of halogen functionality derives from model
systems, such as organic receptors or peptide scaffolds.®>*
Conspicuously absent, however, are studies that systematically
examine the influence of halogen substituents in the thermo-
dynamic context of an actual protein-ligand interaction.>®
Here, we present the first report in which the free energy, en-
thalpy and entropy changes of a protein-ligand binding inter-
action have been measured as a function of varying halogen
identity and position. Using isothermal titration calorimetry
(ITC), we determined the thermodynamic profile of a series of
aryl halide-bearing peptide ligands for a small modular protein,
the third PDZ domain (PDZ3) of a mammalian neuronal pro-
tein, postsynaptic density-95 (PSD-95).

Our previous efforts at ligand design for PDZ3 have yielded
a variety of native and modified peptides of both linear”® and
cyclic®'® form that bind the protein with low micromolar K,
values. Our desire to incorporate halogens within the existing
framework of one of our established linear inhibitors was in-
tended not only to allow for a study of the fundamental bind-
ing parameters, but also to determine whether such substitu-
tion could drive the development of improved PDZ domain-
directed cellular probes."" In addition to possible increases in
affinity, halogenation of small molecule therapeutics has been
shown to improve the ability to bind and cross lipid mem-
branes."? As applied specifically to peptides, incorporation of
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[b] A. Memic, Prof. M. R. Spaller
Department of Chemistry, Wayne State University
Detroit, Ml 48202 (USA)
Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.

ChemBioChem 2008, 9, 2793 - 2795

halide functionality has been linked to enhanced blood-brain
barrier permeability."”

A previous binding study of PDZ3" with a series of peptides
based on KKETEV, demonstrated that the P_, position gluta-
mate could be replaced without significant change in affinity
by several different residues, including tryptophan (Figure 1).

NH, CO,H

Figure 1. Positionally-labeled diagram of KKETXV bound to PDZ3.

An X-ray crystal structure of PDZ3 bound to KKETWV (PDB ID:
1TP5) showed that the P_, side chain occupies a relatively
well-defined region on the protein. The affinity of this associa-
tion (Ky=2.8 um), in conjunction with the observation that the
indole moiety appears comfortably nestled within a concavity
of the protein surface, prompted us to investigate whether an
additional aromatic functionality can be favorably accommo-
dated.

Initial replacement of Trp at P_, with Phe yielded KKETFV (1),
which exhibited a twofold improved affinity of K;=1.4 um
(Table 1). This successful indole-to-phenyl transition prompted
us to examine further the nature of the aromatic presence at
P_, and how side-chain perturbation could positively affect the

Table 1. Thermodynamic binding parameters for KKETFV (1) and substi-

tuted halide KKETXV ligands with PDZ3 of PSD-95.

Ligand® Ky AG AH TAS

[um] [kcalmol '] [kcalmol™'] [kcalmol ']

1 1.4 (+0.1) —8.0 (£0.1) —6.9 (£0.2) 1.1 (£0.2)
2 1.2 (£0.2) —8.1 (+£0.1) —2.9 (£0.5) 5.2 (+04)
3 0.53 (£0.02) —8.6 (+0.1) —4.3 (£0.1) 4.3 (+0.1)
4 0.57 (+£0.1) —8.5 (+0.1) —4.4 (+£0.1) 4.1 (+0.2)
5 0.38 (+0.03) —8.8 (+£0.1) —4.4 (£0.1) 4.4 (+0.1)
6 7.6 (£0.4) —7.0 (£0.1) —2.1(£0.1) 4.9 (+£0.1)
7 2.1 (£0.1) —7.7 (£0.1) —2.5(x0.1) 5.2 (£0.1)
8 1.8 (£0.2) —7.8 (£0.1) —3.2(£0.1) 4.6 (+£0.1)
9 0.44 (+0.01) —8.7 (£0.1) —3.6 (£0.1) 5.1 (£0.1)

10 0.28 (+0.01) —8.9 (£0.1) —4.5(£0.1) 44 (+0.1)

[a] All values are the average of at least two independent titrations. Re-

ported error ranges represent arithmetic deviation from the average.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim .
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binding interaction. Instead of replacement with different ring
structures, however, this afforded us the opportunity to probe
a fundamental question that has been largely ignored in most
protein-ligand binding studies: the thermodynamic conse-
quences of varying the pattern of halogen substitution on a
benzene ring.

Our plan was to design, synthesize and calorimetrically ana-
lyze a series of halogenated analogues of the KKETFV ligand in
order to observe the effect of substitution on the free energy,
enthalpy and entropy parameters upon binding to protein.
This was accomplished by systematic variation in both the
position of the halogen as well as its identity at two different
stages. The first stage involved fixing the substitution at the
para position of the phenyl ring and varying the halide. In the
second stage, the halogen identity was kept constant and dif-
ferent positions around the ring were studied with single and
double substitutions. The use of four different halides—singly
and multiply—at different positions, could lead to a large com-
binatorial population of compounds. For this initial inquiry we
chose ten representative peptides to prepare and evaluate
(Figure 2).

( NH» 0 ( CO,H 0

H H H
SN I NI N._COH

HaN - N E :

© AHNH2 o O N
N
% % % % %
1 2 3 4 5

Cl Cl F
pepeiveielel
N
Y Y Yy Y %
6 7 8 9 10

Figure 2. Hexapeptide ligands for PDZ3 with variably halogenated phenyl
side chains at position P_,.

Compared to the nonhalogenated parent 1, each of the
para-substituted analogues exhibited an improvement in the
entropy of binding (2-5; Table 1). The small incremental in-
creases in peptide affinity from 1 to 5 is loosely correlated
with the increasing van der Waals radii of the atoms at the
para-position (H: 1.20A, F: 147 A, Cl: 1.77 A, Br: 1.92A, I
2.06 A; halogen values reflect the effective radii for phenyl sub-
stitution)." Aside from the fluorine analogue 2, in which en-
tropy was the major contributor to binding, the chlorine, bro-
mine and iodine analogues received equal contributions from
AH and TAS. The largest improvement in affinity measured
approached a fourfold enhancement when hydrogen was re-
placed with iodine. One plausible explanation for the increased
TAS values is to evoke a classical hydrophobic effect, in which
dehydration of ordered (low entropy) waters is enhanced.
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For the next series of compounds (6-9), we chose to further
explore chlorine substitution, which represented a compromise
between affinity (better than fluorine) and size/mass (smaller
than bromine or iodine). The position of substitution was
found to influence binding strength, perhaps due to unfavora-
ble steric hindrance effects that lead to suboptimal binding in-
teractions. A 14-fold diminishment was observed when chlor-
ine was moved from the para to the ortho position. This was
due to a notable drop in enthalpy, whereas TAS did not devi-
ate significantly. The ortho analogue 6 exhibited the weakest
affinity of the entire series; this was attributable to the least fa-
vorable AH value. The meta-positioned chloride experienced a
reduced drop in affinity, again due to a less favorable change
in enthalpy.

Upon addition of the second chlorine at the para position, it
was possible to “rescue” the binding of the singly-substituted
ortho and meta analogues. The 6 —8 and 7—9 transitions re-
sulted in four- and fivefold improvements in affinity, respec-
tively. The doubly-substituted 9 in fact exceeded the affinity of
the singly para-chlorinated ligand itself. Dissecting the compo-
nent thermodynamic values, 3,4-dichloro 9 was able to main-
tain the favorable entropy change of the meta analogue 7, but
without the corresponding loss of enthalpy. In other words, it
appears that the dichlorinated analogue 9 has managed in
part to evade enthalpy-entropy compensation, due to the
presence of the second chloride.

In the case of the single or double chlorinated substitutions
that involve the ortho or meta positions, the issue of degenera-
cy could be a consideration. Although the phenyl ring might
be expected to undergo rapid rotation, there might be ener-
getically preferred rotamers, which would not impact symmet-
rical analogues, such as 3.

Given the demonstrated potency of 9, we decided to pre-
pare the corresponding 3,4-difluoro analogue, 10. This was
based on the rationale that since fluorinated compounds are
disproportionately represented among all the halogens in syn-
thetic therapeutic agents, any future development of these
peptide ligands towards use as cellular probes could benefit
from such substitution."'” Ligand 10 exhibited the highest
affinity of the entire series, with a dissociation constant of
0.28 pm. This represents a fivefold improvement in affinity over
the original KKETFV peptide, and an almost tenfold improve-
ment over the initial parent peptide KKETEV.

In summary, the first report of thermodynamically character-
ized halogenated protein-binding ligands has been presented,
in which a series of peptides was systematically varied in terms
of halogen identity and position. While these measurements
pertain to a single binding pocket within one protein, they do
provide insight into the nature of the binding interaction as
influenced by a halogenated aromatic moiety. Although gener-
alizations will have to await similar reports for other protein-
ligand systems, our results suggest that a prudent addition to
peptide ligand discovery programs is the inclusion of halogen-
ated phenylalanine analogues. The potential gain in affinity is
particularly attractive considering the ease with which such
halogenated amino acid residues can be incorporated into the
chemical syntheses of individual sequences or libraries.

ChemBioChem 2008, 9, 2793 - 2795
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Optimization of the Pyridyl Nucleobase Scaffold for Polymerase
Recognition and Unnatural Base Pair Replication

Yoshiyuki Hari,® Gil Tae Hwang,® Aaron M. Leconte,” Nicolas Joubert,” Michal Hocek,” and

Floyd E. Romesberg*®

As part of an effort to increase both the biological and bio-
technological applications of DNA, we™ and others®® have
explored the DNA polymerase-mediated replication of a wide
range of unnatural base pairs. In our initial efforts we exam-
ined large, aromatic, unnatural nucleotides, both as self pairs
of two identical nucleotides and heteropairs of different nucle-
otides.">'%" While several of these unnatural base pairs are
efficiently synthesized (through insertion of the unnatural
dNTP opposite its partner in the template) by the exonuclease-
deficient Klenow fragment of Escherichia coli DNA polymerase |
(Kf), none are efficiently extended (by continued primer elon-
gation); this is most likely due to interstrand nucleobase inter-
calation and distortion of the primer terminus."® Thus, a range
of nucleotides bearing smaller phenyl-based nucleobases inca-
pable of intercalation were explored, and several modifications
that facilitate extension were identified." Of these, aza-substi-
tution at the 2-position (2Py, Figure 1) appears to be the only
modification that facilitates self pair extension without signifi-
cantly facilitating mispairing.®

We have also recently found that another of the phenyl-
based nucleotides, dMMO2, forms a heteropair with d5SICS
that is synthesized and extended with relatively high efficiency
and fidelity by a variety of different DNA polymerases
(Figure 1).”! However, it is unclear whether dMMO2 is the best
phenyl-based nucleotide for heteropair formation with d5SICS,
or if a derivatized pyridyl analogue might optimize heteropair
replication.

Here, we report the synthesis and characterization of a
series of substituted 2-pyridine derivatives, (Figure 1) which
were designed to systematically examine the effect of nucleo-
base shape, size, and hydrophobicity, as well as structural and
electronic modifications within the interbase interface. The
analogues are examined both as self pairs and as part of a het-
eropair with d5SICS. All nucleosides, phosphoramidites, oligo-
nucleotides, and triphosphates were synthesized as described
in the Supporting Information or in ref. [12].
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Figure 1. A) 2-Pyridyl nucleotides synthesized and characterized in this
study. B) dMMO2:d5SICS base pair. Only the nucleobase analogue is shown.
The wavy line indicates connection to the sugar and phosphate backbone,
which have been omitted for clarity.

The 2Py self pair is largely limited by inefficient self pair syn-
thesis; thus, we first characterized the steady-state rates for Kf-
mediated synthesis of the 2-pyridyl-based nucleotide self pairs
(Table 1). As with the fully carbocyclic scaffold,” methyl group
substitution has a significant effect on self pair synthesis. For
example, the d4MPy and d45DMPy self pairs are synthesized
far more efficiently than the parent d2Py self pair (which is
synthesized with an efficiency of 6.2x10*m "min™");® this
demonstrates that simple methyl substitution can substantially
increase the rates of synthesis. The similar rates with which the
d4MPy and d45DMPy self pairs are synthesized (1.6x10* and
4.1x10*M™"'min~', respectively) suggest that substitution at
the 4-position is sufficient for the observed increase in efficien-
cy. Additionally, self pairs of dQL, which combines both 3- and
4-position substitution with increased aromatic surface area,
are synthesized with an efficiency very similar to those of
d4MPy and d45DMPy (Table 1), suggesting that the packing
interactions mediated by the 4-position methyl group stabilize
the dNTP insertion transition state as much as the intercalative
interactions mediated by the larger aromatic group. The rates
of synthesis for the self pairs of the remaining analogues are
all less than that for d2Py, indicating that substitution at the 3-
or 5-positions does not facilitate self pair synthesis.

We also characterized the efficiency with which Kf inserts
the natural dNTPs opposite a pyridyl nucleotide in the tem-
plate to gauge the fidelity of unnatural base pair synthesis
(Table S1). For reference, opposite d2Py, dATP is the most effi-
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. . 5-position are much more prom-
Table 1. Incorporation rates of unnatural triphosphates dXTP.*! . ) . .
ising, and increase display a six-
5'-dTAATACGACTCACTATAGGGAGA to twelve-fold increase in the
3'~dATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC rate of self pair extension with
X Ko [min™ K keai/ K [M™" min”! ituti
o [min u tuwm] /Ky [ min” ] methyl substitution. The effects
d3MPy 0.42+0.14 163 £23 26)(103 are roughly addrtive; extension
dampy 32406 201+27 1.6x10 L
d5MPy 0.3440.02 17433 0% 10° of the d45DMPy self'palr is in
d34DMPy 12402 267 422 47%10° creased 70-fold (relative to the
d35DMPy 0.10£0.02 89419 1.2x10° unmodified self pair) to a rate
d45DMPy 20£02 49+7 4-1><10: that is only 70-fold slower than
daL 0.74+0.05 2043 3.7x10 .
dEPy g ! <10x10° that for a natural base pan.'. I'n
dAPy nd® nd® <1.0%10° fact, the d45DMPy self pair is
dMAPy nd® nd®’ <1.0x10° the most efficiently extended
dDMAPy 0.26+0.02 162+42 1.6x10° self pair that has been identified
[a] For details see the Supporting Information. [b] Reaction was too inefficient for k., and Ky to be determined to date. These data suggest that
independently. increased steric bulk in the nu-

ciently inserted natural dNTP, and it is actually inserted 32-fold
faster than d2PyTP®! While substitution at the 5-position has
no significant effect, the rate of incorporation of dATP decreas-
es as the steric bulk at the 3- or 4-position increases. In each
case, dATP remains the most efficiently inserted natural dNTP,
followed by dGTP, dTTP, and last by dCTP. The increased rate of
self pair synthesis and the reduced rates of mispairing with dA
combine so that the d4MPy and d45DMPy self pairs are syn-
thesized only five- and two-fold (respectively) slower than
dATP is inserted.

We next examined the rate at which each derivatized self
pair is extended by insertion of dCTP opposite a dG in the
template (Table 2). Substitution at the 3-position has widely
varying effects. While methyl substitution has no effect, ethyl
substitution (dEPy) increases the rate of extension by two-fold
relative to the d2Py self pair, and the amino substituents
(dAPy, dMAPy, and dDMAPYy) decrease efficiency of extension
to an extent that is correlated with substituent size. Thus, it ap-
pears that while the interface between these pyridyl nucleo-
base analogues may be optimized by increased packing, it is
not tolerant of altered electrostatics. The effects at the 4- and

cleobase interface induces a

structure that is less efficiently
extended, perhaps by causing a widening or distortion of the
base pair, while modification at the 4- and 5-positions appa-
rently favors extension, perhaps due to better interbase pack-
ing within the major groove or optimized packing with flank-
ing nucleobases. Considering all steps, methyl substitution at
the 4-position is the most beneficial as it increases both the
efficiency and fidelity of both unnatural base pair synthesis
and extension. Substitution at the 5-position, which does not
significantly affect synthesis, but does favor extension, also
facilitates replication.

We next examined the potential of the pyridyl nucleotides
as dMMO2 analogues by screening them for their ability to
pair with d5SICS. Examination of primer extension by gel elec-
trophoresis revealed that d5MPy and d34DMPy were most ef-
ficiently paired with d5SICS (Figure S1). Thus, we characterized
the d5MPy:d5SICS and d34DMPy:d5SICS heteropairs in great-
er detail (Table 3). The triphosphates of d5MPy and d34DMPy
are inserted opposite d5SICS with second order rate constants
that are approximately ten times slower than the rate constant
for insertion of dMMO2TP. Likewise, d5SICSTP is inserted op-
posite either 2-pyridyl analogue in the template with rates that

are approximately ten times less
efficient than insertion opposite

Table 2. Extension rates of unnatural self pairs.”! dMMO2. Thus, at least with
these analogues, methyl substi-
5'-dTAATACGACTCACTATAGGGAGAX tution at the 3-, 4, and 5-posi-
3'~-dATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC . h nilar f
X ke [min~"] Koy [um] keu/Koy T~ min~"] tions appears to have similar ef-
fects on synthesis, and the aza

d3MPy 2240.1 100+3 22x10 . b
daMPy 75416 3646 21x10° nitrogen atom appears to be
d5MPy 6.5+1.1 1642 41%10° slightly less beneficial than the
d34DMPy 1.3+0.08 132+£23 9.9%10° methoxy substituent at the 2-po-

d35DMPy 6.8+0.9 68+15 1.0x10° sition
d45DMPy 1542 62403 24x10° | inalv. th . f
daL 0.073+0.007 5745 13x10° nterestingly, the extension o
dEPY 86+16 102436 8.4x10° the two pyridyl heteropairs is
dAPy 1.0+0.1 4142 25x10° very different.  While the
3
S“D"ax 2{317i0‘04 123;“7 ?'legs d34DMPy:d5SICS  (primer:tem-
ni n <1.0X

4 plate) and  d5SICS:d34DMPy
[a] For details see the Supporting Information. [b] Reaction was too inefficient for k., and Ky, to be determined heteropairs are extended ten- to
independently. 100-fold  slower than the
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5'-dTAATACGACTCACTATAGGGAGA
3'-dATTATGCTGAGTGATATCCCTCTYGCTAGGTTACGGCAGGATCGC

Table 3. Steady-state rate constants of d5MPy:d5SICS and d34DMPy:d5SICS heteropairs.”

d45DMPyTP was added to the
reaction, full length product was
observed in good yield. Thus,
while further optimization is

.o [ |

dxTP Y ke [min” 1 K L] KooK I~ min "] clearly desired, the d45DMPy
d5MPy d5SICS 41+0.1 152412 2.7x1o: self pair might have immediate
d34DMPy d5SICS 53+0.1 132+4 40%10 ) . . .
dssIcs d5MPy 45+05 0.69+0.03 6.6x10° u_se n a'var.|ety [g]f different in
dssICs d34DMPy 41407 2.5+0.2 1.6x10° vitro applications.

5'-dTAATACGACTCACTATAGGGAGAX
3'-dATTATGCTGAGTGATATCCCTCTYGCTAGGTTACGGCAGGATCGC

Cumulatively, these results
demonstrate that every step of
replication may be optimized by

X Y Ko [min™'] Ky [um] Ko/ Ky IM™ min~"]

derivatization of the 2-pyridyl
d5MPy d5SICS 1.540.1 0.05640.015 2.7x10 .
d34DMPy dssIcS 21401 79405 26%10° nucleobase analogues. Judicious
dssIcs d5MPy 32404 1341 24%10° placement of methyl groups
dssICS d34DMPy 0.47+0.06 106+3 44x10° alone, yielding d45DMPy, results

[a] For details see the Supporting Information.

in a self pair that is extended

dMMO2 heteropair, the d5MPy:d5SICS heteropair is extended
with an efficiency of 2.7x 10" M~ 'min~', which is actually more
efficient than the corresponding dMMO2 heteropair, and re-
markably, only six-fold slower than extension of a natural base
pair in the same sequence context. Moreover, the d5SICS:
d5MPy heteropair is extended with an efficiency that is only
marginally reduced relative to the heteropair with dMMO2.
Thus, derivatization, particularly methyl substitution at the 5-
position, has a significant and beneficial effect on the pairing
of the 2-pyridyl analogues with d5SICS and, at least for exten-
sion, can actually optimize the heteropair so that it is better
recognized than dMMO2:d5SICS.

While these data will be helpful for the design of optimized
base pairs, it is apparent that the d45DMPy self pair is the
most promising of the unnatural base pairs examined in the
current study. To further explore the utility of this self pair, we
determined the rates at which all possible mispairs are extend-
ed (Table S2), which along with the rates at which the mispairs
are synthesized (see above), allow for a determination of the
overall fidelity. The most efficiently synthesized mispair,
dA:d45DMPy, is extended approximately 20-fold less efficiently
than the correct pair. Thus, the overall fidelity for self pair repli-
cation (synthesis and extension) relative to the mispair with dA
is eleven. The most efficiently extended mispair is that with dT,
which is extended with a rate of 6.4x10°M™"min™"; however,
due to the mispair’s inefficient synthesis, the overall fidelity of
the self pair relative to the mispair with dT is 33. The mispairs
with dC and dG are extended with rates of 3.9x 10° and 2.1x
10°m~ "min~', respectively, resulting in an overall fidelity of
1.1x10* for dC and 6.0x 10° for dG.

To explore the potential elimination of mispairs that are effi-
ciently synthesized but not extended, we characterized full
length DNA synthesis with Kf or exonuclease-proficient Kf (Kf
exo™) (Figure 2). As expected, full-length synthesis was ob-
served with a natural template (X=dT) with both Kf and Kf
exo ™. With d45DMPy in the template, Kf exo™, and only natu-
ral triphosphates present, an equilibrium was observed be-
tween the primer and the n+41 extension product, presumably
resulting from dATP insertion and excision. However, when
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5'-dTAATACGACTCACTATAGGGAGA
3'"-dATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC

a) template, X = dT b) template, X = d45DMPy

45-nt — - e e — -
- e -
%‘;’2}:.... G i s
Kf exo” Kf exo™ Kf exo Kf exo®
dNTP (20 pwm) iy o g = g e -+ - + - + - 4
G4EDMPYTP (500 ) — — + + = — + +  — — + + — — + +

Figure 2. Extension of 23-nt primer with 45-nt templates (X=dT or
d45DMPy). Reactions contain either Kf exo® or Kf exo™ and the reaction
time was 3 min.

with a rate similar to the natural one; this self pair can be used
to synthesize site-specifically modified DNA in good yield.
Moreover, while none of the pyridyl analogues is actually a
better heteropair partner for d5SICS than dMMO2 itself, the
results demonstrate that at least in some contexts, heteropair
extension is better facilitated by a 2-pyridyl nitrogen atom
than a methoxy group. Thus, the 2-pyridyl scaffold remains
among the most promising nucleobase analogues and further
optimization should result in self pairs or heteropairs for in
vitro, and possibly even in vivo, applications.!*'¥
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Targeting Protein-Protein Interactions: Suppression of Stat3 Dimerization
with Rationally Designed Small-Molecule, Nonpeptidic SH2 Domain Binders

Patrick T. Gunning,” Matthew P. Glenn,” Khandaker A. Z. Siddiquee,™ William P. Katt,” Eric Masson,”
Said M. Sebti,"” James Turkson,*®™ and Andrew D. Hamilton*!

Protein—protein interactions remain a daunting target for dis-
ruption by small molecules due to their large interfacial areas
and their often noncontiguous contact points. The prospect
for inhibition increases when small interaction modules (such
as SH2 domains) participate in the binding. SH2 domains are
found in the family of signal transducers and activators of tran-
scription (STAT) proteins,””’ which mediate the relay of extracel-
lular signals from various cell-surface protein receptors to the
nucleus, where they help to initiate and regulate specific gene
expression.” In particular, the Stat3 protein is known to direct-
ly upregulate Bcl-x,, c-Myc, Mcl-1, VEGF, and cyclin D1/D2, and
contributes directly to compromised cellular regulation by
stimulating cell proliferation and preventing apoptosis in nu-
merous human cancers.**

Stat3 activation occurs through phosphorylation of tyro-
sine 705, which promotes the formation of a Stat3 dimer
through reciprocal Stat3 phosphotyrosine 705-SH2 domain in-
teractions.” In general, STAT dimers then translocate to the nu-
cleus, where they regulate unique gene expression programs
through interaction with specific DNA-response elements.
Stat3-targeted gene expression confers resistance to apoptosis
in many tumor cells and promotes cell survival, which contrib-
utes to the resistance of these cancers to currently available
chemotherapeutics.” Successful Stat3 inhibitors might thus be
used to sensitize human cancers that harbor constitutively
active Stat3 to existing chemotherapeutic agents. Further, the
specificity of these inhibitors toward Stat3 might potentially
reduce the side effects that are associated with conventional,
aggressive chemotherapy.

Despite the difficulties in identifying protein surface-recogni-
tion agents, the promise of Stat3 modulators warrants investi-
gation.” Successful peptidic”*" and nonpeptidomimetic small
molecules®™ ™ that are capable of targeting malignant cell lines
with constitutively activated Stat3 protein are limited to a few
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examples that include Stattic,”® STA-21," and S31-201,"” which
were all identified through high-throughput virtual or bio-
chemical screening approaches. Our first-generation designs
were simple peptidomimetics derived from the natural se-
quence, of which 155610 was the most potent (see Figure 1).77
More recently we have discovered S3I-M2001 (15, Table 1) an
oxazole-based small-molecule inhibitor that shows promising
inhibition of Stat3 function,"” and we herein report a family of
rationally designed small-molecule, nonpeptidic Stat3 inhibi-
tors. These agents inhibit Stat3 protein dimerization and
induce apoptosis in Stat3-transformed cells and Stat3-depen-
dent breast oncogenic cell lines.

The crystal structure of the Stat3-SH2 domain reveals a shal-
low triangular pocket that is composed of two hydrophobic
sites and a hydrophilic phosphate-recognition pocket. Docking
studies on our initial lead, peptidomimetic IS5610, showed that
only two of the hydrophobic pockets in the binding domain
were effectively occupied (See Figure 1A)."7 To address this
problem we envisaged that trisubstituted heterocyclic scaf-
folds, such as oxazoles and thiazoles, could effectively access
all three sites (Figure 1B). Flexible ligand-docking studies
(GOLD) directed the design and assembly of oxazole and thi-
azole scaffolds. The oxazole inhibitors were prepared as out-
lined in Scheme 1 (see the Supporting Information for thiazole
synthesis). GOLD docking studies predicted a focused set of
substituents that might effectively occupy the SH2 domain.
Both R' and R? appendages need to be predominantly hydro-
phobic in nature to interact with the hydrophobic surface
presented by residues that are present in the upper (Phe716,
Met660, Pro715) and lower right (Ser636, Arg595, Lys591)
pockets of the Stat3 active site (Figures 1A, B).

Our initial screening process sought to evaluate in vitro dis-
ruption of Stat3:Stat3-DNA complex formation through a pre-
viously published in vitro DNA-binding EMSA-based assay,”®
which would give valuable insight into inhibitor action against
the Stat3 in terms of disruption of Stat3:Stat3 homodimer. An
initial series of Stat3 oxazole and thiazole inhibitors is shown
in Table 1. Oxazole 7 was prepared as a control to explore the
efficacy of compounds that do not project sizable appendages
from the R? position. It closely resembles lead peptidomimetic
ISS610. Stat3-DNA binding inhibition by 7 was shown to be
negligible, presumably due to poor inhibitor-protein comple-
mentarity. Substitution of 1SS610 at the acidic terminus had
been shown previously to decrease potency in all cases stud-
ied; this suggests that the oxazole scaffold is able to project
substituents in a substantially different orientation than could
be achieved with a peptide-based inhibitor (Figure 1). Five
compounds displayed 1Cs, values below 100 um, with oxazole

ChemBioChem 2008, 9, 2800 - 2803





1SS610 10

Figure 1. A) Active-site conformation of 1S5610, as determined by flexible ligand docking
in the active site of Stat3 (PDB ID: 1BG1) by using GOLD 3.0."? Lead peptidomimetic
1556107 does not completely occupy the active site. The site available for expansion is
indicated by an arrow. B) Oxazole 10 replicates the functionality projection of 10 and ac-

cesses the previously unoccupied region of the SH2 domain.
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Scheme 1. Conditions: A) R"COOH, HBTU, DIPEA, DMF; B) PPh,, I,, TEA,
CH,Cl,; C) 2N NaOH, THF; D) t-butyl trichloroacetamide, BF;:(OEt),, CH,Cl,;
E) H,, Pd/C, THF; F) dibenzyldiisopropyl phosphoroamidate, tetrazole, m-
CPBA, CH,Cl,; G) TFA, Et,SiH, CH,Cl,; H) R°COOH, HBTU, DIPEA, DMF; I) H,,
Pd/C, EtOAc. HBTU = 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate, DIPEA = N,N-diisopropylethylamine, DMF = N,N-di-
methylformamide, TEA = triethylamine, TFA = trifluoroacetic acid, m-

CPBA =m-chloroperbenzoic acid.

10 (IC;,=33 416 pm), and thiazoles 14 and 16 showing signifi-
cant dimer-disruption potential.
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COMMUNICATIONS

In several cases large effects were observed upon
replacement of the central core. This is seen in 10
and 11, where the high potency displayed by the ox-
azole analogue 10 (IC;,=33+16 um; Figure 2A) is
severely diminished in the analogous thiazole 11
(ICs5o=775 um). Conversely, thiazole 16 (IC;o=25 um)
has improved activity compared to corresponding
oxazole 15 (IC;,=58+10 um). Molecular modeling
studies showed that the thiazole scaffolds facilitated
improved projection, and concomitant higher com-
plementarity of the R, R%, and R® groups to the pro-
tein surface. In almost all examples, increased poten-
cy is derived from a thiazole core. Oxazole 12, which
contains the most potent arrangement of R' and R?
elements, but lacks a phosphate group, was shown
to be devoid of activity. Further nonphosphorylated
scaffolds were prepared and found to be impotent
Stat3 disruptors.

Given the extended planar aryl-oxazole construct
and the propensity of such scaffolds to intercalate
with DNA, experiments were conducted to discount
interaction with DNA as a source of the biological ac-
tivity."® By using fluorescence spectroscopy it was
found that the amount of DNA-bound ethidium bro-
mide did not vary upon addition of 10 (up to con-
centrations of 100 um); this compound can thus be
considered to be inert toward DNA (See the Support-
ing Information).

Work was undertaken to establish the affinity of the lead ox-
azole 10 for the inactive (unphosphorylated) Stat3 monomer
to help determine the mode of action. By using fluorescence
spectroscopy, K; values were calculated through displacement
of an SH2 binding fluorescein-labeled GpYLPQTV-NH, pep-
tide." The most potent inhibitors were found to have low af-
finity with the unphosphorylated Stat3 monomer (10 and 15,
K; ~1 mm; Figure 3). These results were attributed to the small-
er size of the oxazole scaffolds relative to the phosphopeptide,
which is predicted to make contacts with both the BG and EF
loops that recognize ligand residues at the pTyr+3 site.'>'d
Structural limitations of the inhibitors might preclude effective
interactions with the SH2 domain and reduce their ability to
displace the extended peptide sequence.

Despite the inherent difficulties associated with the cell per-
meability of phosphate derivatives, we observed promising
whole-cell activities for several lead compounds. Initial in vitro
whole-cell experiments were conducted against normal mouse
NIH-3T3 fibroblasts and v-src-transformed counterparts (NIH-
3T3/v-src) that harbor aberrant Stat3. Inhibitor effects upon cell
viability, proliferation, and cytotoxicity were assessed through
WST-1, a cell proliferation reagent that measures the metabolic
activity of viable cells. The most potent in vitro inhibitor, 10,
displayed at least ten-fold selectivity toward malignant NIH-
3T3/v-src fibroblasts with aberrant Stat3 (EC;,=120 um) and
negligible effects toward normal NIH-3T3 fibroblasts, in which
Stat3 pathways are tightly regulated. Conversely, the suppres-
sion by lead peptidomimetic 1SS610 in whole cells required
millimolar concentrations of inhibitor. It is assumed that the
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Table 1. IC, values (um) for the inhibition of Stat3 DNA-binding activity in vitro via oxazole and thiazole analogues of 1S5610.

H
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R? x/' N
o ~4 1
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Compound Number R' R? X R® ICs, values [pm]
0
¢ . . l'\OH 0 PO;H, >1000
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8 @ h ”\N/\/\/\ 0 PO,H, >1000
- H
0
9 © . ”\N/\/\/\ S PO,H, 150
- H
: ST =
. A
H
1 @ i /@Q s PO:H, 775
. K
H
12 @ ?L /@Q 0 H >1000
. K
H
R QL
13 @ . IR\ \ 0" o PO,H, 90
H
R L
14 @ . 3 lLN o’ s PO,H, 28
H
® i
15 N . 1LN/\/\/\ o PO,H, 58
H
® i
16 N . ”\N/\/\/\ S PO,H, 25
H
17 O . 0 o PO,H, 255
L
<N
H
: Y o TR
Y
H
® 2
19 ’ - RN - s PO,H, 125

[a] Inhibitor concentration required to decrease Stat3-DNA binding two-fold.

predominantly hydrophobic nature of our compounds facilitat-
ed successful permeation of the cell membrane despite the
phosphate.

In addition, cell-based ECg, values were determined for
potent inhibitors against human breast (MDA-MB-231) cancer

2802

www.chembiochem.org

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

cell lines (Table 2). Oxazole 10 had the best activity against
breast cancer (EDs,=180 pum) and NIH-3T3/v-src cells (EDg,=
120 pm) and lacked toxicity for control NIH-3T3 cells.

In summary, we have developed the first rationally designed
small-molecule inhibitors of Stat3 dimerization and thereby

ChemBioChem 2008, 9, 2800 - 2803
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Figure 2. A) EMSA data for in vitro disruption of Stat3 dimers by 10. B) NIH-
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Figure 3. Competitive binding experiment between the fluorescent probe 5-
carboxyfluorescein-GpYLPQTV-NH, and oxazoles 10, 15, 17 as well as unla-
beled Ac-pYLPQTV-NH, peptide to Stat3 protein. Whereas Ac-pYLPQTV-NH,
displays a 200 nwm affinity towards Stat3, oxazoles 10, 15, and 17 do not in-
teract significantly with Stat3.

Table 2. EC;, values for selected Inhibitors against constitutively activat-
ed Stat3 containing cell lines NIH/3T3/vSrc, MDA-MB-231 and unactivated
Stat3 NIH3T3 cells.

Compound ECs [pm]
No. NIH3T3 NIH3T3/vSrc MDA-MB-231
10 > 1000 120 180
14 >1000 480 >1000
16 > 1000 145 300
19 > 1000 700 > 1000

have disrupted Stat3-mediated cell proliferation pathways.
Suitably substituted oxazole and thiazole scaffolds, derived
from peptidomimetic leads, disrupted Stat3:Stat3-DNA-bind-
ing activity in vitro at low micromolar concentrations, but
showed low affinity to the unphosphorylated Stat3 monomer.
This might suggest that our compounds preferentially bind
with activated Stat3, which is further supported by the lack of
activity against control cells (NIH-3T3); this still remains to be
verified. Lead agents showed potency and selectivity against
specific human cancer cell lines and negligible toxicity towards
normal NIH-3T3 fibroblasts. Our studies highlighted the widely
acknowledged belief that Stat3 is a potent target for disrup-

tion by small-molecule inhibitors for novel anticancer drug
development and that targeting of Stat3 will require a higher
level of investigation.
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Alkyne-Functionalized Chemical Probes for Assaying the Substrate
Specificities of the Adenylation Domains in Nonribosomal Peptide

Synthetases

Yekui Zou and Jun Yin*®

Nonribosomal peptide synthetases (NRPSs) and polyketide syn-
thases (PKSs) are two large classes of biosynthetic enzymes
that produce medicinally active, natural product molecules
with complex structures.'™ Adenylation (A) domains in NRPSs
and acyltransferase (AT) domains in PKSs are the gate-keeping
domains responsible for recognizing specific amino acid or car-
boxylic acid substrates for the enzymatic assembly of nonribo-
somal peptide or polyketide natural products.*® To diversify
the structures of these natural products further for drug devel-
opment, the substrate specificities of A and AT domains need
to be screened for their ability to incorporate non-native build-
ing block molecules into the NRPS and PKS assembly lines for
the biosynthesis of natural product analogues.®?" Current
methods for screening the substrate spectra of A or AT do-
mains rely on radioactive assays by measurement of ATP/pyro-
phosphate (PPi) exchange at the active sites of the A do-
mains??! or by detection of the formation of covalent inter-
mediates between radiolabeled substrates and the NRPS or
PKS enzymes.”” Recently, significant progress has been made
in using mass spectrometry to characterize substrate loading
in these enzymes.” % Here we report a complementary
method involving the use of alkyne-functionalized substrate
analogues as chemical probes to assay the substrate specifici-
ties of the A domains of the NRPS enzymes. The development
of these chemical probes provides an alternative strategy for
the direct detection of substrate uptake and intermediate for-
mation in the NRPS enzymes, and would be useful for identify-
ing A domains or mutants capable of utilizing non-native sub-
strate molecules for the biosynthesis of structurally diversified
natural products.

The A domain catalyzes the formation of a thioester bond
between the cognate amino acid substrate and the phospho-
pantetheinyl (Ppant) group appended to the neighboring pep-
tidyl carrier protein (PCP) domain for substrate loading on the
NRPS assembly lines (Scheme 1A)."¥ Because a covalent inter-
mediate is formed between the amino acid substrate and the
enzyme, we reasoned that a robust chemical method for de-
tecting substrate attachment to PCP should be able to profile
the catalytic activities of the A domains. In this strategy, poten-
tial substrates of the A domains are derivatized with bioor-
thogonal functional groups. In this way, substrate loading on
PCP can be detected by conjugation of a reporter molecule
such as biotin or a fluorophore to the substrate molecule at-

[a] Y. Zou, Prof. J. Yin
Department of Chemistry, The University of Chicago
929 E. 57th Street, GCIS E505A, Chicago, IL 60637 (USA)
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tached to the Ppant group of PCP. This method would require
the bioorthogonal functional group on the substrate molecule
to be small in size for its accommodation at the active site of
the A domain. Moreover, the conjugation reaction between
the substrate and the reporter molecule would need to be
highly specific and efficient for the sensitive detection of the
covalent intermediate formed with the NRPS enzyme. To meet
these requirements, we chose to use alkyne-functionalized
substrate molecules as the chemical probes, as they can be
conjugated with azide groups linked to biotin (biotin-azide 1)
or other reporter molecules through the use of the Cu'-cata-
lyzed Huisgen 1,3-dipolar cycloaddition reactions developed
by Sharpless and colleagues (click chemistry; Scheme 1B).” In
this way, substrate loading catalyzed by an A domain is directly
coupled to biotin conjugation with the carrier proteins embed-
ded within the NRPS modules. Since biotin can be easily
detected through its binding to streptavidin in a Western blot
or by an enzyme-linked immunosorbent assay (ELISA), this
method should provide a biochemical means for assaying sub-
strate uptake and the formation of covalent intermediates by
the NRPS enzymes. Alkyne or azide functionalities have recent-
ly been incorporated into various mechanism-based chemical
probes and used for enzyme profiling through the use of the
azide-alkyne cycloaddition reaction for reporter molecule con-
jugation.B°-3%

We first used the PCP domain of the NRPS module GrsAB%
to test whether an alkyne functionality attached to PCP can be
detected by site-specific conjugation with biotin-azide 1. GrsA
was previously cloned by Marahiel and colleagues from Bacillus
brevis as the initiation module of gramicidin S synthetase.®”
Coenzyme A-conjugated (CoA-conjugated) alkyne 2 (Figure 1)
was synthesized as one of the reaction partners for azide-
alkyne cycloaddition and was directly loaded by Sfp phospho-
pantetheinyl transferase®®“” onto a serine residue of GrsA PCP
(Figure 1B). The resulting alkyne-modified PCP (alkyne-PCP)
showed a molecular ion peak at m/z 11746 as determined by
MALDI-TOF (Figure 1B), which is 421 Da larger than the mass
of apo PCP (m/z 11325; Figure 1A) and matches the mass for
the covalent attachment of alkyne-Ppant group (M,,=421) to
PCP. Alkyne-PCP was then incubated with biotin-azide 1 in the
presence of CuBr for site-specific addition of 1 to the alkyne
functional group on PCP. After 5 h at room temperature, com-
plete conversion of alkyne-PCP into biotin-conjugated PCP
(biotin-PCP) was observed, with a molecular ion peak at m/z
12294 in the MALDI-TOF spectrum (Figure 1C). This corre-
sponds to a 548 Da increase in mass from alkyne-PCP, corre-
sponding to the addition of biotin-azide 1 (M,,=552). As is
also shown in Figure 1C, we did not observe any significant
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Scheme 1. General strategy for using chemical probes to profile the substrate spectra of the A domains in NRPS
biosynthetic enzymes. A) PCP modification by Sfp leads to the covalent attachment of a phosphopantetheinyl
prosthetic group (Ppant), which is followed by substrate loading to PCP catalyzed by the A domain. B) Loading

of alkyne-functionalized substrates onto PCP is catalyzed by the A domain followed by subsequent conjugation of
biotin-azide 1. Biotin-labeled enzyme intermediates can then be detected by streptavidin binding.

mass signal corresponding to Ppant-modified PCP (M, =
11666) as the product of thioester hydrolysis of the alkyne-
PCP. This suggests that the thioester linkage between the
alkyne functional group and the Ppant arm on PCP is stable
during the cycloaddition reaction. Biotin attachment to PCP
was also confirmed by Western blot probed with streptavidin-
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The apo PCP without alkyne
modification was used as a con-
trol and was treated with biotin-
azide 1 under the same condi-
tions. No biotin-PCP was formed,
as shown by the Western blot
and ELISA (Figures 1D and E,
lane 2). We also found that more
biotin-PCP was formed when
CuBr was used instead of CuSO,/
TCEP as the Cu' catalyst in the
cycloaddition reaction (as sug-
gested by the Western blot and
ELISA Figures 1D and E, lanes 3
and 4). These results demon-
strate that Cu'-catalyzed azide-
alkyne cycloaddition reactions
can be used to detect alkyne
functionalities loaded onto the
PCP domain.

We then tested whether
alkyne-functionalized  substrate
analogues can be loaded onto
the PCP domain by A domain
catalysis with subsequent detec-
tion by biotin-azide conjugation
targeting the alkyne group. The
A domain in the NRPS-type load-
ing module (LM) of RifA is spe-
cific for 3-amino-5-hydroxyben-
zoic acid (AHB, 3, Figure 2) and
has been shown to have sub-
strate tolerance for benzoates
substituted at the 3- and 5-posi-
tions."*? RifA is the N-terminal
component of rifamycin synthe-
tase from Amycolatopsis mediter-
ranei, which is responsible for
the biosynthesis of proansamy-
cin X, a precursor to antitubercu-
lar antibiotic rifamycin B.*¥ The
RIfALM has previously been
cloned by Khosla and colleagues
for expression and enzymatic studies.”? To prepare alkyne-con-
jugated AHB analogues for probing of the substrate specificity
of RifA LM, four alkyne-functionalized benzoate substrates (4-
7), in which propargyl groups were linked to the benzoates
through ether or amide bonds with the hydroxyl or amino
substitutes on the phenyl rings, were synthesized (Figure 2).

ATP

Streptavidin
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Figure 1. Coupling of alkyne-modified GrsA PCP with biotin-azide 1. A) MALDI-TOF spectrum of apo PCP with m/z 11325. B) MALDI-TOF spectrum of PCP
loaded with alkyne-Ppant (alkyne-PCP) with m/z 11746. C) MALDI-TOF spectrum of PCP conjugated with biotin-azide 1 (biotin-PCP) at m/z 12294 after the
azide-alkyne cycloaddition reaction. D) A Western blot of the coupling reaction of biotin-azide 1 with alkyne-loaded PCP. The Western blot was probed with
streptavidin-HRP. E) ELISA of the coupling reactions from D, probed with an anti-Hiss tag antibody conjugated to HRP. The solution in the wells was diluted
ten-fold across the plate from left to right. The lane assignment in E is the same as in D. The structure of CoA-alkyne 2 is also shown.

RifA LM was expressed as an A-PCP didomain with a C-terminal
Hiss tag and was activated for substrate loading by CoA modi-
fication with Sfp for the installation of the Ppant group on the
PCP domain. We first tested whether the alkyne-conjugated
AHB analogues would be recognized by the A domain in
RifA LM by means of an ATP/[*’P]PPi exchange assay. As shown
in Figure 2, the alkyne-functionalized substrate analogues dis-
played activities for RifA LM that are competitive with the ac-
tivity of the native substrate, 3. Compound 4 is the 3,5-diami-
no analogue of 3, and its activity for RifA LM-catalyzed ATP/
[**PIPPi exchange is about 67% of that of 3. Compound 6
lacks the 5-amino group of 4 and was slightly less active than
4, with 60% of the activity of 3. The activity decreased more
with the removal of the 3-amino group of 3 (compound 7);
compound 7’s activity for ATP/[*’P]PPi exchange is only 25% of
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that of 3. Introduction of a 5-hydroxyl group into 7 provided
5, which has a slightly higher activity (29%) than 7 (Figure 2).
To test whether the alkyne conjugation method can be used
to assay A domain specificity with substrate analogues show-
ing a wide range of activities, we chose 7, a less active sub-
strate, as the alkyne-functionalized chemical probe to detect
substrate loading catalyzed by the A domain of RifA LM.

Probe 7 was incubated with the holo A-PCP didomain of
RifA LM in the presence of ATP after the enzyme had been
activated by Sfp for Ppant modification. The loading of 7 onto
PCP was assayed by incubating the reaction mixture with
biotin-azide 1 in the presence of either CuBr or CuSO,/TCEP for
biotin conjugation to 7 after substrate loading. The reaction
mixtures were then assayed by Western blot, which was
probed with streptavidin-HRP. The Western blot showed biotin

ChemBioChem 2008, 9, 2804 -2810
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Figure 2. Relative activities of ATP/[*P]PPi exchange catalyzed by the A do-
main of RifA LM with its native substrate AHB (3) and the alkyne-functional-
ized AHB analogues 4-7.

labeling of RifA LM with a band at 67 kDa upon the addition of
both biotin-azide 1 and the copper catalyst to the reaction
mixtures (Figure 3A, lanes 2 and 3). This suggests that the
A domain of RifA LM can recognize probe 7 as a substrate and
attach it to the Ppant arm on the neighboring PCP domain.
Loading of 7 to RifA LM was strictly dependent on A domain
catalysis, since RifA LM without Ppant activation was not la-
beled by biotin under the same conditions (Figure 3 A, lanes 7-

A) B)

1 2 4 5 6 7 8 9 1 2
RifA LM-7 + o+ o+ - - - - - - RifA LM-7 + +
RifA LM-SH T T S T RifA LM-SH - -
RifA LM I + o+ RifA LM S
biotin-azide1 + + + + + + + + biotin-azide 1 + +
CuBr - -+ -+ - - * CuBr - -
CuSOq4 - - - - -t - CuSO4 -
TCEP S . . TCEP -
67 kDa —» ——

Q. Q.
(4 e;@
RifA LM S

RifA LM-SH

RifA LM-7

Figure 3. A) Western blot of the conjugation reactions between biotin-azide 1 and RifA LM loaded with 7. The
Western blot was probed with streptavidin-HRP. B) ELISA analysis of the biotin-azide conjugation reaction with
RifA LM loaded with 7. Loading reactions were assayed on a streptavidin plate probed with an anti-His, tag anti-
body conjugated with HRP. The solution in the wells was diluted ten-fold across the plate from left to right.
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9). Biotin conjugation to RifA LM was also dependent on the
cycloaddition reaction between 7 loaded on the enzyme and
biotin-azide 1; this is shown by the control reactions in which
no biotin labeling was observed on the Western blot without
the addition of the copper reagent necessary for the cycloaddi-
tion reaction (Figure 3 A, lane 1) or without preloading of 7 on
the enzyme (Figure 3A, lanes 4-6). ELISA also showed similar
results (Figure 3B). These experiments validate our strategy for
assaying substrate loading onto PCP that is catalyzed by the
A domains through the use of an alkyne-functionalized sub-
strate analogue as chemical probe. It also demonstrates that
an alkyne moiety loaded onto a NRPS enzyme can be easily
detected by efficient conjugation with a reporter molecule
such as biotin-azide 1.

We next used this strategy to assay substrate loading on
RifA LM with alkyne-functionalized probes 4-6. Again, the
holo-A-PCP didomain was incubated with 4-6, followed by
conjugation with biotin-azide 1. As shown in Figure 4 A, biotin
labeling of RifA LM was detected with probes 4-6 on the West-
ern blot probed with streptavidin-HRP. This suggests that these
substrates can all be recognized by RifA LM for their incorpora-
tion into the biosynthetic assembly line. These results are also
compatible with the ATP/[*P]PPi exchange measurements,
showing significant activities of the substrate analogues with
RifA LM (Figure 2), and demonstrate that the alkyne functional-
ity can be used as a convenient chemical label to screen the
substrate specificities of the A domains with small-molecule
building blocks of diverse structures.

Finally, we tested whether the alkyne-functionalized sub-
strate probes can be used to detect the activity of RifA LM in

cell lysates. Escherichia coli cells
expressing RifA LM were lysed,

- and Sfp and CoA were added to
7 : the cell lysate for PCP modifica-
tion with the Ppant group. Com-
pound 7 was added to the reac-
~  tion mixture, and the loading of
~ the alkyne-functionalized sub-
... strate analogue on RifA LM was

5 ..L_;, detected by copper-catalyzed
cycloaddition with biotin-azide 1
(Figures 4B and C, lane 1). Biotin-
ylation of RifALM was strictly
dependent on the substrate
loading on PCP catalyzed by the
A domain, since no biotin conju-
gation was found when RifA LM
was not activated by PCP
phosphopantetheinylation (Fig-
ures 4B and C, lane 3). Further-
more, when NovH (73 kDa), an
A-PCP didomain from the NRPS
enzyme for novabiocin biosyn-
thesis,*” was used for substrate
loading in the cell lysate with 7,
no biotin labeling of NovH was
observed on the Western blot
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Figure 4. A) Western blot of the biotin-azide conjugation reactions with RifA
LM for detection of substrate loading of 4-6. The Western blot was probed
with streptavidin-HRP. B) Compound 7 was used to detect the activity of
RifA LM in cell lysates. A Western blot probed with streptavidin-HRP is
shown. C) ELISA of the substrate loading reactions of 7. Assay was complet-
ed on a streptavidin plate and detected with an anti-Hiss tag antibody con-
jugated with HRP. The solution in the wells was diluted ten-fold across the
plate from left to right. Lane assignment of the ELISA plate in C is the same
as in B.

after conjugation with biotin-azide 1 (Figures4B and C,
lane 4). This suggests that NovH, with its native substrate spe-
cificity for the amino acid tyrosine,*¥ would not recognize 7 as
a substrate. These results demonstrate the high sensitivity and
specificity of the use of alkyne-functionalized substrate probes
to detect A domain catalysis in cell lysates.

In summary, we have developed a simple and efficient
method to screen the catalytic activities of NRPS A domains
through the use of alkyne-functionalized substrate analogues
as chemical probes. The detection of substrate loading onto
PCP catalyzed by the A domain is highly sensitive, as it is
based on efficient coupling of biotin-azide to chemical probes
covalently attached to the PCP domain. This method can be
used for screening the substrate spectra of the A domains in
NRPS modules. We also expect that the same strategy should
be applicable for assaying substrate loading in a PKS module
through the use of alkyne-functionalized acyl CoA analogues,
because an AT domain in a PKS should covalently attach sub-
strates to a neighboring acyl carrier protein (ACP) domain.”*”
Recently, precursor-directed biosynthesis“**® and mutational
biosynthesis™®*¥ have been used to screen cellular uptake of
nonnative building block molecules for the enzymatic assem-
bly of new natural product structures. The method in this
report should be suitable for assaying the substrate tolerance
of specific modules of the NRPS or PKS enzymes rather than
the full biosynthetic pathway.

In comparison with those currently in use for assaying sub-
strate loading on NRPS or PKS enzymes, the method reported
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here provides an efficient means for chemical detection of
enzyme-attached substrates and does not require the use of
radioactive substrates or sophisticated instruments for mass
spectrometry. However, it requires the use of alkyne-functional-
ized substrates instead of native substrates. This method
should thus be suitable for screening a panel of alkyne sub-
strates for their uptake by a specific A or AT domain. We also
showed that alkyne-functionalized substrate analogues can be
used for detecting A domain activity in cell lysates. Cell lysate
screening has greatly facilitated enzyme engineering through
the expression of mutant enzymes in E. coli cells and the direct
assay of the enzymatic activities in the cell lysates.”>**=" we
thus envision that the chemical conjugation method reported
here could be used to screen libraries of A or AT domains and
their mutants for altered substrate specificity with alkyne-func-
tionalized substrate analogues.

Experimental Section

General: Unless otherwise indicated, all reagents were obtained
from commercial sources and used without further purification,
and all reactions were performed under nitrogen. Anhydrous sol-
vents were purchased from Acros. All other solvents were obtained
either from Fisher Scientific or from VWR International (West Ches-
ter, USA). Column chromatography was carried out on silica gel 60
(EMD Chemicals, Cincinnati, USA) with elution solvents as de-
scribed. "H NMR spectra were obtained with a Bruker Model
DRX 400 NMR spectrometer (Bruker, Fallanden, Switzerland).
MALDI-TOF spectra were acquired with a Voyager DE PRO MALDI
mass spectrometer (PerSpective Biosystems, Foster City, USA). 2,5-
Dihydroxybenzoic acid was used as the matrix for small-molecule
samples, and sinapinic acid was used as the matrix for protein sam-
ples, unless otherwise indicated. HPLC purification was carried out
on a POLARIS Biolnert Gradient LC System (Varian, Walnut Creek,
USA) with a reversed-phase Nucleodur C-18 column of 250 mm in
length, 21 mm ID, and 10 um particle size (Phenomenex, Torrance,
USA).

Preparation of biotin azide 1: Azidoaminopropane (3.0 mg,
30 umol) was added to a solution of N-hydroxysuccinimidyl-6"-(bio-
tinamido)-6-hexanamido  hexanoate (NHS-LC-LC-biotin, Pierce,
8.5 mg, 15 umol) in DMF (500 pL), followed by the addition of N,N-
diisopropylethylamine (5.8 mg, 45 pmol). The reaction was allowed
to proceed at room temperature with stirring overnight. The reac-
tion mixture was then purified by HPLC with a gradient of 0-65 %
acetonitrile in 0.1% TFA/water over 35 min at a flow rate of
10 mLmin~". The purified compound was lyophilized, and its iden-
tity was confirmed by MALDI-TOF (positive mode): calcd for
CysH,sNgO,S: 553.33; found: 553.54.

Preparation of CoA-alkyne 2: Coenzyme-A (10 mg, 13 umol) was
dissolved in water, and N,N-diisopropylethylamine (20 ul) was
added. The reaction was allowed to proceed at room temperature
for 20 min. Pent-4-ynoic acid succinimidyl ester (3.3 mg, 17 umol)
was dissolved in DMSO, and this solution was added to the aque-
ous CoA solution. The reaction mixture was stirred at room tem-
perature overnight. The crude product was purified by HPLC with
a gradient of 0-65% acetonitrile in 0.1% TFA/water over 35 min at
a flow rate of 10 mLmin~". The purified compound was lyophilized,
and its identity was confirmed by MALDI-TOF (positive mode):
calcd for CygH,N,0,,P;S: 848.15; found: 848.44; MALDI-TOF (nega-
tive mode): calcd for C,gH3oN,0,,P5S: 846.13; found: 846.36.
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Preparation of 3-amino-5-[(1-oxopent-4-ynyl)aminolbenzoic acid
(4): 3,5-Diaminobenzoic acid (93 mg, 0.61 mmol) was dissolved in
DMF (10 mL). N,N-Diisopropylethyl amine (0.27 mL 197 mg,
1.53 mmol) was added to this solution, and the reaction mixture
was stirred at room temperature for 30 min, after which pent-4-
ynoic acid succinimidyl ester (100 mg, 0.51 mmol) was added. The
reaction was allowed to proceed at room temperature with stirring
overnight. The solvent was then removed by rotary evaporation,
and the resulting crude product was purified by HPLC with a gradi-
ent of 0-100% acetonitrile in 0.1% TFA/water over 72 min at a
flow rate of 10 mLmin~" to afford 3-amino-5-[(1-oxopentynyl)ami-
nolbenzoic acid (83 mg, 70%). '"H NMR (CD;0D): 6=7.45 (s, 1H),
7.32 (s, TH), 7.13 (s, TH), 6.36 (s, 1H), 2.57 (m, 4H), 2.30 ppm (s,
1H); MS (APCI): [M+H]" calcd for C;,H5N,05: 233.1; found: 233.1.

Preparation of 3-hydroxy-5-prop-2-ynyloxybenzoic acid (5):
Bu;NI (482 mg, 1.3 mmol) was added to a solution of methyl 3,5-di-
hydroxybenzoate (2.18 g, 13 mmol) and K,CO; (3.60 g, 26 mmol) in
DMF (40 mL), followed by the addition of propargyl bromide
(1.19.g, 10 mmol). The reaction mixture was stirred at room tem-
perature for 18 h. NaHSO, (1™, 35 mL) was then added, and the
reaction mixture was extracted with ethyl acetate (3x50 mL). The
combined organic layer was washed with a saturated aqueous so-
lution of NaHCO;, water, and brine, dried with anhydrous magnesi-
um sulfate, and concentrated under reduced pressure. Chromatog-
raphy on silica gel with MeOH/DCM (1:80, v/v) as eluent gave 3-hy-
droxy-5-prop-2-ynyloxybenzoic acid (1.65 g, 80%). 'H NMR (CDCl,):
0=7.28 (s, TH), 7.24 (s, 1H), 6.72 (s, TH), 4.75 (s, 2H), 3.95 (s, 3H),
2.56 ppm (s, 1H).

3-Hydroxy-5-prop-2-ynyloxybenzoic acid (1.03 g, 5.0 mmol) was
added to a solution of NaOH (0.5 g, 12.5 mmol) in MeOH (10 mL)
and water (3 mL). After the system had been stirred for 2 h at
room temperature, MeOH was removed, and the residue was acidi-
fied with HCI (2N) and then purified by HPLC with a gradient of 0-
100% acetonitrile in 0.1% TFA/water over 72 min at a flow rate of
10 mLmin™' to afford 3-hydroxy-5-prop-2-ynyloxybenzoic acid
(0.95g, 99%). '"HNMR ([DJDMSO): 6=7.03 (s, 1H), 6.96 (s, 1H),
6.55 (s, TH), 4.75 (s, 2H), 3.52 ppm (s, 1H); MS (APCI): [M—H]~ calcd
for C,oH,0,: 191.0; found: 191.1.

Preparation of 3-[(1-oxopent-4-ynyl)amino]benzoic acid (6):
Compound 6 was prepared from methyl 3-hydroxybenzoate by
the synthesis procedure described above. 'H NMR (CD,0D): 6=
824 (s, 1H), 7.86-7.76 (m, 2H), 7.45 (m, TH), 2.63-2.57 (m, 4H),
2.31 ppm (s, 1H). MS (APCl): [M+H]" calcd for C;,H,,NO;: 218.1;
found: 218.1.

Preparation of 3-prop-2-ynyloxybenzoic acid (7): Compound 7
was prepared from methyl 3-hydroxybenzoate by the synthesis
procedure used for 3-hydroxy-5-prop-2-ynyloxybenzoic acid (5).
"HNMR (CDCly): 6=7.62-7.13 (m, 4H), 4.81 (s, 2H), 3.11 ppm (s,
1H); MS (APCI): [M—H]~ calcd for C,,H,0;: 175.0; found: 175.0.

Protein expression and purification: pET plasmids (Novagen,
Darmstadt, Germany) of pT2,%? pSA8,“? and pHC10“ were kindly
provided by Professor Christopher T. Walsh at Harvard Medical
School for the expression of GrsA PCP, RifA LM, and NovH, respec-
tively. Expression of the proteins followed reported proto-
cols.*5*** Briefly, plasmids harboring the genes of the C-terminal
Hiss-tagged fusion proteins were transformed into E. coli BL21-
(DE3)pLysS chemically competent cells (Invitrogen). Cells were
grown at 37°C in Luria Broth (LB, 1 L) supplemented with ampicil-
lin (100 mgmL™") to an optical density of 0.6 at 600 nm. Protein ex-
pression was then induced with the addition of isopropyl p-thioga-
lactopyranoside (IPTG, 1 mm) and the cell culture was grown at
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15°C overnight. The next day, the cells were harvested by centrifu-
gation at 5000 rpm for 15 min and the cell pellets were resuspend-
ed in lysis buffer containing Tris (pH 8.0, 50 mm), NaCl (500 mm)
and imidazole (5 mm) supplemented with DNAse | (1 unitmL™").
The resuspended cells were disrupted with a French Press (Thermo
Spectronic, Asheville, USA) with three passages at 12000 psi. Cell
debris was removed by centrifugation at 16000 rpm for 30 min.
The clarified cell extract was incubated with a suspension of Ni-
NTA resin (Qiagen, 50%, 1 mL) for 3 h at 4°C in a batch-binding
format. The suspension was then loaded onto a gravity column
and washed with the lysis buffer (20 mL). Protein bound to the
column was eluted with elution buffer (6 mL) containing Tris
(pH 8.0, 50 mm), NaCl (500 mm) and imidazole (250 mm). The
purity of the fractions containing the protein of interest was
checked by SDS-PAGE stained by Coomassie brilliant blue. Frac-
tions with the desired purity were pooled and dialyzed against
HEPES (50 mm, pH 7.5, 2x1 L), NaCl (100 mm), and glycerol (10%).
Protein solutions were then aliquoted and stored at —80 °C.

ATP/[**P]PPi exchange assay: The ATP/[**P]PPi exchange assay was
performed as previously reported. Reaction mixtures (final
volume 100 pL) contained Tris-HCl (75 mm, pH 7.5), MgCl, (5 mm),
TCEP (5 mwm), ATP (3.5 mm), substrate (1.5 mm), RifALM enzyme
(2 um), and [**Plpyrophosphate (1 mm, 17.86 Cimol™', Perkin-
Elmer). The reactions were initiated by the addition of RifA LM and
allowed to proceed at 24°C for 45 min before being quenched by
addition of a stop mix (0.5 mL) containing activated charcoal
(1.2%, w/v), tetrasodium pyrophosphate (0.1 m), and perchloric acid
(0.35m) in water. The charcoal was then pelleted by centrifugation
and washed three times, each time with a solution (1 mL) contain-
ing tetrasodium pyrophosphate (0.1 M) and perchloric acid (0.35m)
in water. After the washes, the charcoal pellet was resuspended in
water (0.5 mL) and added to liquid scintillation fluid (5 mL, Ultima
Gold; Packard, Shelton, USA). The charcoal-bound radioactivity was
determined by liquid scintillation counting with a Beckman
LS 6500 scintillation counter (Beckman Coulter, Fullerton, USA).

Sfp-catalyzed CoA modification: In a total volume of 200 pL, Sfp
phosphopantetheinyl transferase (2.0 pm), CoA (5 mm), and MgCl,
(10 mm) in HEPES (50 mm, pH 7.5) were incubated with protein
(20 um) for 60 min. For alkyne-Ppant attachment to GrsA PCP, the
same conditions were used with CoA-alkyne 2 (5 mm).

Substrate loading catalyzed by adenylation domains: Reactions
were carried out with the following components: TrisHCI (75 mm,
pH 7.5), dithiothreitol (DTT, 5 mm), ATP (3.5 mm), MgCl, (10 mwm),
holo-A-T didomain (20 um), and the substrate (1.0 mm). After incu-
bation for 60 min at 30°C, the reaction mixture was applied to a
protein desalting spin column (Pierce) preequilibrated with the re-
action buffer. The protein component of the applied sample was
eluted from the spin column according to the manufacturer’s
instructions. The eluted protein sample was used for biotin-azide 1
conjugation.

Cu'-catalyzed azide-alkyne cycloaddition reaction: Biotin-azide 1
(3.0 mm) was added to alkyne-modified protein (30 um) in PBS
buffer (pH 7.4), followed by the addition of CuBr (1.0 mm) or CuSO,
(1.0 mm)/tris(2-carboxyethyl)phosphine (TCEP, 2.0 mm) and tris(1-
benzyl-1H-[1,2,3]-triazol-4-ylmethyl)amine (2.0 mm). The reaction
was gently agitated at room temperature for 5 h. Protein samples
were separated from excess reagents by centrifugation and ana-
lyzed by Western blot and ELISA.

Assaying the activities of the A domains in cell lysates: RifA LM
and NovH were expressed as described in the section on “Protein
expression and purification”. Cell lysates collected after cell disrup-
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tion with a French Press were directly used for Sfp-catalyzed CoA
modification, substrate loading, and biotin-azide 1 conjugation as
described in the previous sections.

ELISA and Western blot: A streptavidin-coated 96-well plate
(Pierce) was first blocked with bovine serum albumin (BSA, 3%) in
TBS buffer containing TrisHCl (25 mm, pH 7.5), NaCl (100 mm) at
room temperature for 1h. The blocking solution was then re-
moved, and BSA in TBS buffer (1%, 90 uL) was added to each well.
Loading reaction mixture (10 mL) was then added to the wells in
the first column, and cross-plate tenfold dilution was performed.
After incubation at room temperature for 1 hour, the plate was
washed six times with Tween 20 (0.05%) and Triton X-100 (0.05 %)
in TBS and six times with TBS. BSA in TBS (19%, 100 uL) containing
1:1000 diluted anti-Hiss tag antibody conjugated to HRP (Santa
Cruz Biotechnology) was added to each well, and the plate was in-
cubated for 1 h at room temperature. The plate was again washed
six times with Tween 20 (0.05%) and Triton X-100 (0.05%) in TBS
and six times with TBS. After the washes, the bound peroxidase ac-
tivity in each well was detected with a TMB substrate kit (Pierce).

For Western blot, labeling reaction mixture (20 pL) was loaded on
a 4-15% SDS-PAGE gel (Bio-Rad). After electrophoresis, the protein
bands were electroblotted onto a piece of polyvinylidene fluoride
(PVDF) membrane (Bio-Rad). The membrane was then blocked
with BSA in TBS (3%) for an hour, followed by incubation with BSA
in TBS buffer (1%) containing 1/10° diluted 1 mgmL™" streptavidin-
HRP conjugate (Pierce) for 1 hour. The membrane was then
washed with Tween 20 (0.05%) and Triton X-100 (0.05%) in TBS
(6x) and with TBS (6x) followed by detection by use of the ECL
luminescent detection kit (Amersham Pharmacia).
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Gd-DOTA Conjugate of RGD as a Potential Tumor-Targeting MRI Contrast

Agent

Ji-Ae Park, Jae-Jun Lee,” Jae-Chang Jung,™ Dae-Yeul Yu,” Chilhwan Oh, ¢ Seunghan Ha, Tae-Jeong Kim,*™

and Yongmin Chang*® 9

Targeted delivery of contrast agents (CAs) with specific tumor
recognition sites and simultaneous monitoring of the growth
and metastasis of tumors in the body is an important goal in
diagnostic molecular imaging. RGD (Arg-Gly-Asp) peptide is
well known to have a relatively high and specific affinity for
a,Ps-integrin, which is over-expressed in nascent endothelial
cells during angiogenesis (formation of new blood vessels) in
various tumor types and not in inactive endothelial cells. The
expression of an endothelial a,fB;-integrin has been shown to
correlate with tumor grade and thus plays a significant role in
diagnosis of tumors.™

Some progress in tumor-targeted imaging by positron emis-
sion tomography (PET) or near-infrared fluorescence (NIRF)
has recently been made with the aid of RGD complexes la-
beled with radioactive isotopes or fluorescent tags.”! Despite
the usefulness of PET and NIRF, their applications are rather
limited because of inherent problems such as light scattering,
the invasive nature of data collection, photo-bleaching, and
poor resolution. Molecular magnetic resonance imaging (MRI),
however, can not only overcome these restrictions, but, with
the assistance of a CA that catalytically shortens the relaxation
time of the protons of nearby water molecules, can also pro-
vide excellent anatomy images.”
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Thermodynamically stable, water-soluble, and highly para-
magnetic Gd" complexes, each bearing a multidentate ligand
and at least one coordinated water molecule, have demon-
strated high relaxivity and have therefore served as versatile
MRI CAs.”) Among the early MRI CAs approved for clinical use
are Dotarem® and Omniscan®. These Gd" complexes incorpo-
rate the macrocycle 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) as ligand and exhibit high thermody-
namic stability.”” The fact that DOTA can employ at least one
carboxylate to form a conjugate with a peptide such as RGD
provides additional advantages for the preparation of target-
specific MRI CAs. In this regard, Gd(DOTA) conjugated with
RGD should be an attractive candidate as a paramagnetic MRI
CA for tumor-targeting.

We now therefore wish to introduce the Gd(DOTA) conju-
gate of RGD, designed to monitor the activation of a,f3;-integ-
rin in tumor tissue. The synthesis initially involved conjugation

OH

NH,

Gd-DOTA-RGD

of DOTA and the cyclic pentapeptide c(RGDYK) as described by
others.”” The DOTA-RGD conjugate thus prepared was purified
and isolated by preparative HPLC. The Gd-DOTA-RGD complex
was prepared by treatment of the DOTA-RGD with GdCl;-6 H,O
in water. The final product was isolated as a white solid after
purification by preparative HPLC. MALDI-TOF-MS shows a peak
corresponding to [M+H—H,0]" (m/z 1161.50; calculated M,
for Cy3Hs,GAN,30,6=1178.39).

The proton relaxivities—R, and R,—of Gd-DOTA-RGD are
74+020mm'sT" and 4.04+024 mm's™!, respectively at
298 K and 64 MHz. Gd-DOTA-RGD exhibits higher longitudinal
relaxivity than small-molecule MRI CAs (for the data see the
Supporting Information), which may be explained in terms of
slower molecular tumbling (z,) as a result of the increase in
molecular weight achieved through conjugation with RGD. In
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general, it is well documented in the literature that efficient
enhancement in water proton relaxivities can be achieved in
macromolecular MRI CAs such as dendrimer-based CAs, bio-
compatible polymer tagged CAs, etc.””

The in vivo tumor targeting ability of Gd-DOTA-RGD for
a,PBs-integrin was examined with the hepatocellular carcinoma
in H-ras12V transgenic mice.” For MR imaging in the targeting
experiments of tumor-bearing mice (N=3), the animal model
under anesthesia was injected with Gd-DOTA-RGD at a dosage
of 1.43 mmolkg™ into the tail vein, and T,-weighted images
were acquired over 270 min. Comparison of the pre- and post-
injection MR images in Figures 1A and B, respectively, shows a

1600
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Figure 1. A), C) pre- and B), D) postinjection MR images of mice with hepato-
cellular carcinoma obtained from the targeting (A, B) and blocking (C, D) ex-
periments. The color indicates the signal intensity according to the pseudo-

color scale on the right.

significant enhancement of the MR signals in the tumor and
kidney after injection. To establish the specificity of our tumor-
targeting Gd-DOTA-RGD, we performed receptor-blocking ex-
periments (N=3). The mice were initially injected with c-
(RGDYK) (1.43 mmolkg™") to block the a.B, receptor and sub-
sequently, after 30 min, with Gd-DOTA-RGD (1.43 mmolkg™),
and images were taken under the same experimental condi-
tions as described above. The differences in the signal intensi-
ties as presented in Figures 1B-D and 2, along with the post-
mortem ICP analysis of the tumor (Supporting Information),

1 T
¢ TN ki T
i ;L/Hlllm firs %\H%NL
| L/H{J L

t/min

Figure 2. Contrast-to-noise ratio (CNR) as a function of time measured from
the targeting (m) and blocking (o) experiments.
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clearly demonstrate that Gd-DOTA-RGD is capable of targeting
the a,3; receptor in the tumor cells specifically.

The target-specific nature of Gd-DOTA-RGD may be further
confirmed by comparing the normalized signal intensity of
Gd-DOTA-RGD as a function of time with that of Omniscan.
Figure 3 demonstrates that the normalized signal for Gd-
DOTA-RGD remains almost steady throughout 270 min, while
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Figure 3. Normalized signal intensities of the tumor as a function of time
measured from the in vivo imaging experiments with Gd-DOTA-RGD (e) and
Omniscan (0) as the MRI CAs.

that for Omniscan starts decreasing from about 100 min. It
may be of interest to mention here that the concentration of
the o,f3; receptor in the cells is noticeably low. The integrin
receptor is a heterodimeric molecule, comprised of o, and
5 subunits, and the concentrations of the a, and f3; subunits
are 3x10°-1.4x10* per cell and 53x10-1.1x10* per cell,
respectively."” Thus, in order to induce an observable contrast
in the MR image a relatively large concentration of Gd has to
be loaded per receptor, and the concentration of Gd used by
us seems to be sufficient to achieve that purpose.

The contrast enhancement at the kidney indicates that elimi-
nation of Gd-DOTA-RGD takes place mainly through glomerular
filtration, as confirmed by Figure 1B and D. Figure 2 illustrates
the CNR of the tumor as a function of time. The CNR increases
during the initial 70 min after injection of Gd-DOTA-RGD in the
targeting experiment. The blocking experiments also exhibit a
similar pattern in the CNR, but approximately 45% lower than
that obtained from the targeted experiments. The histological
analysis shows that the tumors of all the mice exhibit almost
the same vascular density (Supporting Information). All in all,
our Gd-DOTA-RGD complex proves to be an efficient tumor-
targeting MRI CA for the a,f3; receptor.

The cytotoxicity assay was performed with Gd-DOTA-RGD as
well as with Omniscan on 14-day chick cornea stroma primary
cells.">" Figure 4 shows no obvious decrease in cell viability
when the cells are exposed for 24 h to various concentrations
of Gd-DOTA-RGD ([M]=0.2-500 pum). These observations indi-
cate that Gd-DOTA-RGD has very low cytotoxicity and can
hence be studied further for clinical usage.

ChemBioChem 2008, 9, 2811 -2813
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Figure 4. Viabilities of the cells exposed to Gd-DOTA-RGD (dark gray) and
Omniscan (gray) at various concentrations.

In summary, this work describes the synthesis and the suc-
cessful application of Gd-DOTA-RGD as a potential tumor-tar-
geting, nontoxic MRI CA for the a,[3; receptor. This complex
exhibits not only higher R, relaxivity but moderately good spe-
cificity for the a,f3; receptor in hepatocellular carcinoma in H-
ras12V transgenic mice.
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Melectin: A Novel Antimicrobial Peptide from the Venom
of the Cleptoparasitic Bee Melecta albifrons

Véclav Cefovsky,* Oldfich Hovorka, Josef Cvacka, Zdenék Voburka, Lucie Bednarova,
Lenka Borovi¢kova, Jifina Slaninova, and Vladimir Fuéik™

A novel antimicrobial peptide designated melectin was isolated
from the venom of the cleptoparasitic bee Melecta albifrons. Its
primary sequence was established as H-Gly-Phe-Leu-Ser-lle-Leu-
Lys-Lys-Val-Leu-Pro-Lys-Val-Met-Ala-His-Met-Lys-NH, by Edman
degradation and ESI-QTOF mass spectrometry. Synthetic melectin
exhibited antimicrobial activity against both Gram-positive and
-negative bacteria and it degranulated rat peritoneal mast cells,
but its hemolytic activity was low. The CD spectra of melectin
measured in the presence of trifluoroethanol and sodium dodecyl!
sulfate showed a high content a-helices, which indicates that
melectin can adopt an amphipathic a-helical secondary structure

Introduction

Antimicrobial peptides (AMPs) are evolutionarily conserved
components of the host’s innate immunity system that form
the first line of defense against infections. They have been
identified in almost all classes of life."? Although the precise
mechanism of the broad spectrum of antimicrobial activity of
these peptides is not yet fully understood, they appear to act
through a specific, but not receptor-mediated, formation of
transmembrane pores or ion channels on the cellular mem-
brane. This causes leakage of essential metabolites and results
in the disruption of microbial cell structure and leads to cell
death."™ In contrast to conventional antibiotics, they do not
appear to induce microbial resistance and require only a short
time to induce killing.®

Among AMPs, those from insects constitute a remarkable
group. Since insects are uniquely adapted to a variety of natu-
ral environments that are often considered rather unhealthy by
human standards, they have developed an amazing resistance
to bacterial infection. Upon encountering bacteria, a complex
genetic cascade is triggered that ultimately results in the syn-
thesis of a battery of AMPs and their release into the haemo-
lymph.”? Over the course of their evolution, stinging insects
such as hymenopterans have developed venom that is stored
in venom reservoirs in addition to the AMPs released into the
haemolymph. It contains antimicrobial and cytolytic peptides,
together with a complex mixture of enzymes, neurotoxins, low
molecular mass compounds and other peptides.”! Despite dif-
ferent compositions, the main function of venom is to subdue
prey and defend against predators.

The venom peptides of hymenoptera that are best charac-
terized include the mastoparans,®'” chemotactic peptides®™
and kinins""? isolated from hornets and wasps; hemolytic melit-

ChemBioChem 2008, 9, 2815 - 2821
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in an anisotropic environment such as the bacterial cell mem-
brane. To envisage the role of the proline residue located in the
middle of the peptide chain on biological activity and secondary
structure, we prepared several melectin analogues in which the
Prol11 residue was either replaced by other amino acid residues
or was omitted. The results of biological testing suggest that a
Pro kink in the a-helical structure of melectin plays an important
role in selectivity for bacterial cells. In addition, a series of N- and
C-terminal-shortened analogues was synthesized to examine
which region of the peptide is related to antimicrobial activity.

tin®®"> and neurotoxic apamine™™ from honeybees; cytolyt-
ic bombolitins"® from bumble bees and ponericins"” isolated
from Ponerinae ants. Among these peptides, mastoparans!'®'?
and ponericins” exhibit potent antimicrobial activity against
broad range of bacteria.

Recently, we have investigated the peptide composition of
the venoms isolated from social wasps of Polistinae subfamily
collected in the Dominican Republic.'”® We found that the
venoms contain peptides of the mastoparan group that posses
strong antimicrobial activity against Gram-positive and -nega-
tive bacteria.”” In the present work we describe the structural
characterization and biological activities of a novel peptide
named melectin (MEP), which we isolated from the venom of
cleptoparasitic bee Melecta albifrons. Cleptoparasitic bees are
commonly called “cuckoo bees” because their behavior is simi-
lar to that of cuckoo birds. The females do not construct their
own nests, but enter nests of pollen collecting bee species
where they lay their eggs in cells constructed by the host
bees. When the cuckoo bee larva hatches, it consumes the
host larva’s pollen supply, and kills and eats the host larva.

MEP, the major component of the Melecta albifrons venom,
is composed of 18 amino acid residues. It exhibits both antimi-
crobial and mast cell degranulating activity, but low hemolytic
activity. This is the first antimicrobial component found in soli-

fa] Dr. V. Cefovsky, Dr. O. Hovorka, Dr. J. Cvacka, Z. Voburka, Dr. L. Bedndrovd,
L. Borovickovd, Dr. J. Slaninovd, Dr. V. Fucik
Institute of Organic Chemistry and Biochemistry
Academy of Sciences of the Czech Republic
Flemingovo 2, 166 10 Prague 6 (Czech Republic)
Fax: (+420) 220183578
E-mail: cerovsky@uochb.cas.cz

WWILEY






BIO

tary bee venom. Unlike AMPs found previously in hymenoptera
venom, which were identified as cationic peptides with amphi-
pathic a-helical conformation, MEP possesses one Pro residue
in the middle of the peptide chain; this makes MEP structurally
unique. As a part of this study, several peptide analogues were
synthesized in order to characterize the role of this Pro residue
on the biological activity of MEP.

Results
Purification and sequence determination

RP-HPLC purification of the venom extract obtained from four
venom reservoirs gave simple profile (Figure 1) with a few
intense peaks. The MALDI-TOF MS of the component eluted in

MEP
tz 35.5 min

M

0 10 20 30 40 50 60
t/min

Figure 1. RP-HPLC profile of Melecta albifrons venom extract at 222 nm. An
elution gradient of solvents from 59%-70% acetonitrile/water/0.1% TFA was
applied for 60 min at a T mLmin~" flow rate.

the most intense peak at t; 35.5 min showed a protonated
molecular ion [M+H]" at m/z 20389, and sodium adduct
[M+Nal* at m/z 2060.9. The tandem mass spectrum of the
triply charged peptide ion (m/z 680.4) showed the complete y-
type ion series, and most of the b-ions (not shown). The pep-
tide sequence predicted from the MS/MS spectrum using Bio-
Lynx software (Waters) agreed with the sequence obtained by
Edman degradation. It gave the entire sequence in 20 cycles,
as follows: Gly-Phe-Leu-Ser-lle-Leu-Lys-Lys-Val-Leu-Pro-Lys-Val-
Met-Ala-His-Met-Lys. The accurate mass, 2038.24 Da, which was
determined by ESI-QTOF MS with internal calibration, indicates
that the C-terminus of the peptide is amidated. A comparison
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of the peptide with sequences in the SwissProt and Gen-
Bank™/EMBL Data Banks (Blast program in Swiss-Prot) showed
that it does not have any significant sequence homology with
other known peptides. Thus, MEP can be considered as a new
antimicrobial peptide.

Peptide synthesis

MEP and its analogues (Table 1) were prepared by standard
DIPC/HOBt chemistry. Bromphenol blue indicator was used to
nondestructively monitor the conversion of free amino groups
during coupling.?" This procedure showed that coupling
during the first few cycles was completed within several mi-
nutes. Later on, as indicated by the sluggish color change, the
coupling time had to be extended to several hours. Crude pep-
tides were further purified by preparative RP-HPLC providing
analytical HPLC purity in the 95-98% range. The retention
times of the purified peptides are given in Table 3, and the
results of the MS analyses that confirmed their identities are in
Table 1.

Table 1. Amino acid sequences and MS data of synthetic melectin (MEP)
and its analogues.

Acronym Peptide sequence Monoisotopic molecular mass

[Da]

calcd found [M4H]"
MEP GFLSILKKVLPKVMAHMK-NH, 2038.23 2039.2
MEP-1 GFLSILKKVLKKVMAHMK-NH, 2069.27 20704
MEP-2 GFLSILKKVL-KVMAHMK-NH, 1941.18 1941.9
MEP-3 GFLSILKKVLAKVMAHMK-NH, 2012.22 20133
MEP-4 GFLSILKKVLGKVMAHMK-NH, 1998.28 1999.2
MEP-5 KVMAHMK-NH, 842.46 843.5
MEP-6 PKVMAHMK-NH, 939.51 940.5
MEP-7 LPKVMAHMK-NH, 1052.60 1053.3
MEP-8 VLPKVMAHMK-NH, 1151.67 11524
MEP-9 GFLSILKKVLP-NH, 1212.80 1213.7
MEP-10  GFLSILKKVL-NH, 1115.74 1116.6

Table 2. Antimicrobial and hemolytic activity of MEP and its analogues.

Peptide Antimicrobial activity MIC [um] Hemolytic activity™
Bis. S.a. Ec. Pa. LCso [um]

MEP®’ 0.8 6.8 2.0 185  >100

MEP-1 1.4 13.8 1.8 253 27.3

MEP-2 0.9 5.0 1.8 27.5 229

MEP-3 1.3 4.7 1.6 183 29.7

MEP-4 1.3 43 1.8 144 414

MEP-5 > 100 nt9  >100 nt  >100

MEP-6 > 100 n.t. > 100 nt. >100

MEP-7 > 100 > 100 > 100 > 100 > 100

MEP-8 > 100 > 100 > 100 > 100 > 100

MEP-9 13.0 >100 780 >100 > 100

MEP-10 29 10.9 9.1 59.0 >100

[a] Concentration of the peptide causing lysis of 50% of red blood cells.

[b] Mast cell degranulation activity ECs,=19.4 um. [c] Not tested

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Physical properties of melectin (MEP) and its analogues.

Peptide HE u® te a-Helical fraction (f,)

[min] TFE [%] SDS [mm]
0 10 40 0.16 16
MEP® —0.011 0274 3648 0.2 0.6 041 041 045
MEP-1 —0.068 0326 4188 011 020 057 029 061
MEP-2 —0.007 0265 4083 013 020 051 028 060
MEP-3 0.007 0258 4314 013 059 052 060 064
MEP-4 0.002 0262 4247 012 021 059 028 085
MEP-5 —0.184 0.093 1027 007 008 0.11 008 0.14
MEP-6 —0.170 0214 1193 - - - - -
MEP-7 —0.092 0123 1793 - - - - -
MEP-8 —0.029 0130 1840 0.0 010 020 0.09 0.29
MEP-9 0.100 0331 3387 - - - - -
MEP-10 0.117 0325 3689 012 0.17 043 024 048

[a] The mean hydrophobicity (H) of each peptide was calculated as the
average of hydrophobicities of each amino acid in the peptide chain
using the hydrophobicity Eisenberg consensus scale.”' [b] The mean hy-
drophobic moment (), used as a quantitative measure of amphipathici-
ty, was calculated according to the formula given in ref. [23].

Biological activities

As shown in Table 2, MEP and its analogues with Pro residue in
position 11 substituted by other amino acid residues (MEP-1,
MEP-3 and MEP-4), showed comparably high antimicrobial
potency against both Gram-positive and -negative bacteria,
although Gram-negative bacteria appeared to be slightly less
susceptible. Figure 2 shows typical bacteria growth curves for
different MEP concentrations. The excision of Pro from the
peptide chain (MEP-2) had no effect on antimicrobial activity.
However, all modifications resulted in an undesirable increase
of hemolytic activity of the analogues. The N-terminal frag-
ments of the sequence (MEP-9, MEP-10) possessed antimicrobi-
al activity, in contrast to the C-terminal fragments (MEP-5,
MEP-6, MEP-7, MEP-8); the latter were inactive against all bac-
teria tested.

Interestingly, the N-terminal fragment with Pro residue on its
C-terminus (MEP-9) exhibited a substantially lower antimicrobi-
al activity compared to the N-terminal fragment lacking a C-
terminal Pro (MEP-10). Although the primary structure of MEP
shows no homology to any known mastoparan, surprisingly,
this peptide induced degranulation of mast cells (ECs,=
19.4 um).

CD analyses and structural features

The secondary structure of MEP was estimated by CD spectros-
copy both in the absence and presence of the helix promoting
solvent trifluoroethanol, and the anisotropic environment of
SDS micelles. The CD spectra (Figure 3A) obtained in water
and in the presence of 10% TFE are characteristic of an unor-
dered structure, and contain at most 11.8% and 15.8% of a-
helix, respectively. When the concentration of TFE was in-
creased in 10% increments, the peptide became readily struc-
tured, with a relatively high (41%) a-helical content at 40%
TFE (Table 3), as indicated by the appearance of two minimum
bands at 207 and 221 nm in the CD spectra (Figure 3 A). Similar
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Figure 2. Growth curves of bacteria B. subtilis (A), E. coli (B), S. aureus (C) and
P. aeruginosa (D) in the presence of different concentrations [um] of MEP. As
can be seen from the figure, 1 pum, 2 um, 7.5 pm and 30 pm MEP completely
inhibited the growth of B.s., E.c., S.a. and Pa., respectively, for 20 h. 4, e, @,
m, — refer to different concentrations of MEP [um], as indicated in the figure
legends.

formation of a MEP a-helical structure was observed in the an-
isotropic environment of the SDS micelles. A maximum
(44.8%) a-helical fraction was reached at a SDS concentration
of 16 mMm. As expected, replacing Pro11 by Ala (MEP-3) or Lys
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Figure 3. UV-CD spectra of MEP (A) and MEP-3 (B) in water, in the presence
of TFE (10 and 40 % of TFE/water mixture, v/v) and SDS (0.16 mm and
16 mwm). Peptide concentration was 0.25 mgmL™' for both samples studied.

(MEP-1) increased significantly the a-helicity of the analogues,
as shown in Figure 3B for MEP-3. These peptides became
structured at lower concentrations of TFE or SDS (Table 3). Sur-
prisingly, also the MEP-4 analogue, in which Pro was replaced
by Gly, showed a strong propensity to form an a-helix. In this
case, the maximum value of helicity (85%), was reached at
16 mm SDS concentration. Also, the N-terminal fragment of
MEP, which consists of only ten amino acid residues (MEP-10),
readily adopted a helical secondary structure, almost to the
same extent as MEP, opposed to the C-terminal fragment
(MEP-5, seven residues). The secondary structure of MEP-5 was
a random coil, even at high concentrations of TFE or SDS
(Table 3). Extension of this fragment by three amino acid resi-
dues (MEP-8, 10-residues) resulted in a slightly higher propen-
sity to form an a-helix (Table 3).

Since CD spectroscopic measurements of MEP and ana-
logues in the presence of TFE or SDS confirmed the presence
of a significant amount of a-helical structure, we assume that
this sequence can adopt an amphipathic a-helical conforma-
tion as shown in Figure 4. In this Edmundson wheel projec-
tion,””? all of the hydrophilic amino acid residues except His16
are situated on one side of the a-helix, whereas all of the
hydrophobic amino acid residues except Ala15 are on the op-
posite side.

According to the literature, the ability of AMPs to form a
well-defined amphipathic a-helix correlates strongly with their
antimicrobial activity.”>?¥ The quantitative measure of peptide
amphipathicity is the hydrophobic moment, p, calculated as
the vector sum of individual amino acid hydrophobicities, and
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Figure 4. Wheel diagram of MEP. Sector of hydrophobic amino acids is
shown in red. The hydrophilic amino acids sector (shown in black) is domi-
nated by four Lys residues (shown in blue).

normalized to an ideal helix.”® We compared the hydrophobic
moments (Table 3) of the studied peptides with MIC values in
order to see whether or not this parameter correlates with
antimicrobial activity. For MEP and its analogues of the same
length (MEP-1-MEP-4), the hydrophobic moment values gener-
ally are not reflected in the slight differences between MIC
values. For the peptide fragments (MEP-5-MEP-10), the remark-
able differences between the MIC values of MEP-10 and MEP-9
versus MEP-5-MEP-8 are reflected in their hydrophobic mo-
ments.

Discussion

We have isolated a new AMP from the venom of the solitary
cleptoparasitic bee, Melecta albifrons. This novel AMP compris-
es its major peptide component, and we have named it ma-
lectin (MEP). Unlike solitary wasps that lay their eggs on the
bodies of paralyzed prey, the cuckoo bee females lay their
eggs in the food storages of host bee nest cells. In the solitary
wasp case, some of the AMPs found in the venom may play a
role in the prevention of potential infections due to prey in-
gestion.”® We speculate that the primary role of MEP in the
venom may be in protecting the solitary bee against enemies,
with the antimicrobial role more or less secondary.

Peptides with antimicrobial properties isolated from the
venoms of different wasp families are able to adopt an amphi-
pathic a-helical conformation in membrane-mimicking envi-
ronments, a prerequisite for their biological activities.”>*”" MEP,
with a sequence rich in hydrophobic and basic amino acid resi-
dues, also belongs to the category of cationic amphipathic a-
helical peptides. However, it does not display any sequence
homology with such wasp venom peptides, for example, of
the mastoparan class.”?” On the other hand, when the MEP se-
quence is compared to the sequences of other a-helical AMPs
obtained from natural sources, some obvious positional con-
servation in terms of residue types can be observed.” In par-
ticular, Gly1, Ser4, Lys8, the presence of aromatic residue near
the N-terminus, and C-terminal amidation, all are common to
these types of AMPs. Plotting the sequence of MEP onto a o-
helical wheel projection (Figure 4) reveals a well-defined hydro-
phobic sector with large aliphatic residues, and a hydrophilic
sector dominated by Lys residues. Generally, the distribution of
amino acid residues in the MEP sequence fits very well to the
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statistical analysis diagram of the residue distribution of a-heli-
cal AMPs from natural sources, as proposed by Tossi in his
review.”) According to his scheme, the presence of Pro within
the hydrophilic sector is not typical for the analyzed series of
a-helical AMPs.

Since Pro is an imino acid, its X-Pro peptide group readily
exists in the trans, as well as the cis form, unlike other peptide
groups, which predominantly adopt the trans form. In short
peptides and unfolded proteins, the relative ratio of trans to
cis isomers is approximately three to one.” In native proteins,
prolines generally adopt a single isomeric state, which is dictat-
ed by other interactions within the protein. As evident from
the MEP CD spectra measured in a membrane-mimicking envi-
ronment (that is, in the presence of TFE or SDS micelles) this
peptide adopts a a-helical structure. Thus, within this o-helix,
the Leu10-Pro11 peptide group must exist in the trans form.
As proline lacks the hydrogen on its amide, the possibility of
making a hydrogen bond to the preceding turn is lost, and be-
cause its ring structure restricts its backbone dihedral angle ¢,
a kink is introduced to the helical structure.”? This conforma-
tional element, imposed by proline on the MEP peptide chain,
appears to govern its biological functions. As shown in Table 2,
the replacement of Pro11 by Lys, Ala or Gly or its elimination,
resulted in a negligible change in antimicrobial activity but a
remarkable increase in hemolytic activity. These modifications
increased significantly the o-helicity of the analogues as
shown by CD spectra measurement (Figure 3, Table 3). The fact
that increasing the helicity of AMPs results in a significant in-
crease in their hemolytic activitiy has already been ob-
served.B®*" Our results indicate that the kink imposed by the
Pro residue at the central position of MEP plays an important
role in its differentiation between prokaryotic and eukaryotic
cells. A similar study of another a-helical amphipathic octade-
capeptide, P18, in which Pro9 was substituted by a-helix stabi-
lizing residues, also confirmed the significance of the Pro kink
for antimicrobial activity without undesirable hemolytic prop-
erties.®? For example, the Leu9 analogue of the P18 peptide is
highly hemolytic. On the other hand, substitution of Ala for
Pro14 in the 24 amino acid residue AMP gaegurin resulted in
lower antimicrobial activities, but no increase in hemolytic ac-
tivity.®® Those examples indicate that the insertion of the Pro
residue into the central part of a-helical amphipathic AMPs,
which causes slight bending of the helix, might lead to the
design of analogues with improved properties.

The a-helical and amphipathic N-terminal fragments (MEP-9,
MEP-10), showed a noticeable antimicrobial activity (Table 2) as
compared to inactive C-terminal fragments of similar length
(MEP-5-MEP-8). These C-terminal fragments, however, have a
disordered secondary structure in the presence of TFE or SDS
and lower hydrophobic moments (Table 3). We may therefore
conclude that it is the N-terminal region of MEP that is in-
volved in the interaction of the peptide with the bacterial
membrane.

It has been shown that the interactions of helical peptides
with lipidic C-18 stationary phase groups during RP-HPLC are
similar to the process that governs the interactions of AMPs
with biological membranes.® Although RP-HPLC separates
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peptides mainly by hydrophobic interactions, the induced pep-
tide secondary structures also influence their retention
times.®¥ The substitution of Lys for Pro in MEP-1 reduced the
hydrophobicity of the peptide in a way that theoretically
should shorten its retention time measured on the C-18 RP-
HLC column. However, as shown in Table 3, this peptide eluted
much later than MEP, suggesting, that the bend in the a-helical
structure of MEP imposed by Pro somehow perturbs the hy-
drophobic interactions of the MEP with the C-18 stationary
phase, making it more “movable” within the column. The in-
crease in retention times of MEP-2, MEP-3, and MEP-4 com-
pared to the retention time of MEP (Table 3) may be due to
higher a-helicity of these analogues rather than to their mean
hydrophobicity values (Table 3). The effect of hydrophobicity
on the increase of peptide retention times correlates well
within the series MEP-1 (Lys), MEP-4 (Gly) and MEP-3 (Ala).

Conclusions

MEP, a novel peptide with a Pro kink helical structure that was
firstly identified in solitary bee venom possesses high antimi-
crobial and low hemolytic activity and may serve as a potential
new template for the development of effective antibiotic pep-
tides.

Experimental Section

Materials: Fmoc-protected L-amino acids were purchased from
IRIS Biotech GmbH (Marktredwitz, Germany), Rink Amide MBHA
resin was obtained from Merck-Novabiochem (Darmstadt, Germa-
ny). Tetracycline, p-nitrophenyl-N-acetyl-p-p-glucosaminidine, LB
broth and LB agar were from Sigma-Aldrich. All other reagents,
peptide synthesis solvents, and HPLC-grade acetonitrile were of
the highest purity available from commercial sources. As test
organisms we used: Bacillus subtilis 168, kindly provided by Prof.
Yoshikawa (Princeton University, Princeton, NJ), Escherichia coli B,
from the Czech Collection of Microorganisms (Brno, Czech Repub-
lic), and Staphylococcus aureus and Pseudomonas aeruginosa were
obtained as multi-resistant clinical isolates.

Sample preparation and peptide purification: Bee specimens
were collected in the urban area of northwest Prague, Czech Re-
public, during May 2007 and kept frozen at —20°C for several
days. The venom reservoirs of four individuals were removed by
dissection and their contents were extracted with a mixture of ace-
tonitrile-water (1:1) containing 0.1% TFA (25 plL). The extract was
centrifuged, and the supernatant was fractionated by RP-HPLC.
Chromatography was carried out on the Thermo Separation Prod-
uct instrument with a Vydac C-18 column (250%4.6 mm; 5 um) at
a 1.0 mLmin~" flow rate, using a solvent gradient ranging from 5-
70% acetonitrile/water/0.1% TFA over 60 min. The major fractions
detected by the UV absorption at 222 nm were collected, the sol-
vent was evaporated in a speed-vac, and the material analyzed by
mass spectrometry and subjected to Edman degradation.

Mass spectrometry: Mass spectra of the peptides were acquired
on a Reflex IV MALDI-TOF mass spectrometer (Bruker) equipped
with a UV 337 nm nitrogen laser operated in the reflectron mode.
The matrix was a 10 mgmL™" concentration of a-cyano-4-hydroxy-
cinnamic acid in acetone. Each sample (1 uL) mixed with the
matrix (1 pL) was applied onto a spot on a MALDI plate and
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allowed to dry at room temperature. Tandem mass spectra were
recorded using a Micromass Q-Tof micro™ mass spectrometer
(Waters) equipped with an electrospray ion source. A mixture of
acetonitrile and water (1:1) containing 0.1% acetic acid was deliv-
ered continuously to the ion source at a 20 uLmin~' flow rate.
Samples dissolved in the mobile phase were introduced using a
2 plL loop. The capillary voltage, cone voltage, desolvation temper-
ature and source temperature were 3.5kV, 20V, 150°C and 90°C,
respectively. MS/MS spectra were obtained using CID at 28 eV colli-
sion energy.

Peptide sequencing by Edman degradation: The N-terminal
amino acid sequence was determined on the Procise-Protein Se-
quencing System (PE Applied Biosystems, 491 Protein Sequencer,
Foster City, USA) using manufacturer’s pulse-liquid Edman degrada-
tion chemistry cycles.

Peptide synthesis: MEP and its analogues were synthesized man-
ually by using a solid-phase method in 5 mL polypropylene syring-
es with a bottom Teflon filter. Synthesis was done by using a N“-
Fmoc chemistry protocol® on a Rink Amide MBHA resin (100 mg)
with 0.7 mmolg™" substitution. Protected amino acids were cou-
pled in fourfold excess in DMF as solvent and DIPC (7 equiv)/HOBt
(5 equiv) as coupling reagents. The peptides were deprotected and
cleaved from the resin with a mixture of TFA/1,2-ethanedithiol/
H,O/thioanisol/triisopropylsilane (TIS) (90:2.5:2.5:3:2) for 3.5 h and
precipitated with tert-butyl methyl ether. Crude peptides were pu-
rified by preparative RP-HPLC using a Vydac C-18 column (250 %
10 mm) at a 3.0 mLmin~" flow rate on the same instrument with a
solvent gradient as described above.

Antimicrobial activity determination: A quick qualitative estimate
of the antimicrobial properties was done by taking advantage of
the double-layer technique originally developed for bacteriophage
titration by microbial geneticists. We poured melted “soft” agar
(2 mL), prepared from LB broth with 0.5% agar and bacteria (about
107 colony forming units (CFU)) over the surface of Petri dishes
(90 mm in diameter) containing LB agar (20 mL). Fresh bacterial
cultures were always prepared in the LB broth and added when
the melted soft agar cooled down to about 45°C. Antimicrobial
peptides (0.001-10 mgmL™") diluted in water were dropped (2 pL)
on the surface of the solidified upper layer, and the plates were in-
cubated at 37°C. Cleared zones of inhibition appeared within a
few hours and remained clear for days. The potency was estimated
by the diameter and clarity of the zones formed. Quantitatively,
the minimal inhibitory concentrations (MICs) were established by
observing bacteria growth in multi-well plates."*%3” Bacteria in
mid-exponential phase were added to individual wells containing
solutions of different concentrations of tested peptides (final
volume 0.2 mL, final peptide concentration ranged from 0.5 to
100 um) in the LB broth. These were incubated at 37°C for 20 h,
while being shaken continuously in a Bioscreen C instrument (Hel-
sinki, Finland). The absorbance was measured at 540 nm every
15 min, and each peptide was tested at least 3 times in duplicates.
Routinely 1.2x10°-7.5x10* CFU of bacteria per well were used for
the activity determination. Tetracycline (0.5-50 um) was tested as a
standard.

Determination of the hemolytic activity:"® Peptides were incu-
bated with rat red blood cells for 1 h at 37 °C (final volume 0.2 mL)
in a physiological solution (final erythrocyte concentration 5% v/v,
and final peptide concentration 1-100 pum). The samples were then
centrifuged for 5 min at 250 g, and absorbance of the supernatant
was determined at 540 nm. Controls for zero hemolysis (blank) and
100% hemolysis consisted of supernatants of red blood cells sus-
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pended in physiological solution and 0.2% Triton X-100 in physio-
logical solution, respectively. Each peptide was tested at least in
two independent experiments in duplicate.

Mast cell degranulation test:"°*¥ Mast cells were obtained by

peritoneal washing of adult Wistar rats. The degranulation potency
was determined by measuring the activity of 3-p-glucosaminidase
that colocalized with histamine in the mast cells. The mast cells
were incubated in the presence of the peptide (1-100 pm, total
volume 0.2 mL) for 15 min at 37°C, and then centrifuged at 250 g
for 10 min. Aliquots of the supernatant (50 pL) were added to the
solution of the substrate (p-nitrophenyl-N-acetyl-f-p-glucosamini-
dine), and incubated further for 6 h at 37 °C. The reaction was stop-
ped by the addition of Tris buffer (0.2m buffer, pH 9, 150 pL), and
the absorbance was determined at 405 nm. Controls for zero
degranulation and 100% degranulation were obtained from mast
cells incubated in a physiological solution and 0.2% Triton X-100,
respectively.

CD spectra measurement: Far-UV CD spectra were recorded at
room temperature on a Jasco 815 spectropolarimeter (Tokyo,
Japan). All peptides were measured in water, in a TFE/water mix-
ture (10, 20, 30, 40 and 50%, v/v), and in the presence of SDS at a
concentration below 0.16 mm and above the critical micelle con-
centration (CMC) (16 mm). For all of the studied peptides, the con-
centration was 0.25 mgmL . The optical path length was 0.1 cm,
and CD signal was monitored from 190 nm to 300 nm. For each ex-
periment, the data were averaged over four scans, taken with a 2's
time constant and with blank subtracted. The final spectra are ex-
pressed as molar elipticity per residue. Assuming the two-state
model, the observed mean residue elipticity at 222 nm was con-
verted into an a-helix fraction (f,) using the method proposed in
literature.%*4%!

Glossary: LB, Luria-Bertani; MIC, minimal inhibitory concentration;
E.c., E. coli; Bs., B. subtilis; S.a., S. aureus; Pa., P. aeruginosa; DIPC,
N,N'-diisopropylcarbodiimide; DMF, N,N-dimethylformamide; Fmoc,
9-fluorenylmethoxycarbonyl; HOBt, 1-hydroxybenzotriazole; RP-
HPLC, reversed-phase high-performance liquid chromatography;
TFA, trifluoroacetic acid; TFE, trifluoroethanol; TIS, triisopropylsi-
lane; SDS, sodium dodecyl sulfate.

Acknowledgements

This work was supported by the Czech Science Foundation, grant
No. 203/08/0536 and by the research project No. Z40550506, In-
stitute of Organic Chemistry and Biochemistry, Academy of Scien-
ces of the Czech Republic. MS analyses were carried out at the
Mass Spectrometry Department of this Institute (Dr. Josef Cvacka,
Head). We thank Mgr. Jakub Straka from the Department of
Zoology, Faculty of Science, Charles University, Prague for the
identification of bee specimens. We also thank Professor V. O.
Kostroun, Cornell University, Ithaca, NY, for help in the prepara-
tion of this manuscript.

Keywords: amphipathicity - antimicrobial activity - helical

structures - peptides - solitary bee venom

1] M. Zasloff, Nature 2002, 415, 389-395.

2] R.E.W. Hancock, H.-G. Sahl, Nat. Biotechnol. 2006, 24, 1551-1557.
3] Z. Oren, Y. Shai, Biopolymers 1998, 47, 451-463.

4] A. Tossi, L. Sandri, A. Giangaspero, Biopolymers 2000, 55, 4-30.

ChemBioChem 2008, 9, 2815 - 2821



http://dx.doi.org/10.1038/415389a

http://dx.doi.org/10.1038/nbt1267

http://dx.doi.org/10.1002/(SICI)1097-0282(1998)47:6%3C451::AID-BIP4%3E3.0.CO;2-F

http://dx.doi.org/10.1002/1097-0282(2000)55:1%3C4::AID-BIP30%3E3.0.CO;2-M

www.chembiochem.org



Antimicrobial Peptide from Cleptoparasitic Bee Venom

5] O. Toke, Biopolymers 2005, 80, 717-735.

6] M.R. Yeaman, N. Y. Yount, Pharmacol. Rev. 2003, 55, 27-55.

71 L. Otvos Jr. , J. Peptide Sci. 2000, 6, 497-511.

8] L. Kuhn-Nentwig, Cell. Mol. Life Sci. 2003, 60, 2651-2668.

[9] T. Nakajima, S. Uzu, K. Wakamatsu, K. Saito, T. Miyazawa, T. Yasuhara, Y.
Tsukamato, M. Fujino, Biopolymers 1986, 25, S115-121.

[10] M. A. Mendes, B. M.de Souza, M. S. Palma, Toxicon 2005, 45, 101-106.

[11] M. A. Mendes, B. M. De Sousa, M. R. Marques, M. S. Palma, Toxicon 2004,
44, 67-74.

[12] T. Piek, Toxicon 1991, 29, 139-149.

[13] E. Habermann, Science 1972, 177, 314-322.

[14] N. Asthana, S.P. Yadav, J. K. Ghosh, J. Biol. Chem. 2004, 279, 55042-
55050.

[15] C. Labbé-Jullié, C. Granier, F. Albericio, M.-L. Defendini, B. Ceard, H.
Rochat, J. Van Rietschoten, Eur. J. Biochem. 1991, 196, 639-645.

[16] A. Argiolas, J. J. Pisano, J. Biol. Chem. 1985, 260, 1437-1444.

[17] J. Orivel, V. Redeker, J.-P. Le Caer, F. Krier, A.-M. Revol-Junelles, A. Lon-
geon, A. Chaffotte, A. Dejean, J. Rossier, J. Biol. Chem. 2001, 276, 17823-
17829.

[18] B. M. Souza, M. A. Mendes, L.D. Santos, M. R. Marques, L. M. M. César,
R.N. A. Almeida, F. C. Pagnocca, K. Konno, M. S. Palma, Peptides 2005,
26, 2157-2164.

[19] V. Ce?ovsky, J. Pohl, N. Alam, Z. Yang, A. B. Attygalle, J. Pept. Sci. 2007,
13, 445-450.

[20] V. Cei’ovsk)'/, J. Slaninova, V. Fucik, H. Hula¢ova, L. Borovickova, R. Jezek,
L. Bednarova, Peptides 2008, 29, 992-1003.

[21] V. Krchiak, J. Wagner, P. Safat, M. Lebl, Collect. Czech. Chem. Commun.
1988, 84, 2542-2548.

[22] M. Schiffer, A. B. Edmundson, Biophys. J. 1967, 7, 121-135.

[23] N. Pathak, R. Salas-Auvert, G. Ruche, M.-H. Janna, D. McCarthy, R. G. Har-
rison, Proteins Struct. Funct. Genet. 1995, 22, 182-186.

[24] T. Wieprecht, M. Dathe, M. Krause, M. Beyermann, W. L. Maloy, D. L. Mac-

Donnald, M. Bienert, FEBS Lett. 1997, 417, 135-140.

[
[
[
[

[25]

[26]

[27]

[28]

[29]
[30]

[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]

[39]
[40]

D. Eisenberg, E. Schwarz, M. Komaromy, R. Wall, J. Mol. Biol. 1984, 179,
125-142.

K. Konno, M. Hisada, R. Fontana, C. C. B. Lorenzi, H. Naoki, Y. Itagaki, A.
Miwa, N. Kawai, Y. Nakata, T. Yasuhara, J. R. Neto, W.F. de Azevedo Jr.,
M. S. Palma, T. Nakajima, Biochim. Biophys. Acta Protein Struct. Mol. Enzy-
mol. 2001, 1550, 70-80.

K. Konno, M. Hisada, H. Naoki, Y. Itagaki, R. Fontana, M. Rangel, J. S. Oli-
veira, M. P. dos Santos Cabrera, J. R. Neto, I. Hide, Y. Nakata, T. Yasuhara,
T. Nakajima, Peptides 2006, 27, 2624-2631.

D. Juminaga, W.J. Wedemeyer, H. A. Scheraga, Biochemistry 1998, 37,
11614-11620.

I. Visiers, B. B. Braunheim, H. Weinstein, Protein Eng. 2000, 13, 603-606.
I. Cornut, K. Buttner, J.-L. Dasseux, J. Dufourcq, FEBS Lett. 1994, 349, 29—
33.

J. M. Conlon, N. Al-Ghaferi, B. Abraham, J. Leprince, Methods 2007, 42,
349-357.

S.Y. Shin, S:-H. Lee, S--T. Yang, E. J. Park, D. G. Lee, M. K. Lee, S. H. Eom,
W. K. Song, Y. Kim, K.-S. Hahm, J. 1. Kim, J. Pept. Res. 2001, 58, 504-514.
J.-Y. Suh, Y-T. Lee, C.-B. Park, K-H. Lee, S.-C. Kim, B.-S. Choi, Eur. J. Bio-
chem. 1999, 266, 665-674.

K. Buttner, S.E. Blondelle, J. M. Ostresh, R. A. Houghten, Biopolymers
1992, 32, 575-583.

G. B. Fields, R. L. Noble, Int. J. Pept. Protein Res. 1990, 35, 161-214.

Z. Oren, Y. Shai, Biochemistry 1997, 36, 1826-1835.

O. Lequin, A. Ladram, L. Chabbert, F. Bruston, O. Convert, D. Vanhoye,
G. Chassaing, P. Nicolas, M. Amiche, Biochemistry 2006, 45, 468-480.

B. D. Gomperts, P.E. R. Tatham, Methods Enzymol. 1992, 219, 178-189.
C. A. Rohl, R. L. Baldwin, Methods Enzymol. 1998, 295, 1-26.

B.-M. Backlund, G. Wikander, T. Peeters, A. Graslund, Biochim. Biophys.
Acta Biomembr. 1994, 1190, 337-344.

Received: July 11, 2008
Published online on October 22, 2008

ChemBioChem 2008, 9, 2815 - 2821 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 2821



http://dx.doi.org/10.1002/bip.20286

http://dx.doi.org/10.1124/pr.55.1.2

http://dx.doi.org/10.1016/j.toxicon.2004.09.015

http://dx.doi.org/10.1016/j.toxicon.2004.04.009

http://dx.doi.org/10.1016/j.toxicon.2004.04.009

http://dx.doi.org/10.1016/0041-0101(91)90098-C

http://dx.doi.org/10.1126/science.177.4046.314

http://dx.doi.org/10.1074/jbc.M408881200

http://dx.doi.org/10.1074/jbc.M408881200

http://dx.doi.org/10.1074/jbc.M100216200

http://dx.doi.org/10.1074/jbc.M100216200

http://dx.doi.org/10.1016/j.peptides.2005.04.026

http://dx.doi.org/10.1016/j.peptides.2005.04.026

http://dx.doi.org/10.1016/S0014-5793(97)01266-0

http://dx.doi.org/10.1016/0022-2836(84)90309-7

http://dx.doi.org/10.1016/0022-2836(84)90309-7

http://dx.doi.org/10.1016/j.peptides.2006.04.013

http://dx.doi.org/10.1021/bi981028e

http://dx.doi.org/10.1021/bi981028e

http://dx.doi.org/10.1093/protein/13.9.603

http://dx.doi.org/10.1016/0014-5793(94)00621-0

http://dx.doi.org/10.1016/0014-5793(94)00621-0

http://dx.doi.org/10.1016/j.ymeth.2007.01.004

http://dx.doi.org/10.1016/j.ymeth.2007.01.004

http://dx.doi.org/10.1034/j.1399-3011.2001.00934.x

http://dx.doi.org/10.1046/j.1432-1327.1999.00917.x

http://dx.doi.org/10.1046/j.1432-1327.1999.00917.x

http://dx.doi.org/10.1002/bip.360320602

http://dx.doi.org/10.1002/bip.360320602

http://dx.doi.org/10.1021/bi962507l

http://dx.doi.org/10.1021/bi051711i

http://dx.doi.org/10.1016/0076-6879(92)19020-7

http://dx.doi.org/10.1016/S0076-6879(98)95032-7

http://dx.doi.org/10.1016/0005-2736(94)90092-2

http://dx.doi.org/10.1016/0005-2736(94)90092-2

www.chembiochem.org




BIO

DOI: 10.1002/cbic.200800345

Efficient DNA Binding and Nuclear Uptake by Distamycin
Derivatives Conjugated to Octa-arginine Sequences

Olalla Vazquez,® Juan B. Blanco-Canosa,”” M. Eugenio Vazquez,® Jose Martinez-Costas,”

Luis Castedo,”® and José L. Mascarefas*

Efficient targeting of DNA by designed molecules requires not
only careful fine-tuning of their DNA-recognition properties, but
also appropriate cell internalization of the compounds so that
they can reach the cell nucleus in a short period of time. Previous
observations in our group on the relatively high affinity displayed
by conjugates between distamycin derivatives and bZIP basic re-
gions for A-rich DNA sites, led us to investigate whether the cova-
lent attachment of a positively charged cell-penetrating peptide

Introduction

Recent decades have witnessed the development of a variety
of strategies to achieve high-affinity, sequence-specific DNA
recognition with unnatural synthetic agents." These molecules
interact with DNA either through the major groove, as in the
case of triplex-forming oligonucleotides,” customized zinc
finger proteins® or minimized versions of transcription fac-
tors,” or by contacting the DNA minor groove, as with pyr-
role/imidazole polyamides.” Our group has also developed a
DNA-recognition strategy based on simultaneous, bipartite
binding in both the major and minor grooves.” A major obsta-
cle in developing these agents as practical, specific gene-mod-
ulating reagents derives from their intrinsic difficulty in cross-
ing the cell membrane and entering the nucleus. Recent stud-
ies with DNA-binding polyamides suggest that their cellular
and nuclear uptake is a rather slow process and is quite de-
pendent on the structural characteristics of the molecule.”

In our initial studies aimed at the development of bivalent
major/minor groove DNA binders based on hybrids between
distamycin-related tripyrroles and the basic region of the bZIP
protein GCN4, we observed unexpectedly high-affinity interac-
tions with double-stranded (ds) DNA molecules that contained
A-rich tracts but lacked the consensus binding site for the bZIP
basic region.*® This result was explained in terms of the
highly basic peptide that complemented the specific interac-
tion of the tripyrrole moiety in the A-rich minor groove, by es-
tablishing unspecific, salt bridges with the negatively charged
DNA phosphate backbone.®

On the basis of these observations and the well-established
cell transport properties of highly charged basic regions that
contain polyarginine tracts,” we reasoned that tethering a
DNA minor-groove binding moiety to appropriate oligo-argi-
nine fragments could lead to high affinity DNA binders with
improved cell uptake properties (Figure 1). Herein, we report
the synthesis, DNA binding and Hela cell internalization stud-
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to a distamycin-like tripyrrole might yield high affinity DNA bind-
ers with improved cell internalization properties. Our work has
led to the discovery of synthetic tripyrrole-octa-arginine conju-
gates that are capable of targeting specific DNA sites that con-
tain A-rich tracts with low nanomolar dffinity; they simultaneous-
ly exhibit excellent membrane and nuclear translocation proper-
ties in living Hela cells.

ies of conjugates between distamycin tripyrrole analogues and
several peptide sequences. These studies led to the discovery
of a hybrid equipped with an octa-arginine peptide that in
addition to exhibiting excellent nuclear localization properties
binds specifically to A-rich DNA sites with significantly high
affinity.

Results and Discussion
Design and synthesis of conjugates

Well-established structural data on the interaction of distamy-
cin analogues with the minor groove of A-rich DNA sequen-
ces,"” suggest that the pyrrole nitrogens are the best positions
for attaching the required oligo-arginine peptides, since modi-
fications on these atoms should not disturb the DNA-contact-
ing surface of the tripyrrole molecule. Direct fluorescent analy-
sis of the cell transport properties of the resulting hybrids is
precluded by the extremely low fluorescence quantum yield of
distamycin,"” and, therefore, we decided to incorporate an ex-
trinsic fluorophore (fluorescein) into the conjugates. On this
basis, and taking into account synthesis considerations, we de-

[a] O. Vdzquez, Dr. J. B. Blanco-Canosa, Dr. M. E. Vdzquez, Dr. L. Castedo,

Dr. J. L. Mascarenas
Departamento de Quimica Orgdnica
Universidad de Santiago de Compostela
15782 Santiago de Compostela (Spain)
Fax: (+34)981-59-59-12
E-mail: joseluis.mascarenas@usc.es

[b] Dr. J. Martinez-Costas
Departamento de Bioquimica y Biologia Molecular
Universidad de Santiago de Compostela
15782 Santiago de Compostela (Spain)

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.

ChemBioChem 2008, 9, 2822 - 2829





Distamycin Derivatives

minor-groove
binder
nuclear

internalization delivery

N 2\{"'&
* NH, % 7
wi
2~ nn,
+
NH
n,N-‘-(N“
+ 2

Figure 1. Schematic outline of our hypothesis.

cided to target the tripyrrole-peptide conjugate 1A, in which
the tripyrrole is orthogonally linked to the side chain of a
lysine amino acid incorporated at the N terminus of the pep-
tide sequence through an aminohexanoic acid spacer
(Scheme 1). This hybrid could be assembled by means of a
convergent strategy that involved the independent elaboration
of the lysine-containing peptide and an appropriate aminotri-
pyrrole 6.1

The versatility of this approach should allow the preparation
of other derivatives with different peptide sequences, such as
conjugate 2A, which features a less basic peptide (IAAKRG-

r z
s 9 Pk
HN
N\
X

(0]
H H H PEPTIDE
N

Hybrids A, X = N ,U\(o
\ [NV
AcHN — ﬁ{
0O
Compounds B, X =H HN
Compound . —N
1A, 1B (Arg)g A
2A, 2B IAAKRGRQLD
3A, 3B IAAKRGAQLD
4A, 4B IAAKRGRQLD-G -(Arg)g
5A C-IAAKRGRQLD
8-8
Aba-C -(Arg)g-NH,

Scheme 1. Designed tripyrrole-peptide conjugates, Aba = p-acetamidoben-
zoyl.
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QLD) that has been shown to
serve as a nuclear localization
signal (NLS)."? In addition to
probing nuclear and plasma
membrane  properties,  this
hybrid might be invaluable as a
control to validate the effect of
the octa-arginine moiety on the
DNA-binding properties of the
synthetic constructs. Assuming
that the presence of the oligo-
arginine unit might not be
enough to ensure the correct
delivery of the peptides to the
cell nuclei, we also pursued the
preparation of compounds that
incorporated both peptidic se-
quences, NLS and octa-arginine, either coupled in a linear ar-
rangement through the peptidic backbone (conjugate 4A) or
by means of a reductively labile disulfide bond (disulfide 5A).

As additional controls we also prepared the mutant deriva-
tive 3A, which features an Arg to Ala mutation in the NLS se-
quence and has previously been reported to completely sup-
press the ability of this peptide to mediate nuclear transport,
and the fluorescein-tripyrrole derivative 7 (Scheme 2). To evalu-
ate the functional relevance and influence of the tripyrrole unit
we also prepared the fluorescein-peptide hybrids 1B-4B
(Scheme 1), which consist exclusively of the peptidic counter-
parts of the above conjugates.

HO o o
»\Q O /
H

—~NT Xy NH NHAc O CO,H

O
NH 6Y=H 7Y-= J‘S\WNH
} s
N

Scheme 2. Fluorescein-tripyrrole derivatives 6 and 7.

Synthesis of the peptidic fragments was carried out by using
standard Fmoc solid-phase methods. The lysine required to
attach the minor-groove binding moiety to the peptide was
introduced with an Alloc-protected side chain. Attachment of
fluorescein to the amino terminus was performed by coupling
of the free N-terminal amine peptide with fluorescein isothio-
cyanate. Removal of the Alloc-protecting group followed by
standard peptidic cleavage-deprotection and purification led
to the tripyrrole-lacking peptides 1B-4B (Scheme 3, steps a-e
and h). Attachment of the minor-groove binding tripyrrole to

2823
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Scheme 3. General scheme for the synthesis of hybrids 1A-4A: a) i. 20% piperidine in DMF; ii. HOBT/HBTU, DIEA/DMF, Fmoc-Ahx-OH; b) i. 20 % piperidine in
DMF; ii. HOBT/HBTU, DIEA/DMF, Fmoc-Lys(Alloc)-OH; c) i. 20% piperidine in DMF; ii. HOBT/HBTU, DIEA/DMF, Fmoc-Ahx-OH; d) 0.5 m DIEA in DMF, FITC (fluores-
cein isothiocyanate, 4 equiv); e) [Pd(PPh;),] (1 equiv), morpholine (190 equiv), 2% H,0/CH,Cl,, 5 h; f) 0.5 m DIEA in DMF, DMAP/DMF, N,N'-disuccinimidyl car-
bonate; g) 0.5m DIEA in DMF, DMF and the aminotripyrrole 6; h) 90% TFA, 50% CH,Cl,, 2.5% H,0 and 2.5% TIS, room temperature. Ahx: 6-aminohexanoic
acid; DIEA: N,N-diisopropylethylamine; TIS: triisopropylsilane; FITC: fluorescein isothiocyanate.

the peptides was performed when these were still bound to
the solid support and fully protected, except at the lysine side
chain. The coupling reaction was carried out by sequential
addition of the bifunctional conjugating agent disuccinimidyl
carbonate and the aminotripyrrole 6. After the standard cleav-
age-deprotection and purification steps, we efficiently ob-
tained hybrids 1 A-4 A as well as the cysteine-containing deriv-
ative 8. Disulfide derivative 5A was prepared by convergent
coupling between 8 and an activated cysteine-octa-arginine
peptide (see the Supporting Information). On the other hand,
fluorescein-labelled tripyrrole derivative 7 was efficiently pre-
pared by coupling fluorescein isothiocyanate to aminopyrrole
6 (Supporting Information).

Cell-internalization studies

Cellular uptake of the synthetic constructs was studied in Hela
cells, and analyzed after fixation of the cells by registering fluo-
rescence images at three different time points: 30 min, 90 min
and 3 h after incubation with the compounds. The results ob-
tained at each time point were qualitatively similar, although
the dataset obtained after 90 min incubation was considered
to be the most representative since sampling after 30 min gen-
erally showed an incomplete distribution of the molecules
inside the cells, and the data obtained after 3 h incubation ex-
hibited saturated fluorescence emission that prevented a clear
interpretation of the images. Analysis of the cells before fixa-
tion gave similar results; this confirmed that the fixation condi-
tions did not generate artificial redistribution of the molecules,
which could lead to false-positives or undesirable artefacts in
the samples. Moreover, this treatment not only facilitated the
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recording of the images, but also allowed long-term storage of
the specimens.

As shown in Figure 2A, incubation of cells with 2 pm octa-
arginine-tripyrrole conjugate 1A for 90 min at 37°C led to the
appearance of a very intense and homogeneous fluorescence
signal that was concentrated in the cell nuclei. Therefore, it
seems that the octa-arginine not only helps the tripyrrole to
cross the cytoplasmatic membrane, but it also provides for
nuclear localization, at least when conjugated to the tripyrrole.
Strong fluorescence was observed in the nuclei even after only
30 min incubation (Supporting Information); this suggests a
very rapid uptake of 1A. This is particularly relevant since
DNA-binding polyamides that lack appended peptides require
much longer incubation periods to reach the cell nucleus.”

In the case of hybrid 2 A, which incorporates a nuclear locali-
zation signal (NLS: IAAKRGRQLD) instead of the octa-arginine,
we observed low intracellular fluorescence that was mainly
located in the nuclei (Figure 2B). The lower fluorescence inten-
sity compared with hybrid 1A is probably because the NLS
sequence of 2A promotes a less efficient cytoplasmic uptake
than the Argy sequence present in 1A. Attachment of the
octa-arginine sequence to the NLS hybrid, either through a
linear arrangement (4A) or by means of a reductively labile di-
sulfide bond (5A), restored an efficient cell-membrane crossing
ability. Hence, incubation of the cells with conjugates 4A and
5A led to a more intense fluorescence in the nucleus than in
the case of compound 2A (Figures 2C and D). It should be
noted, however, that the observed fluorescence intensity pro-
moted by 4A and 5A was not as strong as with 1A. The fluo-
rescence intensity observed with compound 4A was some-
what higher than that obtained for 5A (note that Figures 2C
and D were acquired with different exposure times), perhaps

ChemBioChem 2008, 9, 2822 - 2829
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Fluorescence

Overlay

1A

2A

4A

5A

3A

Figure 2. Intracellular distribution in HeLa cells. Exposure times were set for
each sample due to the variations in overall emission intensity resulting
from the different uptake efficiencies. Exposure times: 1A, 4A=1/18s;
2A=1/25;5A=1/6s; 3A=1s; DAPI (4 ,6-diamidino-2-phenylindole) is a
well known nuclear stain.

as a consequence of partial cleavage of the disulfide bond
after entering the cell." Conjugate 3 A, which features a muta-
tion in the NLS sequence in comparison to 2A, promoted a
weak and diffuse fluorescence that was evenly distributed be-
tween the nucleus and the cytoplasm (Figure 2E).

Tripyrrole 7, which lacks the cell-penetrating peptide se-
quence, was unable to induce intracellular cell fluorescence
even after 3 h incubation (Figure 3A). This result supports the
critical role of the octa-arginine peptide unit for efficient cell
translocation. On the other hand, removal of the DNA-binding
tripyrrole had a significant influence on the intracellular locali-
zation of the molecules. Therefore, octa-arginine 1B leads to
an intense cellular fluorescence but, in contrast to conjugate
1A, it is predominantly located in the cytoplasm (Figure 3B).
Peptides 2B and 3B, which lack the oligo-arginine fragment,
were not able to enter the cells, as evidenced by the fact that
intracellular fluorescence could not be detected.

Peptide 4B, which contains the arginine oligomer and the
NLS sequence, displayed intracellular cytoplasmatic localiza-
tion, although the fluorescence signal was weak and faded. As
in the case of the tripyrrole-containing analogues, the pres-
ence of the NLS complement in the octa-arginine peptides did
not provide any beneficial effect on the cellular uptake proper-

ChemBioChem 2008, 9, 2822 - 2829
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Figure 3. Intracellular distribution in HeLa cells. Exposure times were: 1B=
1/18s;7,2B,3B,4B=1/6s.

ties of the compounds: 1B led to higher intracellular fluores-
cence than 4B. Taken together, these results are consistent
with an efficient cellular entry of the conjugates that bear the
octa-arginine sequence; in particular 1A rapidly and efficiently
accumulated inside the cell nuclei, probably because of ther-
modynamic trapping of the hybrid on the chromosomes. In
the absence of the minor-groove binding unit, the octa-argi-
nine-bearing compounds populate the cytoplasm but not the
nucleus. Therefore, nuclear delivery was facilitated by the con-
comitant presence of both the oligo-arginine moiety and the
minor groove DNA-binding unit.

DNA-binding assays

Once the cell transport advantages resulting from the attach-
ment of an oligo-arginine to the DNA minor-groove binder
was demonstrated, we wanted to see whether the presence of
the highly charged peptide contributes to an increase in the
DNA-binding affinity of the hybrid molecule.

Although the DNA interaction of a synthetic minor-groove
binder cannot usually be analyzed with standard electropho-
retic mobility shift assays (EMSAs), we assumed that the pres-
ence of the conjugated octapeptide might allow the observa-
tion of gel shifts in this type of experiment. Accordingly, addi-
tion of increasing concentrations of hybrid 1A to a **P-labelled
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double stranded oligonucleotide containing the
target sequence (ATTTT) promoted the appearance

J. Mascarenas et al.

Ac—Lys-Ahx-(Arg)g —NH,
ATTTT

of slower migrating bands, which must correspond
to peptide—-DNA complexes (Figure 4A). As expected,
the interaction requires the presence of the TTTT
tract since incubation with double stranded oligonu-
cleotides lacking such sequences did not induce the
formation of complexation bands in the gel shift ex-
periments (Figure 4B). Octa-arginine 1B was unable
to generate any gel shift even at peptide concentra-
tions of 500 nm (Figure 4C); this is consistent with
the requirement of the tripyrrole for the DNA inter-
action.

As observed in the gels presented in Figure 4A,
the shifted bands were quite diffuse and even disap-
peared in the presence of high peptide concentra-
tions. Considering that these anomalous results
might derive from the presence of the planar, hydro-
phobic fluorescein, which could adversely affect the
solubility and gel migration properties of the DNA-
conjugate complexes,"” we decided to run the gel
shift titration experiment with conjugate 9, which is
analogous to 1A but lacks the fluorophore unit (syn-
thesis described in the Supporting Information).

It was gratifying to find that conjugate 9 gave a well-defined
gel shift result, which corresponds with a high affinity dsDNA
interaction (Figure 5). Titration at room temperature enabled
the calculation of a dissociation constant of (6+0.5) nwm, for a

1 2 3 4 5

Figure 4. EMSA results showing the binding of conjugates: A) and B) 1A,
and C) 1B to different dsDNA molecules. Experiments were carried out with
45 pm 32P-dsDNA and increasing concentrations of the conjugates at room
temperature. Binding experiments were carried out in Tris:HCI (18 mm;

pH 7.5), KCl (90 mm), MgCl, (1.8 mm), EDTA (1.8 mwm), glycerol (9%), BSA
(0.11 mgmL™") and NP-40 (4.4%). A) Conjugate 1A in the presence of
dsDNA ATTTT (5-GAGGATTTTCAGCTTACGCT-3), lanes 1-7 [1A]=0, 5, 20,
50, 100, 150, 200 nm; B) conjugate 1A in the presence of dsDNA CGGCC
(5-GAGGCGGCCATGACGTTCGT-3'); lanes 1-6 [1A]=0, 50, 100, 200, 300,
500 nm; C) conjugate 1B in the presence of dsDNA ATTTT; lanes 1-5 [1B] =
0, 50, 150, 250, 500 nm.
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Figure 5. EMSA results showing the binding of peptide 9 to dsDNA A . The experi-
ment was carried out with 45 pm DNA. Lanes 1-10 [9]1=0, 2, 4, 6, 8, 10, 12, 15, 20,
25 nMm; Ahx = 6-aminohexanoic.

1:1 binding mode, which is approximately two orders of mag-
nitude higher than that of distamycin."” This confirms that the
presence of the arginine tether effectively increased the DNA-
binding affinity of the minor-groove binder. The relevance of
the oligo-arginine for DNA interaction was further demonstrat-
ed by observing that a hybrid analogue of 2A that lacked the
fluorescein unit (10) interacted with the dsDNA ATTTT with
much lower affinity than 9 (Figure 6A). Attachment of the
oligo-arginine moiety to the minor-groove binder did not com-
promise the sequence selectivity as evidenced by comparative
gel shift experiments that demonstrated the requirement of at
least a TTTT sequence for the detection of high affinity interac-
tions (Figure 6B).

Conclusions

Distamycin-like minor-groove DNA binders reach the cell nu-
cleus with difficulty due to their poor membrane permeability.
We have demonstrated that appropriate linkage of these mole-
cules to octa-arginine fragments not only allows rapid localiza-
tion in the cell nuclei but also induces a very remarkable (over
100-fold) increase in affinity for A-rich dsDNA sites. Moreover,
we have observed significant synergistic transport effects be-
tween the minor-groove binding tripyrrole unit and the octa-
arginine peptide, which cooperate in localizing the hybrid mol-
ecules in the cell nuclei. Our studies further show that the in-
clusion of an additional NLS sequence in the structure of the
conjugates does not provide any significant transport benefits
and can even be counterproductive. The strategy presented
here should also work for other minor-groove binders and
might allow the efficient delivery of desired cargoes to the
chromosome.
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Figure 6. EMSA results showing the binding of peptides 9 and 10 to dsDNA
molecules. The experiments were carried out with 45 pm of DNA. A) Lanes
1-6: dsDNA ATTTT +[9]=10, 12, 15, 20, 25 nm; lanes 6-10: dsDNA ATTTT +
[10]=50, 100, 200, 300, 500 nm; B) dsDNAs +[9] =0, 20, 50, 100, 150 nm;
lanes 1-5: dsDNA ATTTT; lanes 6-10: dsDNA CTTTT; lanes 11-15: dsDNA
TTCC; lanes 16-20: dsDNA CGGCC; dsDNA CTTTT: 5-GAGGCTTTTGAGAG-
TGCCT-3’; dsDNA TTCC: 5'-GAGGCTTCCATGACGTTCGT-3".

Experimental Section

General: Solvents and reagents were purchased from commercial
sources and were used without further purification (see the Sup-
porting Information). Fmoc-protected amino acids were featured
with standard side-chain protecting groups [Fmoc-Ala-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Cys(Trt)-OH, Fmoc-Asp(tBu)-OH, Fmoc-GIn(Trt)-
OH, Fmoc-Gly-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH and Fmoc-lle-
OH], except for the lysine residue required for orthogonal ligation
[Fmoc-Lys(Alloc)-OH]. Water was purified by using a Millipore
MilliQ water purification system.

High-performance liquid chromatography: HPLC was performed
by using an Agilent 1100 series liquid chromatograph mass spec-
trometer system equipped with a MWD (multiple wavelength de-
tector). Analytical HPLC was carried out by using a C,4 LiChrospher
WP 300 RP-18 (5 pm) analytical column. Purification of the peptides
was performed by using a Nucleosil 120-10 RP-18 (250x8)
column. Standard conditions for analytical and preparative HPLC
consisted of an isocratic regime during the first 5 min, followed by
a linear gradient from 5 to 75% of solvent B for 30 min (A: water
with 0.1% TFA, B: acetonitrile with 0.1% TFA). Compounds were
detected by UV absorption at 220, 270 and/or 304 nm.

Mass spectrometry: Electrospray ionization mass spectrometry
was performed by using an Agilent 1100 series LC/MSD model in
positive scan mode with direct injection of the purified peptide
solution into the instrument.

Peptide synthesis and purification: Peptides were synthesized
manually on the 0.1 mmol scale by following standard Fmoc solid-
phase methods and by using a Fmoc-PAL-PEG-PS (0.19 mmolg™)
resin. Each amino acid was activated for 2 min in DMF prior to
addition onto the resin. Peptide bond-forming couplings were
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conducted for 45 min to 1 h and monitored by using the trinitro-
benzenesulfonic acid (TNBS) test."® Deprotection of the temporal
Fmoc protecting group was performed by treating the resin with
piperidine (20%) in DMF for 15 min. The final peptides were ob-
tained after the cleavage-deprotection step, which was carried out
by using a standard TFA cleavage cocktail as outlined below.

Deprotection of the temporal Fmoc group: Piperidine (5 mL, 20% in
DMF) was added to 0.1 mmol of resin-linked Fmoc-peptide and
nitrogen was passed through the mixture for 15 min. The resin was
then filtered off and washed with DMF (3 x5 mLx 3 min). The com-
plete removal of Fmoc was monitored by running a TNBS test with
a small resin sample.

Coupling of amino acids: DIEA (3 mL of 0.195m solution in DMF)
was added to a solution of the Fmoc-amino acid (0.4 mmol) dis-
solved in a solution of HOBt/HBTU in DMF (2 mL of 0.2m HBTU,
0.2m HOBt). The resulting mixture was stirred for 2 min and then
added over the resin. Nitrogen was passed through the resin sus-
pension for 45 min until the coupling was complete according to
the TNBS test on a small resin aliquot. The resin was filtered off
and washed with DMF (3x5 mLx3 min). Peptide synthesis was
continued with the next deprotection-coupling cycles in a similar
fashion.

Selective deprotection of the Lys(Alloc) side chain:""" Once the pep-
tide sequence was completed, selective deprotection of the lysine
residue was carried out by using the following procedure: peptide
(0.1 mmol) attached to the solid support was treated at room tem-
perature for 5 h with a mixture of Pd(PPh,), (1 equiv) and morpho-
line (190 equiv) in 2% H,0/CH,Cl, (5 mL). The resin was filtered off
and washed with DMF (2x5 mLx2 min), diethyldithiocarbamate
(DEDTC, 25 mg in 5 mL of DMF, 2x5 min), DMF (2x5 mLx2 min)
and CH,Cl, (2x5 mLx 2 min).

Cleavage—deprotection step: The resin-bound peptide was dried
and treated with the cleavage cocktail (50 uL of CH,Cl,, 25 pL of
water, 25 uL of TIS, and TFA up to 1 mL for 40 mg of resin). For
peptides incorporating ethane-1,2-dithiol cysteine residues, the fol-
lowing cleavage cocktail was used: EDT (25 uL), H,O (25 L), TIS
(10 ub) and TFA up to 1 mL for 40 mg of resin. The resulting sus-
pension was shaken for 2 h, the resin was filtered off and the TFA
filtrate was added to ice-cold Et,0 (10 mL of Et,0 for each mL of
TFA). After 10 min, the mixture was centrifuged and the solid was
washed with ice-cold Et,0 (20 mL). The solid residue was dried
under argon, dissolved in acetonitrile/water (1:1, 2 mL), purified by
preparative reverse-phase HPLC, and identified by mass spectrome-
try. The collected fractions were lyophilized and stored at —20°C.

Synthesis of fluorescent hybrids: The N-terminal Fmoc-protected
residue of the peptidyl resin was removed by following the stan-
dard procedure. The resin was washed and a solution of DIEA
(0.5m, 6equiv) in DMF and fluorescein isothiocyanate (FITC,
4 equiv) were added. The resulting mixture was stirred for 1 h at
room temperature. The resin was washed with DMF (2x5 mL) and
the Alloc-protecting group was selectively removed as explained
above. The resulting peptidyl resin was either subjected to the
cleavage-deprotection and purification step to make derivatives
1B-4B or coupled with the aminotripyrrole unit to make deriva-
tives 1A-4A. For such a coupling the resin was resuspended in
DMF (1 mL) and shaken for 30 min to ensure good swelling. The
DMF was removed from the resin by filtration and DIEA (0.5 M) in
DMF (8 equiv), DMAP in DMF (2 equiv) and N,N'-disuccinimidyl car-
bonate (15 equiv) were added. The resulting mixture was shaken
for 2 h. The resin was washed with DMF and a solution of aminotri-
pyrrole 67 in DMF (4 equiv), DIEA (0.5m) in DMF (8 equiv) and
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DMAP (2 equiv) were added. The reaction mixture was shaken for
2 h and the resin was washed with DMF (2x5 mLx2 min), Et,0
and dried. Cleavage-deprotection under standard conditions af-
forded the expected conjugates, which were purified by reversed-
phase HPLC and identified by mass spectrometry.

Synthesis of S—S hybrid 5A: This compound was obtained by
coupling the corresponding cysteine-containing peptide with the
cysteine—octa-arginine peptide previously activated by treatment
with DTNB (Ellman’s reagent)."® The coupling reaction was per-
formed in a buffered solution consisting of TrissHCl (100 mm,
pH 7.5) and NaCl (1m) and the mixture was stirred for 45 min at
room temperature. The disulfide product was purified by RP-HPLC
and identified by mass spectrometry.

UV spectroscopy: The peptides, conjugates and DNA concentra-
tions of the solutions used in the experiments were determined by
UV spectroscopy. UV measurements were carried out in a Smart-
Spec Plus spectrophotometer by using standard semimicrovolume
disposable polystyrene cuvettes. Concentrations were measured by
using known extinction coefficients of the chromophores (Support-
ing Information).

Gel mobility shift assays: Binding reactions were performed for
30 min at room temperature in a mixture (20 ul) containing
TrissHCI (18 mm, pH 7.5), KCI (90 mm), MgCl, (1.8 mm), EDTA
(1.8 mm), glycerol (9%), BSA (0.11 mgmL™") and NP-40 (4.4%).
The experiments with 3P-labelled DNA molecules were carried out
by using labelled dsDNA (approximately 45 pwm). Products were
resolved by PAGE by using a nondenaturing polyacrylamide gel
(15%) and 0.5xTBE buffer (44.5 mm Tris, 44.5 mm boric acid, 1 mm
EDTA, pH 8.0) and analyzed by autoradiography.

Cell uptake experiments and fluorescence analysis: Hela cells
were maintained in DMEM (Dulbecco Modified Eagle Medium) con-
taining FBS (foetal bovine serum; 10%). The day before the cellular
uptake experiments, cells were seeded in 12-well plates containing
glass coverslips (15 mm). Cells were then washed three times in
PBS and overlayed with fresh DMEM (1 mL; without serum). The
different compounds tested were then added in order to obtain a
final concentration of 2 um and the samples were incubated at
37°C. After incubation, cells were washed three times with PBS to
remove excess compound and they were analysed either before or
after fixation by using a fluorescence microscope. Samples were
analyzed 30, 90 and 180 min after the addition of the compounds.
The fixation was carried out by treatment with paraformaldehyde
(4%) in PBS containing DAPI (to stain the nuclei; 300 nm) at 4°C
for 15 min. After fixation, the coverslips were washed three times
with PBS and mounted on glass slides with Mowiol 4-88®
(100 mgmL™" in 100 mm Tris-HCl, pH 8.5, 25% glycerol, 0.1%
DABCO as an antifading agent) prior to observation by fluores-
cence microscopy. Images were obtained with an Olympus DP-50
digital camera mounted on an Olympus BX51 fluorescence micro-
scope and were further processed (cropping, resizing and contrast
and brightness adjustment) with Adobe Photoshop (Adobe Sys-
tems).
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Two-Photon Fluorescent Probes for Biomembrane
Imaging: Effect of Chain Length

Hwan Myung Kim,” ¥ Bo Ra Kim,"” Hyo-Jung Choo,” Young-Gyu Ko,” Seung-Joon Jeon,®
Chul Hoon Kim,"” Taiha Joo,*? and Bong Rae Cho*"

Two-photon fluorescent probes for the cellular membrane, de-
rived from 6-acyl-2-aminonaphthalene as the fluorophore and
hexanoyl (CH), lauryl (CL), and stearyl (CS) groups as the receptor,
have been synthesized. Their photophysical properties and utility
as membrane probes were also studied. Whereas CH cannot be
used as a membrane probe due to its high water solubility, CL
and CS are useful two-photon probes for membrane lateral heter-

Introduction

Currently there is interest in the development of efficient two-
photon probes for application in two-photon microscopy
(TPM). TPM, which employs two near infrared photons for exci-
tation, has attracted much attention in biological imaging
because it offers a number of advantages over one-photon
microscopy (OPM), such as increased penetration depth
(>500 pm), lower tissue auto-fluorescence and self absorption,
and reduced photodamage and photobleaching.' The extra
penetration that TPM affords is particularly important in avoid-
ing artifacts of surface preparation in tissue imaging; cells
damaged through preparation can extend >70 um into the in-
terior of brain slices.”” However, most of the one-photon fluo-
rescent probes presently used for TPM have small TP action
cross-sections (®9) that limit their use.>® Therefore, there is a
pressing need to develop efficient TP probes for specific appli-
cations.

K. Simons etal. proposed that ordered rigid domains of
lipids (termed lipid rafts) exist on cell membranes. Lipid rafts
are rich in cholesterol (CHL) and glycosphingolipids, and carry
various membrane proteins and receptors.”® Consequently,
they serve as a platform to support the various biological
functions of living cells.”'¥ However, the existence of such
domains in biological membranes has never been proven.
Hence, it is important to develop new biophysical tools to
study the lateral heterogeneity of the biological membrane.
Recently, we reported a new membrane two-photon probe for
membrane lateral heterogeneity, 6-dodecanoyl-2-[N-methyl-N-
(carboxymethyl)aminolnaphthalene (C-laurdan, CL). This probe
showed several advantages over laurdan, including greater
sensitivity to solvent polarity, brighter two-photon fluorescence
images, and a more precise reflection of the cellular environ-
ment."® The stronger two-photon excited fluorescence (TPEF),
the symmetrical generalized polarization (GP) distribution
curve, which could be deconvoluted into two curves with simi-
lar shape and area, and the dramatic decrease in the high GP

SR, WWILEY R
) InterScience®
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ogeneity, as they can easily stain cells, emit fluorescence with
high sensitivity to the environment polarity, and are capable of
imaging the membrane lateral heterogeneity in live cells. More-
over, CS is more likely to be located in the plasma membrane
due to its negligible water solubility. Our results show that the
liquid ordered-like domain covers 31-35% of the cellular surface.

curve without changing the low one by treatment with
methyl-B-cyclodextrin (MBCD) were found to have added use-
fulness. One of the drawbacks of this probe is that it not only
stains membranes but also stains the cytosol. To develop a
membrane probe that preferentially locates itself in the plasma
membrane, we have designed a probe with longer hydrocar-
bon chain, 6-stearoyl-2-[N-methyl-N-(carboxymethyl)amino]-
naphthalene (C-steardan, CS). Because the lipid raft is believed
to be thicker than other parts of the plasma membrane,"” this
probe might have a preference for this domain due to favora-
ble hydrophobic interactions. For comparison, the shorter
chain analogue, 6-hexanoyl-2-[N-methyl-N-(carboxymethyl)ami-
nolnaphthalene (C-hexadan, CH) has also been studied.

In this paper, we present the synthesis of a series of CL de-
rivatives with different chain lengths and the effects of the
structural variations on the photophysical properties, GP distri-
bution curves, and GP images in the vesicles and cell.
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Results and Discussion

Synthesis

CH and CS were prepared in 30-40% overall yields from 1 and
3 by the same procedure as reported for CL (Scheme 1).'¢
Reactions of 4 and 6 with methyl bromoacetate followed by

hydrolysis afforded CH and CS.
c:5H11 1) Ct-,H11 (4)
C11Ha3 (5)

Ci1H23 (2)
Ca7H3s (3) o Cq7Hz5 (6)

R
b
HO\n/\ =CgHq¢ (CH)
N

o | Ciy1Ha3 (CL)
Cy7H35 (CS)

Scheme 1. a) Na,S,0;/MeNH,HCI/NaOH/H,0; b) i: BrCH,CO,CH,/proton-
sponge/MeCN, ii: KOH/EtOH.

Spectroscopic properties in solution and model membranes

To assess the feasibility of using these compounds as TP
probes for membrane lateral heterogeneity, we investigated
following requirements: 1) sufficient water solubility for stain-
ing without the formation of aggregates within the cell, 2) en-
vironment-sensitive fluorescence, 3) capability to distinguish

membrane, and 4) a significant two-photon cross-section in
the 700-1000 nm range, which is necessary to obtain a clear
TPM image at low dye concentration.

The water solubilities of CH and CS were determined by
measuring their fluorescence intensities as a function of con-
centration."” The solubility decreases as the alkyl group chain
length increases (CH(20 pm) > CL(3.0 pm) > CS(~0 um), see Fig-
ure S1 in the Supporting Information. This indicates that intro-
ducing carboxylic acid moiety provides water solubility if the
alkyl group chain length is not too long.

The sensitivity of the probes to the polarity of the environ-
ment has been assessed by comparing the emission spectra in
different solvents and model membranes. The fluorescence
spectra of CH and CL show gradual bathochromic shifts with
increasing solvent polarity (cyclohexane < DMF < EtOH < H,0,
see Figure 1A and B). The A" increases by more than 100 nm
as the solvent is changed from cyclohexane to water; this indi-
cates a high sensitivity to solvent polarity. A similar result is ob-
served for CS, although the emission is too weak to measure
the A" in H,0 due to its poor solubility (Figure1C and
Table 1).

The emission spectra of the probes in the model mem-
branes were significantly influenced by the alkyl group chain
length. The spectra of CH in 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC, gel phase, Ly), "' DPPC/40 mol% CHL
(1) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/
sphingomyelin (SM)/CHL (1:1:1, raft mixture, I, + 1)*2? show
a main band at 510-514 nm and a shoulder at 438 nm. The
former can be attributed to the probes in water, as it shows

the liquid ordered (l,) and liquid disordered (l;) domains in the  the same /1;'1ax as those in water, whereas the latter is most
cHex DMF EtOH H,0 A) o] cHex DMF  EOH HO B) ,o] CcHex DMF  EIOH E1OHM,0 ©
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Figure 1. Normalized emission spectra of (A) CH, (B) CL and (C) CS in cyclohexane, DMF, EtOH, and H,0. Normalized emission spectra of (D) CH and (E) CL in
the phospholipid vesicles composed of DPPC, DPPC/40 mol% cholesterol, DOPC/sphingomyelin/cholesterol (1:1:1), and DOPC at 25+ 0.5°C. F) Normalized

emission spectra of CS in the same vesicles and DBPC.
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Table 1. Spectral data of CH, CL and CS.

Solvent y (Ofal }.ﬂ [b] q)[c] A (2)(d1 S le] [0} [f]
max max max 'max max
CH CL cs CH CL cs CH CL cs CH CcL cs CH CL cs CH CL cs
c-Hex 349 348 347 409 409 410 0.08 0.10 0.07
DMF 370 369 372 444 444 444 0.18 0.36 1.00 780 780 780 190 170 920 35 60 90
EtOH 383 385 383 493 493 492 033 0.43 0.96 780 780 780 150 150 85 50 65 80
H,O 382 381 344 515 512 nd 0.41 0.1 nd

tion. The values for CL are taken from ref. 16.

[a,b] Ak Of the one-photon absorption and emission spectra in nm. [c] Fluorescence quantum yield. [d] 4., of the two-photon excitation spectra in nm.
[e] The peak two-photon absorptivity in 107°° cm*s/photon (GM). The experimental uncertainty is of the order of 10-15%. [f] Two-photon action cross-sec-

likely due to the probes in the rigid domain (Figure 1D). In
vesicles composed of DOPC (I)),%? CH shows a A" at 499 nm,
similar to those of CL and CS in DOPC (Figure 1E and F). This
limits the utility of CH as a membrane probe because it neither
exclusively resides in the membrane nor equally represents the
I, and Iy domains. This is presumably due to its shorter alkyl
group chain length, which increases water solubility and de-
creases hydrophobic interactions.

On the other hand, the emission spectra of CL show discrete
A" at 443 and 486 nm in DPPC/CHL and DOPC, respectively
(Figure 1e). Moreover, the emission spectrum of the CL in the
raft mixture is broad and almost the same as the sum of the
spectra in DPPC/CHL and DOPC; this indicates that CL equally
reflects the |, and |y domains in the vesicles.

The emission spectrum of CS in DOPC is nearly identical to
that of CL despite the longer chain length of CS. In DPPC/CHL,
however, CS shows appreciable bathochromic shift compared
with CL. This indicates that the fluorophore of CS might be
located closer to the hydrophilic lipid head groups probably
because it is positioned away from the hydrocarbon layer of
DPPC/CHL due to the longer alkyl groups. This interpretation is
supported by the nearly identical A" of CS in 1,2-dibehenoyl-
sn-glycero-3-phosphocholine (DBPC) and CL in DPPC/CHL (Fig-
ure 1E and F). It is to be noted that the probes experience a
similar environment when embedded in lipids with similar hy-
drocarbon lengths. Moreover, the emission spectrum of CS in
the raft mixture is broad and almost the same as the sum of
the spectra in DBPC and DOPC, that is, CS accurately reflects
the rigid and fluid domains in the vesicles. This can be attribut-
ed to the favorable interactions between the carboxylate
moiety of CS and water molecules near the lipid head
group,™® which may lead to the homogeneous distribution of
CS in the model membrane and thus avoid aggregation. The
observation of the photoselection effect in all of the GUVs la-
beled with CS is consistent with this interpretation (vide infra).
For direct information about the probe location, quenching
experiments might be needed.”®

A similar temperature-dependent result was observed in the
raft mixture. As the vesicles were gradually heated from 15 to
25 to 45°C, the A" of CH remained the same at 510 nm,
whereas the shoulder at 438 nm decreased. This is expected,
as the vesicles should become more fluid at a higher tempera-
tures. Moreover, the spectra of CL and CS at 25°C are broad
and almost the same as the sum of the spectra at 15 and 45°C
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(Figure S2); this provides additional evidence for the usefulness
of these probes.

The emission spectrum of CS in 293T cells is similar to that
of CS in DPPC/CHL, except that it is broader (Figure S3). This
indicates that the polarity of the cell is similar to the polarity
of DPPC/CHL, although the cell interior is more heterogene-
ous.”” Upon treatment with MBCD, the spectrum red-shifts.
The value of A" was found to be between the values ob-
served for DPPC/CHL and DOPC (Figure S3).

Time-resolved fluorescence (TRF) allows the study of the
interactions that take place between the fluorophore excited
state and its environment as well as their dynamics."®** We
have measured TRF to account for the spectral differences of
laurdan and related compounds in different vesicles. It is well
established that the sensitivity of the probe molecules to the
dipolar nature of the environment originates from the intramo-
lecular charge transfer (ICT) and the solvation of the ICT
state.'*?*?"! |n this case, the emission may originate from the
locally excited (LE) state, the ICT state before solvation (ICT*),
and the ICT state after the solvation (dielectric relaxation). For
laurdan in vesicles, however, Parasassi et al.”® argued against
the LE/ICT model, and suggested that the LE state does not
contribute to the emission spectrum; this implies that the ini-
tially excited state is the charge transfer state. Here, we adopt
the LE/ICT model, as it satisfactorily accounts for all the station-
ary and time-resolved fluorescence data presented here and in
our previous work."® In addition, an ICT process was also ob-
served for laurdan in vesicles in a TRF study.”” Nevertheless,
the blue emission may still originate from both LE and ICT¥,
although the red emission must be due to the ICT/solvation
process.

The ICT/solvation process can be best demonstrated by an
increase in the TRF signal detected at the long wavelengths of
the emission spectrum. The TRFs of CS (Figure S4 and Table S1)
in DPPC/CHL are qualitatively different from those in other
vesicles; this indicates that the environment surrounding the
chromophore in DPPC/CHL is very different from the environ-
ment surrounding it in other vesicles. For other vesicles, how-
ever, the TRFs of CL and CS display similar results, as expected
from the stationary spectra. The TRF of CS in DBPC shows that
it does not undergo ICT/solvation or emit from the LE/ICT*
state, whereas CS in DOPC and raft mixture undergoes ICT/sol-
vation to give the red shifted emission spectra. In DOPC, the
ICT/solvation process and the population decay of the LE state
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are faster than those in the the raft mixture to give rise to a
red emission band almost exclusively. In the raft mixture, how-
ever, the emission occurs from both the LE/ICT* and ICT states,
which results in a broad spectrum. Similar results were report-
ed for CL in vesicles.'™ Thorough inspection, however, reveals
some differences. In DOPC, the ICT/solvation of CS is faster
(90 ps) than that of CL (330 ps) and has a slightly weaker inten-
sity at 430 nm, which is the wavelength at which the LE/ICT*
emits (Figure 1E and F). Also, ICT/solvation does not occur for
CS in DBPC, whereas a small portion of CL in DPPC undergoes
ICT/solvation. These results indicate that the environment
around CS in DBPC is more homogeneous than that of CL in
DPPC.

Although the emission spectra of CL and CS in DPPC and
DPPC/CHL are similar, the addition of CHL makes the GUVs
more fluidic, which results in an increase of the emission
around 510 nm due to the ICT/solvation processes. The influ-
ence of CHL on the emission spectra, however, is smaller for
CS than it is for CL as shown in Figure 1. The TRF data are also
consistent with the stationary emission spectra. The TRF of CL
in DPPC/CHL shows a rise when detected at 490 nm, whereas
no rise component was observed for CL in DPPC. In addition,
the TRF at 490 nm for CS in DPPC/CHL (Figure S4) does not
show a noticeable rise component.

The TRFs of CS embedded in cells (Figure S5 and Table S1)
do not show a rise component at 490 nm indicating that the
ICT/solvation does not occur for CS. This is in sharp contrast to
CL embedded in cells, in which a solid ICT/solvation was ob-
served. Also, CS embedded in cells shows rather weak wave-
length dependence. Thus, we expect that the GP distribution
curves for CS will be narrower than those for CL. Treatment
with  MPCD, which destroys lipid rafts, removes the fast
(100 ps) decay component, and the wavelength dependence
becomes similar to that in DOPC. Interestingly, TRFs of CS em-
bedded in cells are quite similar to TRF in DPPC/CHL and sug-
gest that the environments for the chromophore in both sam-
ples are similar. (Most of the CS is located in | -like domains of
cells, where the environment for CS is close to that for CS in
DPPC/CHL). This in turn suggests that I-like domains in the
cells are very similar to vesicles composed of DPPC/CHL. The
close resemblance of the fluorescence spectra of CS in DPPC/
CHL and cells corroborates this conclusion (Figure S3).

The two-photon cross-sections (dp) of CH, CL, and CS in
ethanol are in the range of 85-150 GM (1 GM=10""cm*s/
photon) at 780 nm. Similar values were obtained in DMF
(Table 1, Figure S7). In H,0, the d,,, value of CL is 320 GM at
820 nm, whereas that of CS could not be measured due to its
insolubility. Moreover, the two-photon action cross-sections of
these probes are in the range of 35-90 GM in DMF and etha-
nol, which are sufficient to obtain bright images by TPM
(Table 1).

Two-photon excitation with polarized light provides detailed
information about the location of the probes in the bilayer.'®%
Giant unilamellar vesicles (GUVs) composed of DPPC, DPPC/
CHL, DOPC/SM/CHL (1:1:1 or 2:2:1)%%3"Y or DOPC revealed a
weak fluorescent area perpendicular to the excitation polariza-
tion (Figure S8). This shows that the probes are located parallel
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to the lipid molecules (the photoselection effect). This out-
come can be attributed to the favorable hydrophilic interac-
tions between the carboxylates and the water molecules near
the lipid head groups in addition to the hydrophobic interac-
tions between the probes and lipid molecules. This result un-
derlines the importance of the carboxylic acid moiety oriented
as parallel alignment in both fluid and rigid domains in the
membrane (vide supra).

GP images of model membranes

The sensitivity of the probes to the membrane polarity was
assessed by using generalized polarization (GP) images.l'¢3238
The GP values have been calculated by using Equation (1),
where 004600 aNd 70530 are the fluorescence intensities at
400-460 nm and 470-530 nm, respectively, and G is the sensi-
tivity correction factor of the two different wavelength ranges
(see the Experimental Section).l's37:38

The GP images of the equatorial sections of GUVs labeled
with CH, CL, and CS reveal GP values ranging from —0.45 to
0.42 (Figure 2 and Table 2). In DPPC, the GP distribution curves
are narrow and the center GP values are 0.20, 0.41, and 0.37
for CH, CL, and CS, respectively (Figure 2 and Table 2). The
much smaller GP value for CH indicates that it over-represents
the |y domain because of the shorter alkyl group chain length
(vide supra). On the other hand, the center GP value of CS in
DBPC GUVs is 0.42, which is nearly identical to that of CL in
DPPC. In other words, the probes experience similar environ-
ment when embedded in lipids with similar hydrocarbon
lengths (vide supra). In DPPC/CHL, the GP distribution curves
are similar to those obtained in DPPC. The center GP values in
DPPC/CHL are slightly smaller than those in DPPC (0.12, 0.32,
0.27 for CH, CL, and CS, respectively), due to the slight increase
in fluidity (Figure 2 and Table 2). Moreover, the GP distribution
curves are broader in DOPC than in DPPC/CHL, with center GP
values of —0.45, —0.35, and —0.34 for CH, CL, and CS, respec-
tively (Figure 2 and Table 2). Also, the GP value of CH is smaller
than others; it over-represents the |y domain (vide supra). In
contrast, the center |GP| values of CL and CS in DOPC are
similar to those in DPPC/CHL; this indicates that CL and CS can
equally represent the |4 and |, domains.

Similar results were observed in the raft mixture. The GP dis-
tribution curve of CH-labeled GUVs is skewed toward the low
GP region (Figure 2), whereas it is more symmetrical when
stained with CL and CS (Figure 2). When the GP curves for CH-,
CL-, and CS-labeled GUVs are fitted to a bimodal distribution,
the center GP values are —0.17/0.08, —0.14/0.18, and —0.13/
0.17, respectively (Table 2). The center GP values of CH are
smaller than others, and the low GP distribution curve of CH is
much broader than the high one (Figure 2), which limits its
utility as the membrane probe. In contrast, the |GP| values
and the widths of the low and high GP curves for the CL- and
CS-labeled GUVs are alike, indicating that they can reflect the
two domains more accurately (Figure 2 and Table 2).

In DOPC/SM/CHL (2:2:1),2%3Y the emission spectra of all
compounds are nearly the same as those measured in the raft
mixture, except that there is an appreciable decrease in the
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Figure 2. A) GP images of the equatorial section of single GUVs composed of DOPC, DOPC/sphingomyelin/cholesterol (1:1:1), DPPC/40 mol % cholesterol,
DPPC, and DBPC labeled with CH, CL and CS at 2540.5°C. Scale bars, 30 um. The images for CL are taken from Ref. [15] except for DPPC/cholesterol. B) GP
distribution curves of DOPC (purple), DPPC/cholesterol (orange), DPPC (red) and DBPC (black) fitted to single component and of DOPC/sphingomyelin/choles-
terol (1:1:1) fitted to bimodal distribution (green). The curves for CL are taken from ref. 16 except for DPPC/cholesterol.

Table 2. Two Gaussian distributions of deconvoluted stacks of GP images.
Sample Probe Center 1% Width 1% Center 2 Width 2 Coverage 2,%
DOPC CH —0.45 (0.003)" 0.44 (0.007)*
cL —0.35 (0.003)" 0.32 (0.006)"
cs —0.34 (0.002) 0.36 (0.005)"
raft mixture CH —0.17 (0.083) 0.33 (0.010) 0.08 (0.009) 0.20 (0.016) 26
CL —0.14 (0.012) 0.29 (0.014) 0.18 (0.012) 0.29 (0.014)
cs —0.13 (0.019) 0.28 (0.018) 0.17 (0.017) 0.26 (0.015) 24
DPPC/40 mol % CHL CH 0.12 (0.003)" 0.44 (0.006)"
CL 0.32 (0.002)" 0.30 (0.004)"
cs 0.27 (0.002)" 0.35 (0.004)"
DPPC CH 0.20 (0.002)" 0.39 (0.005)"
CL 0.41 (0.001) 0.24 (0.003)"
cs 0.37 (0.002)" 0.36 (0.005)"!
DBPC cs 0.42 (0.003)" 0.26 (0.006)"
293T Cell CL —0.037 (0.015) 0.36 (0.016) 0.33 (0.014) 0.34 (0.014) 31
CL-MBCD —0.001 (0.042) 0.43 (0.040) 0.28 (0.044) 0.28 (0.080) 9
cs —0.070 (0.006) 0.25 (0.007) 0.22 (0.005) 0.27 (0.007) 35
CS-MBCD —0.055 (0.009) 0.31 (0.012) 0.17 (0.005) 0.18 (0.010) 14
[a—d] The center GP values of low- and high-GP regions and their width in the GP curves fitted to two Gaussian distributions except otherwise noted. The
numbers in the parenthesis are the standard deviation. [e] The center GP values and their width in the GP curves fitted to single component. [f] DOPC/
sphingomyelin/cholesterol (1:1:1) and the values for CL are taken from ref. [16], except for DPPC/cholesterol.
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shorter wavelength bands due to the enhanced fluidity (Fig-
ure S9). Moreover, the GP images of the GUVs labeled with all
compounds revealed the discrete domains of |, and |4 phases
with the center GP values of —0.34/0.11, —0.34/0.34, and
—0.29/0.29, respectively (Figure S10). Here again, CH over-rep-
resents the |y domain, while CL and CS equally reflect both
domains.

The combined results reveal that CL and CS are useful two-
photon probes for the lipid rafts as they can exclusively reside
in the membrane, equally reflect the Iy and |, domains in the
model membrane, and exhibit significant two-photon action
cross-sections.

GP images of cells

TPM images of the CL- and CS-labeled 293T cells reveal that CS
is preferentially located in the plasma membrane (Figure 3¢),
whereas CL is distributed in both plasma membrane and cyto-
sol (Figure 3a). The high and low GP curves of CL are symmet-
rical and well separated from the intersection at 0.15; this
probe equally reflects lg- and I,-like domains in the cells. On
the other hand, the high GP curve of CS is appreciably taller
than the low one, indicating that it has a greater tendency to
be located in the I,-like domains of the cell as revealed by TRF
experiment (vide supra). When the cells were treated with
MBCD, a drug that destroys the lipid raft by removing CHL
from the plasma membrane, the high GP curve, centered at
GP=0.22-0.33, decreased significantly while no alteration was
observed in the low GP curve (Figure 3b,f and 3d,h, Table 2).
Therefore, the high GP domain can readily be attributed to the
l,-like domains.

To unambiguously determine whether the high GP domains
in the CL- and CS-labeled cells are indeed the I-like domains,

the high GP images were co-localized with the fluorescence
image of ganglioside Gy, which is known to be highly en-
riched in the raft domains,*® by co-staining the cells with CL
(or CS) and BODIPY-Gy,;. As shown in Figure S11c and S11f, the
two images merged well, confirming that the high GP image
reflects the | -like domains. Hence, the direct visualization of
the membrane lateral heterogeneity is clearly shown with TPM
by using CL and CS as the probes. Therefore, it can be con-
cluded that CL and CS are useful two-photon probes that can
represent the |y and I, domains in the cell membrane. Of these
two, CS can better reflect the plasma membrane. These results
underline the importance of alkyl group chain length and the
head group carboxylic acid moiety for the design of efficient
two-photon probes of membrane lateral heterogeneity.

To demonstrate the utility of these probes, TPM images
were obtained of individual 293T cells labeled with 2 um CL
and CS. The GP distribution curves of each section of the cells
reveal that the GP value increases gradually from bottom to
the top of the cells (Figures S12 and S13). The total surface
areas covered by high GP domains of CL- (GP>0.33) and CS-
labeled (GP>0.28) cells are 31 and 35%, respectively. When
the cells were treated with MBCD, the value decreased to 9
and 14 %, respectively. These results indicate that the | -like do-
mains cover 31-35% of the cell surface and are enriched on
the top edge of the cell. A similar value was reported for CL-
labeled A431 cells."®

Conclusions

A series of two-photon probes have been developed based on
6-acyl-2-aminonaphthalene as the fluorophore and hexanoyl,
lauryl, stearyl groups as the receptor for the membrane and
their photophysical properties as well as their utility as the
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Figure 3. GP images of CL-labeled 293T cells A) before and B) after treatment with 10 mm MBCD for 30 min. GP images of the CS-labeled 293T cells C) before
and D) after treatment with MBCD. Scale bar, 30 um. GP distribution curves of CL-labeled 293T cells E) before and F) after treatment. GP distribution curves of

CS-labeled 293T cells G) before and H) after treatment.
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membrane probe were studied. The results show that CH
cannot be used as the membrane probe because it neither ex-
clusively resides in the membrane nor equally represent the Iy
and |, domains. On the other hand, CL and CS are excellent
two-photon probes for the membrane because they can equal-
ly reflect the two domains and are capable of imaging the
membrane lateral heterogeneity in live cells. Moreover, CS has
a greater tendency to be located in the plasma membrane due
to the poor water solubility, whereas CL partitions into both
plasma membrane and cytosol. Finally, our results show that
the I -like domains cover 31-35% of the cell surface.

Experimental Section

Synthetic reagents were purchased from Sigma-Aldrich and used
without further purification. All solvents were from Riedel-de Haén
(Seelze, Germany) and Sigma-Aldrich and were distilled prior to
use. DPPC, DOPC, and SM were from Avanti Polar Lipids (Alabaster,
AL, USA). CHL was from Sigma-Aldrich. Synthesis of C-laurdan was
reported previously."® Synthesis of other compounds is described
below.

6-Hexanoyl-2-methoxynaphthalene was synthesized using a pre-
viously published method.”” 2-Methoxynaphthalene (10.0 g,
63.2mol) was added to a solution containing AICI; (10.1 g,
75.9 mmol) in nitrobenzene (150 mL). Distilled hexanoyl chloride
(10.4 mL, 75.9 mmol) was slowly added to this solution with stir-
ring at 10-13°C. After addition of the hexanoyl chloride was com-
pleted, the mixture was stirred at 5°C for 2 h and then room tem-
perature for 12 h. The reaction mixture was cooled in an ice bath,
poured into ice water (300 mL), and treated with HCl (50 mL of
35%, aq). The product was extracted with chloroform, excess nitro-
benzene was removed in vacuo, and the product was purified by
crystallization from MeOH. Yield 10.7 g (66%); m.p. 67 °C; IR (KBr):
1664 cm™'; '"H NMR (300 MHz, CDCl,): 6 =8.40 (d, J=2 Hz, 1H), 8.02
(dd, J=9, J=2Hz, 1H), 7.85 (d, J=9 Hz, 1H), 7.76 (d, J=9 Hz, 1H),
7.20 (dd, J=9, J=2Hz, 1H), 7.15 (d, J=2 Hz, TH), 3.95 (s, 3H), 3.07
(t, J=7.5Hz, 2H), 1.79 (quint, J=7.5 Hz, 2H), 1.40 (m, 4H), 0.93 (t,
J=7.5Hz, 3H); elemental analysis calcd (%) for C;;H,,0,: C 79.65, H
7.86; found: C 79.42, H 7.56.

6-Octadecanoyl-2-methoxynaphthalene was obtained in 53%
overall yield from 2-methoxynaphthalene and octadecanoyl chlo-
ride according to above procedure for 6-hexanoyl-2-methoxynaph-
thalene. m.p. 88°C; IR (KBr): 1663 cm™"; '"H NMR (300 MHz, CDCl;):
0=28.40 (d, J=2Hz, 1H), 8.01 (dd, J=9, J=2Hz, 1H), 7.85 (d, J=
9Hz, 1H), 7.76 (d, J=9Hz, 1H), 7.20 (dd, /=9, J=2Hz, 1H), 7.16
(d, J=2Hz, 1H), 3.95 (s, 3H), 3.06 (t, J=7.5 Hz, 2H), 1.78 (quint, J=
7.5 Hz, 2H), 1.34 (m, 28H), 0.88 (t, J=7.5 Hz, 3H); elemental analy-
sis calcd (%) for C,oH,,0,: C 82.02, H 10.44; found: C 82.52, H
10.26.

6-Hexanoyl-2-hydroxynaphthalene (1). HBr (48%, 58.4g, 0.72
mol) was added to a solution containing 6-hexanoyl-2-methoxy-
naphthalene (8.4 g, 32.8 mmol) in glacial acetic acid (300 mL). The
mixture was stirred at 100°C for 12 h. Excess acetic acid was re-
moved in vacuo, and the residue was taken up in ethyl acetate
and washed with dilute NaHCO; and brine. The organic layer was
dried with MgSO, and the solvent was removed in vacuo. The
product was purified by column chromatography using ethyl ace-
tate/hexane (1:3). Yield 5.7 g (72%); m.p. 148°C; IR (KBr): 3360,
1664 cm™'; 'H NMR (300 MHz, CDCl,): 6 =8.41 (d, J=2 Hz, 1H), 7.99
(dd, /=9, J=2Hz, 1H), 7.87 (d, J=9 Hz, 1H), 7.70 (d, J=9 Hz, TH),
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7.19 (d, J=2H, 1Hz), 7.18 (dd, J=9, J=2Hz, 1H), 5.44 (brs, 1H),
3.07 (t, J=7.5Hz, 2H), 1.79 (quint, J=7.5Hz, 2H), 1.40 (m, 4H),
0.92 (t, J=7.5 Hz, 3H); elemental analysis calcd (%) for C,;H,50,: C
79.31, H 7.49; found: C 79.72, H 7.16.

6-Octadecanoyl-2-hydroxynaphthalene (3) was obtained in 58%
overall yield from 6-octadecanoyl-2-methoxynaphthalene accord-
ing to above procedure of 1. m.p. 100°C; IR (KBr): 3362, 1662 cm™';
'H NMR (300 MHz, CDCl,): 6=8.41 (d, J=2 Hz, 1H), 7.99 (dd, J=9,
J=2Hz, 1H), 7.87 (d, J=9Hz, 1H), 7.71 (d, J=9Hz, 1H), 7.18 (d,
J=2Hz, 1H), 7.17 (dd, J=9, J=2Hz, 1H), 5.43 (brs, 1H), 3.06 (t,
J=7.5Hz, 2H), 1.78 (quint, J=7.5Hz, 2H), 1.29 (m, 28H), 0.89 (t,
J=7.5Hz, 3H); elemental analysis calcd (%) for C,H,,0,: C 81.90, H
10.31; found: C 81.22, H 10.86.

6-Hexanoyl-N-methyl-2-naphthylamine (4). MeNH,-HCl (7.6 g, 93.0
mol) was added to a mixture of 1 (4.5g, 18.6 mmol), Na,S,0;
(7.1 g, 37.2 mmol), NaOH (3.7 g, 93.0 mmol), and H,O (100 mL) in a
pressure tube and the mixture was stirred at 140°C for 72 h. The
product was collected by filtration, washed with water, and puri-
fied by column chromatography using ethyl acetate/toluene (1:50)
as the eluent. Yield 29g (61%); m.p. 121°C; IR (KBr): 3360,
1663 cm™'; 'H NMR (300 MHz, CDCl,): =831 (d, J=2 Hz, TH), 7.93
(dd, J=9, J=2Hz, 1H), 7.71 (d, J=9 Hz, 1H), 7.63 (d, J=9 Hz, 1H),
6.91 (dd, J=9, J=2Hz, 1H), 6.77 (d, J=2Hz, TH), 4.14 (brs, TH),
3.03 (t, 2H, J=7.5Hz), 2.97 (s, 3H), 1.79 (quint, 2H, J=7.5 Hz), 1.39
(m, 4H), 0.92 (t, J=7.5Hz, 3H); elemental analysis calcd (%) for
C,,H,,NO: C 79.96, H 8.29, N 5.49; found: C 79.26, H 8.55, N 5.70.

6-Octadecanoyl-N-methyl-2-naphthylamine (6) was obtained in
48% overall yield from 2 according to above procedure of 3. m.p.
96°C; IR (KBr): 3376, 1663 cm™'; "H NMR (300 MHz, CDCl,): 5 =8.31
(d, J=2Hz, 1H), 794 (dd, /=9, /=2 Hz, 1H), 7.73 (d, J=9 Hz, 1H),
7.64 (d, J=9Hz, 1H), 6.96 (dd, /=9, J=2Hz, 1H), 6.86 (d, J=2 Hz,
1H), 4.10 (brs, 1H), 3.03 (t, J=7.5 Hz, 2H), 2.98 (s, 3H), 1.77 (quint,
J=7.5Hz, 2H), 1.28 (m, 28H), 0.88 (t, J=7.5Hz, 3H); elemental
analysis calcd (%) for C,0H,sNO: C 82.21, H 10.71, N 3.31; found: C
82.08, H 10.77, N 3.71.

CH. Methyl bromoacetate (1.4g, 8.8 mmol), 4 (1.5g, 5.9 mmol),
and proton sponge (1.9 g, 88 mmol) in MeCN (50 mL) were re-
fluxed under N, for 18 h. The product was extracted with ethyl
acetate, washed with brine, and purified by crystallization from
EtOH to obtain light yellow powder. Yield 1.4 g (72%); m.p. 76°C;
'H NMR (300 MHz, CDCl,): 6=8.33 (d, J=2 Hz, 1H), 7.94 (dd, J=9,
J=2Hz, 1H), 7.81 (d, J=9 Hz, 1H), 7.65 (d, J=9 Hz, 1H), 7.09 (dd,
J=9, J=2Hz, 1H), 6.88 (d, J=2Hz, 1H), 4.22 (s, 2H), 3.74 (s, 3H),
3.20 (s, 3H), 3.03 (t, J=7.5 Hz, 2H), 1.78 (quint, J=7.5 Hz, 2H), 1.39
(m, 4H), 092 (t, J=7.5Hz, 3H). A mixture of this intermediate
(0.8 g, 2.4 mmol) and KOH (1.0 g, 25 mmol) in EtOH (50 mL) was
stirred for 5 h. The resultant solution was concentrated and diluted
with ice-water (100 mL) and concentrated HCl (aq) was added
slowly at <5°C until pH 3. The resulting precipitate was collected,
washed with distilled water, and purified by crystallization from
chloroform-petroleum ether. Yield 0.5g (66%); m.p. 148°C;
'H NMR (300 MHz, CDCl,): =8.33 (d, J=2 Hz, 1H), 7.94 (dd, J=9,
J=2Hz, 1H), 7.81 (d, J=9 Hz, 1H), 7.65 (d, /=9 Hz, 1H), 7.10 (dd,
J=9, J=2Hz, 1H), 6.90 (d, /=2 Hz, 1H), 4.25 (s, 2H), 3.20 (s, 3H),
3.04 (t, J=7.5Hz, 2H), 1.78 (quint, J=7.5Hz, 2H), 1.39 (m, 4H),
0.92 (t, J=7.5Hz, 3H); *CNMR (100 MHz, [Ds]DMSO): 6 =199.9,
1724, 149.8, 137.8, 131.5, 130.7, 130.6, 130.3, 125.5, 116.8, 116.6,
105.7, 105.4, 53.8, 38.1, 31.7, 24.6, 22.8, 14.6; IR (KBr): 3275-2420,
1710, 1663 cm™'; elemental analysis calcd (%) for C;gH,;NO;: C
72.82, H 7.40, N 4.47; found: C 72.60, H 7.76, N 4.54.
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CS was obtained in 60% overall yield from 6 according to above
procedure of C-hexadan. m.p. 69°C; IR (KBr): 3285-2425, 1710,
1663 cm™'; '"H NMR (300 MHz, CDCl,): 6=8.32 (d, J=2 Hz, TH), 7.93
(dd, /=9, J=2Hz, 1H), 7.81 (d, J=9 Hz, 1H), 7.65 (d, J=9 Hz, TH),
7.10 (dd, J=9, J=2Hz, 1H), 6.91 (d, /=2 Hz, TH), 4.24 (s, 2H), 3.20
(s, 3H), 3.04 (t, J=7.5Hz, 2H), 1.76 (quint, J=7.5 Hz, 2H), 1.29 (m,
28H), 0.87 (t, J=7.5Hz, 3H); *CNMR (100 MHz, [Ds]DMSO): 6 =
200.6, 175.3, 151.5, 137.5, 131.2, 131.1, 129.7, 126.8, 125.3, 124.8,
115.8, 106.3, 100.2, 54.3, 40.1, 38.7, 30.2, 30.1, 30.0, 29.9, 29.8, 29.7,
29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 25.2, 22.9, 14.6; elemental analysis
caled (%) for C3,H,;NO;: C 77.29, H 9.83, N 2.91; found: C 77.81, H
9.98, N 2.54.

Spectroscopic measurements. Absorption spectra were recorded
on a Hewlett-Packard 8453 diode array spectrophotometer, and
the excitation and fluorescence spectra were obtained with
Aminco Bowman series 2 luminescence spectrometer from Spec-
tronics (USA) with excitation at 365 nm. A polarizer was placed in
the emission path of the fluorometer to eliminate Wood's anom-
aly."” The fluorescence quantum yield was determined by using
Coumarin 307 from (Exciton, Dayton, OH, USA) as a reference by
the literature method.*?

Time resolved fluorescence (TRF). Time correlated single photon
counting (TCSPC) method was used to record picosecond TRF.
Output of a home-built cavity-dumped Kerr lens mode-locked Ti:
sapphire laser running at 760 nm was doubled to generate the
excitation pulses at 380 nm. A 200 um thick sample cuvette was
installed on a home-made temperature-regulated cuvette holder.
Fluorescence at the magic angle was detected by a thermoelectri-
cally cooled microchannel plate photomultiplier tube (Hamamatsu,
R3809U-51). Instrument response function has a width of 42 ps full
width at half maximum to provide ~8 ps time resolution with
deconvolution.

Water solubility. Water solubility was determined by adding small
increments of the dye solution in DMSO to a cuvette containing
H,O (3.0 mL). In all cases, the DMSO content was maintained at
0.2%. The maximum concentration in the linear region in the plot
of fluorescence intensity against the dye concentration was taken
as the solubility (Figure S1).

Measurement of two-photon cross-sections. The two-photon
cross-section (8) was determined by using femtosecond fluores-
cence measurement technique as described by Lee.* Samples
were dissolved in DMF (or EtOH) at concentrations of 5.0 um and
the two-photon induced fluorescence intensity was measured by
using fluorescein (8.0x 107°m, pH 11) as the reference, whose two-
photon properties have been well characterized in the literature.®

Vesicle preparation. Vesicles for the measurements of one photon
excitation and fluorescence spectra were prepared by the solvent
evaporation method® To grow GUVs, the electroformation
method was employed."®**? An imaging chamber (designed for
field stimulation, RC-21BRFS, Warner Instruments Co. (Hamden, CT,
USA) modified for vesicle preparation (two parallel platinum elec-
trodes separated between their surfaces 1 mm) was employed for
this experiment. The temperature was measured inside the cham-
ber at the platinum wires, using a digital thermometer with a pre-
cision of 0.1°C. The probe in DMSO was added to the sample
chamber after the vesicles were formed. The probe ratio in the
vesicle was kept greater than 300:1.

Cells. 293T cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with penicillin/streptomycin and fetal
bovine serum (10%) in a CO, incubator at 37°C. To test the co-
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localization of ganglioside Gy,, and high GP image of CS (or CL),
293T cells were treated with BODIPY-G,; (150 nm, Molecular
Probes) and CS or CL (2 pum) for 40 min at 4°C, fixed with formalde-
hyde (3.7%), and observed in a spectral confocal multiphoton
microscope.

One- and two-photon fluorescence microscopy. One- and two-
photon fluorescence images were obtained with spectral confocal
multiphoton microscopes (Leica TCS SP2) with a x100 oil-immer-
sion objective, numerical aperture (NA)=1.30. For one-photon
fluorescence microscopy, an Ar laser (488 nm excitation, 500-
520 nm emission for BODIPY-G,;) was used as the excitation
source. Two-photon fluorescence microscopy images of the CL and
CS-labeled GUVs and cells were obtained by exciting the probes
with a mode-locked titanium-sapphire laser (780 nm, Coherent
Chameleon, 90 MHz, 200 fs). To obtain images at various wave-
lengths, internal PMTs were used to collect the signals in an 8 bit
unsigned 512x512 pixels at 400 Hz scan speed. The intensity
images of CL and CS were recorded with the emission in the range
of 400-460 nm and 470-530 nm with two channels of PMTs. The
relative sensitivities of the two channels were determined for each
experiment by using 0.5 um CL and CS in DMSO, and the G-factor
in Equation (1) was calculated. For GP function images, a quarter
wave-plate was aligned and placed before the microscope to mini-
mize the polarization effects of the excitation light.

GP image analysis. To quantify the emission spectral changes in
the giant unilamellar vesicles (GUVs), the GP values in Equation 1
have been calculated for each pixel by measuring the fluorescence
intensities at 400-460 nm and 470-530 nm.['®3738

la00-460)—=G X l(470-530)

GP = M

la00-460) + G X la70_530)

Here, G is the sensitivity correction factor for the two different
wavelength ranges. Background values, defined as less than 7% of
the maximum intensity, were set to zero and colored black (float
type). GP distributions were obtained from the histograms of GP
values of the images and fitted to one or two Gaussian functions
by the nonlinear fitting algorithm (Origin 7.0).
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Driving Force Analysis of Proton Tunnelling Across a
Reactivity Series for an Enzyme-Substrate Complex

Parvinder Hothi,”’ Sam Hay,” Anna Roujeinikova,® Michael J. Sutcliffe,” Michael Lee,"”
David Leys,” Paul M. Cullis,” and Nigel S. Scrutton*®

Quantitative structure-activity relationships are widely used to
probe C—H bond breakage by quinoprotein enzymes."™ However,
we showed recently that p-substituted benzylamines are poor re-
activity probes for the quinoprotein aromatic amine dehydrogen-
ase (AADH) because of a requirement for structural change in the
enzyme-substrate complex prior to C—H bond breakage.”’ This
rearrangement is partially rate limiting, which leads to deflated
kinetic isotope effects for p-substituted benzylamines. Here we
report reactivity (driving force) studies of AADH with p-substitut-
ed phenylethylamines for which the kinetic isotope effect (~16)
accompanying C—H/C—’H bond breakage is elevated above the
semi-classical limit. We show bond breakage occurs by quantum
tunnelling and that within the context of the environmentally
coupled framework for H-tunnelling the presence of the p-sub-
stituent places greater demand on the apparent need for fast

Introduction

The bacterial quinoprotein aromatic amine dehydrogenase
(AADH) catalyses the oxidative deamination of aromatic
amines using a tryptophan tryptophylquinone (TTQ) cofactor
(Scheme 1).°” In the reductive half-reaction (RHR), amine oxi-

RCH,NH, + H,0 RCHO + NH; + 2e™+ 2H*

Scheme 1. Reaction for the reduction of aromatic amines catalysed by
AADH.

dation is accompanied by proton transfer from an iminoqui-
none intermediate derived from covalent addition of substrate
to the TTQ centre (Figure 1). With tryptamine as a substrate,
proton transfer occurs by environmentally coupled proton tun-
nelling, which is a reaction facilitated by a non-equilibrium and
localised promoting motion in the iminoquinone intermedi-
ate. The enzyme reaction cycle is completed by long-range
electron transfer to the type 1 copper protein azurin following
assembly of an AADH-azurin electron transfer complex.”'" In-
sight into the reaction cycle has come from detailed analysis of
the crystal structures of reaction intermediates,®®'? computa-
tional simulations of the reaction chemistry®'*' and isotope
analysis of the proton transfer step using fast reaction stop-
ped-flow methods.> "' These studies have provided a de-
tailed appreciation of the reaction chemistry, whilst emphasiz-
ing the importance of proton transfer by quantum tunnelling
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promoting motions. The crystal structure of AADH soaked with
phenylethylamine or methoxyphenylethylamine indicates that the
structural change identified with p-substituted benzylamines
should not limit the reaction with p-substituted phenylethyl-
amines. This is consistent with the elevated kinetic isotope effects
measured with p-substituted phenylethylamines. We find a good
correlation in the rate constant for proton transfer with bond dis-
sociation energy for the reactive C—H bond, consistent with a
rate that is limited by a Marcus-like tunnelling mechanism. As
the driving force becomes larger, the rate of proton transfer in-
creases while the Marcus activation energy becomes smaller. This
is the first experimental report of the driving force perturbation
of H-tunnelling in enzymes using a series of related substrates.
Our study provides further support for proton tunnelling in
AADH.

mechanisms (for example, with tryptamine substrate). Studies
with other substrates (for example, p-substituted benzyl-
amines) have revealed the need for structural reorganization
prior to proton transfer.” This structural reorganization compli-
cates analysis of the proton transfer step in studies of the tem-
perature dependence of kinetic isotope effects (KIEs), which
can be often used to infer tunnelling mechanisms.'”:'®

In principle, studies of quantitative structure-activity relation-
ships (QSAR) are useful for inferring mechanistic information,
particularly with quinoprotein enzyme systems.>* With AADH,
structural reorganization prior to bond breakage in studies
with p-substituted benzylamines has prevented detailed mech-
anistic analysis, owing to steric clashes of the p-substituent
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Figure 1. Reductive half-reaction of AADH with a generic amine substrate (A). Intermedi-
ates have been defined previously from crystallographic studies with tryptamine.” Inter-
mediates are numbered with Roman numerals. Only key atoms are represented from in-
termediate Il onward, whereas TTQ atoms C6 and C7 and Asp128f atoms O1 and O2 are
labelled for intermediate I. A generic para-substituted phenylethylamine is also shown in

panel B.

with residue Phe97a. of the large AADH subunit.”’ This restric-
tion is relieved upon the isolation of the small catalytic (TTQ-
containing) subunit of AADH; this has facilitated QSAR analysis
using Hammett methodology with p-substituted benzyl-
amines."¥ Reactions of p-substituted benzylamines with the
isolated small subunit are bimolecular and relatively slow, and
it is not known if proton transfer is to Asp128f (the proton ac-
ceptor in native tetrameric AADH®) or to solvent. Unlike plots
with native AADH, Hammett plots for the small subunit exhibit
a strong correlation of structure-reactivity data with electronic
substituent effects for reactions with p-substituted benzyl-
amines and phenylethylamines and show that TTQ reduction is
enhanced by electron withdrawing substituents."® We have
been unable to demonstrate that proton transfer from the imi-
noquinone intermediate (formed between p-substituted ben-
zylamines and the isolated subunit) to the unidentified proton
acceptor occurs by quantum mechanical tunnelling.

In this paper, we report studies of native AADH in which we
have employed a series of p-substituted phenylethylamines as
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reactivity probes. We conjectured that the additional
methylene carbon in p-substituted phenylethyl-
amines (compared with p-substituted benzylamines)
would relieve any steric restriction on the reaction
chemistry and thus facilitate detailed QSAR analysis
of the reaction mechanism. We report 1) crystallo-

phenylethylamines, 2) stopped-flow studies of the
rate of C—H and C—2H bond breakage, and 3) driving
force analysis of the proton tunnelling reaction. The
driving force analysis is consistent with proton trans-
fer by quantum mechanical tunnelling. We also show
an increased need for fast promoting motions as p-
substituents are introduced ~6 A away from the site
of C—H bond breakage.

Results and Discussion

Crystal structures of AADH soaked with phenyl-
ethylamine or p-methoxyphenylethylamine

AADH crystals soaked with phenylethylamine or p-
methoxyphenylethylamine rapidly change colour in-
dicating full TTQ reduction. The crystal structure of a
phenylethylamine soaked crystal that has been flash-
cooled immediately following TTQ reduction reveals
clear density in both active sites, corresponding to a
covalent complex between phenylethylamine and
TTQ (Figure 1). This was interpreted to represent the
Schiff base intermediate V (intermediate terminology/
numbering is according to ref. [8]) following the key
proton abstraction by Asp128f3 and ensuing proton
transfer steps to the TTQ O7. The structure is highly
similar to the corresponding tryptamine intermedia-
te V structure we reported previously® and reveals a
similar angle is made between the Schiff base (=N
bond and the TTQ aromatic plane. The substrate aro-
matic moiety is placed likewise in van der Waals con-
tact between Phe97a and the peptide backbone amide con-
necting Val158f with Asn159f. In contrast, a p-methoxyphenyl-
ethylamine soaked crystal flash-cooled immediately following
TTQ reduction reveals clear, but distinct electron density in
both active sites from which the structures of the intermedi-
ates can be modelled (Figure 2). Both correspond to a covalent
complex between p-methoxyphenylethylamine and TTQ, with
one active site containing a Schiff base intermediate V, which
is highly similar to that observed in the phenylethylamine
soaked structure. The other active site contains the S-carbinol-
amine intermediate VIl that is formed upon hydrolysis of inter-
mediate V.¥! As observed for the phenylethylamine:AADH crys-
tal structure, the p-methoxyphenylethylamine:AADH com-
plexes are virtually identical to the corresponding tryptami-
ne:AADH intermediate structures with obvious exception of
the difference in substrate derived aromatic moiety.” The p-
substituents of the various phenylethylamine derivatives can
be easily accommodated by the active site cavity as demon-
strated by the p-methoxyphenylethylamine:AADH complex

ChemBioChem 2008, 9, 2839 - 2845



www.chembiochem.org



Proton Tunnelling in Aromatic Amine Dehydrogenase

A) L100q

N124w

L100c

Figure 2. Crystal structures of AADH in complex with phenylethylamines.

A) An active site overlay of the Schiff base intermediate V observed in phe-
nylethylamine (red), p-methoxyphenylethylamine (green) and tryptamine
(blue) soaked crystals. B) An active site overlay of the carbinolamine interme-
diate VIl observed in p-methoxyphenylethylamine (green) and tryptamine
(blue) soaked crystals. The p substituent in the former has multiple confor-
mations. Numbering of reaction intermediates is as described previously.®

structure. In this case, the p-substituent is in close proximity of
Leu1000, Asn124a and Leu179a, but none of these residues
present any steric hindrance.

However, it should be noted that for the smaller aromatic
amines, such as phenylethylamines, multiple positions for the
aromatic moiety of the intermediate preceding the key hydro-
gen transfer from the substrate to Asp128f are possible.'”
Nevertheless, in the case of both tryptamine and the p-substi-
tuted phenylethylamine substrates, changes in the position of
the key N1, C1, and C2 substrate derived atoms during cataly-
sis appear not to significantly affect the position of the aromat-
ic moiety. This contrasts markedly with the case for p-substitut-
ed benzylamine substrates, in which the C2 atom is part of the
aromatic moiety itself and significant reorientation of the
benzyl side chain (as well as several amino acid side chains) is
required during catalysis.”

The reductive half-reaction of AADH with p-substituted
phenylethylamines

Doubly deuterated phenylethylamines were synthesized as de-
scribed in the Experimental Section and were > 95 % chemically
pure and 90-99% isotopically enriched, as judged from the 'H
high field NMR spectrum and integration of the residual N-
CHD signal, respectively. Stopped-flow kinetic studies of the re-
ductive half-reaction were performed as described in the Ex-

ChemBioChem 2008, 9, 2839 - 2845
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perimental Section. A large variation in the limiting rate con-
stant for TTQ reduction was observed across the reactivity
series, but little variation was observed in the H/D KIE (Table 1).

Table 1. Kinetic parameters determined from stopped-flow reactions of
TTQ reduction in AADH with p-substituted phenylethylamines at 25 °C

p-substituent K" s~ Kiin® [s719 KIE

H 45.6+0.3 2.97+0.03 154403
OH 412.7+7.0 30.9+0.25 134403
CH,4 447 +0.3 2.2240.01 20.1+0.2
OCH; 4176+ 11 264+0.6 15.8+0.5
NO, 294+0.2 1.77 +£0.01 16.6+0.2
F 93.1+0.7 5.39+0.04 173403
cl 65.5+0.3 3.25+0.02 20.24+0.2
Br 73.8+0.3 3.76 £0.02 19.6+0.2

[a] Observed rate constants at 200 um (K4 <5 um) represent the limiting
rates of TTQ reduction. For hydroxy- and methoxyphenylethylamines, ki-
netic parameters were determined by fitting data (observed rate of TTQ
reduction versus concentration) with a standard hyperbolic expression.
Experimental plots are available in Figure S1.

The reactions of most p-substituted phenylethylamines exhibit-
ed a lack of dependence on substrate concentration under
pseudo-first-order conditions (Figure S1), and it was therefore
assumed that K values were <5 um. For the reactions of phe-
nylethylamines that exhibited a hyperbolic dependence on
substrate concentration, the standard hyperbolic expression
was used to determine K; (9.5+0.7 and 2.7+0.2 um for hy-
droxyl- and methoxyphenylethylamines, respectively, Fig-
ure S1).

Temperature analysis of reactions rates and KIEs

We analysed the temperature dependence of reaction rates
with protiated and deuterated substrates to reveal tunnelling
contributions to C—H and C—*H bond breakage (Table 2). With

Table 2. Parameters obtained from temperature dependence studies of
C—H and C—H bond breakage across the p-substituted phenylethylamine
reactivity series.”!

p-substituent AH* AH*® AAH* A AP
[kJmol™] [kJmol™] [kJmol~"]

H 55.2+0.8 545409 0.7+1.7 19.6+0.5
OH 452+13 51.5+04 63+1.7 0.86 +0.05
CH,4 58.8+0.8 70.0+0.8 11.2+16 0.21£0.01
OCH, 442+13 56.1+0.6 11.9+19 0.134+0.01
NO, 67.1+1.3 726+1.8 5.5+3.1 2.124+0.12
F 56.7+0.9 63.7+1.1 7.0+2.0 0.97 £0.04
cl 58.6+0.6 69.4+0.9 10.8+1.5 0.26 +£0.01
Br 59.6+0.9 69.1+0.9 95+1.8 0.43+0.01

[a] Reactions conducted in the temperature range 4-40°C. Parameters
were obtained by fitting to the Eyring equation. Reactions with protiated
hydroxyl- and methoxyphenylethylamines were conducted over a more
restricted temperature range (4-32°C). Rate constants above this range
were too fast to measure using the stopped-flow method.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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phenylethylamine, the temperature dependence of the
reaction rates (AH"=547+06kimol”', AH®=543+
0.7 kJmol™") and associated KIE (44H*=0.7 1.7 kJmol™'; Fig-
ure S2) is similar to those we have reported with trypta-
mine®"™ (AH™=573+£3.4kimol™', AH*® =535+ 1.2 kImol™’;
AAH™ <5 kimol™), a substrate known to support tunnelling in
AADH. Variation in the temperature dependence of KIEs is
observed, however, across the p-substituted phenylethylamine
series (Table 2). For all p-substituted phenylethylamines, the
KIEs are temperature dependent (AAH*~1043 kJmol™'; Fig-
ure S2).

Our previous work using tryptamine as substrate has estab-
lished that proton transfer occurs by an environmentally cou-
pled tunnelling reaction.®™ Within the environmentally cou-
pled framework for H-tunnelling, a temperature dependent KIE
indicates a role for non-equilibrium motions (promoting mo-
tions) in facilitating H-transfer."”'® We have reported the lack
of a measurable temperature dependence of the KIE with
tryptamine as a substrate,® but through numerical analysis we
have also shown that this is consistent with the presence of a
localised promoting motion of frequency (165 cm™), which is
observed from spectral density analysis of motions from MD
simulations."™ The same explanation might be true for the ap-
parent lack of a temperature dependence on the KIE with phe-
nylethylamine. p-Substitution leads to a stronger temperature
dependence, which suggests that promoting motions are
more dominant with these susbtrates. In all cases, the large
KIEs observed are inflated above the semi-classical limit. This
contrasts with kinetic and structural data we have reported re-
cently with a p-substituted benzylamine reactivity series (KIEs~
1), in which the reaction chemistry is limited by conformational
change.” The elevated KIEs observed with the p-substituted
phenylethylamines are consistent with a reaction geometry
not impeded by conformational change (as seen with p-substi-
tuted benzylamine substrates) as inferred from the crystal
structure of AADH with phenylethylamine and p-methoxyphe-
nylethylamine (see above). The elevated KIEs, their tempera-
ture dependence and the Eyring prefactor ratios (A"":A™®) there-
fore indicate that proton transfer occurs by environmentally
coupled tunnelling across the p-substituted phenylethylamine
reactivity series. Having established that the temperature de-
pendence of the reaction rates and associated KIEs are consis-
tent with an environmentally coupled tunnelling reaction, we
now extend our analysis to investigate the driving force de-
pendence of the observed reaction rates.

Driving force analysis of reaction rates

The rate of a proton tunnelling reaction can be calculated
according to an extension of Marcus' electron transfer (ET)
theory:[17,19—22]

Ky ~ const x €7 FC x e* (1)
in which AG™ is the Marcus activation energy, FC is the

Franck-Condon term that describes the nuclear wavefunction
overlap of the reactant and product states, and E, is the
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(gating) energy that confers the temperature-dependence of
the KIE. The activation energy can be described by Eq. (2):

(AGO + Evib + }\‘)2

4 @

AGT =

where AG’ is the driving force, E,;, is the change in vibrational
energy of the transferred proton upon forming the product
(see refs. [13], [17] for more details) and A is the reorganization
energy. A classical experimental validation of Marcus theory is
the correlation of reaction rate with driving force®™ For a
proton transfer reaction, we would predict that, if Equation (1)
is valid, 1) the rate of H-transfer will increase with increasing
driving force, 2) the KIE will be nearly invariant with driving
force, and 3) the enthalpy will decrease with increasing driving
force. Please note that these predictions are not unique to
Eq. 1 and similar dependencies would be expected for a purely
classical transition state reaction. However, the magnitude of
the KIEs (>7) observed in this study preclude the use of transi-
tion state theory to model the AADH/phenylethylamine reac-
tion. We should stress that while the enzyme community has
largely been using the terms “promoting”- and “gating”-mo-
tions interchangeably, these motions are fast (ps) and non-
equilibrated and in contrast to classical “gating” motions in ET
reactions, which occur on long time scales and are rate-limit-
ing. A test of “gated” ET is a driving force-independent rate of
ET, whereas promoting vibrations will lead to a rate of H-trans-
fer that is driving force (and temperature)-dependent.

For ET reactions, the driving force is varied by altering the
electron affinity (reduction potentials) of either the donor or
acceptor. For proton-transfer reactions, the analogous experi-
ment involves the alteration of the proton affinity (that is,
bond dissociation energy (BDE) or pK,) of the proton donor or
acceptor. If there is negligible entropy change during the re-
action then:

AGgT ~ BDEdonor_BDEacceptor (3)

Because the site of the transferred proton in phenylethyl-
amine is removed from (that is, not conjugated with) the sub-
stituent/benzyl moiety (Figure 1), a Hammett-type analysis of
the rate of proton transfer is not appropriate. Nevertheless, the
para substituents will still have some effect on the BDE of the
transferred proton. Because the proton-donor during the re-
ductive half-reaction of AADH is a highly unstable iminoqui-
none intermediate species,” it is not possible to experimental-
ly measure the pK,/BDE of the proton donor. It is, however,
possible to computationally determine the relevant BDE of the
iminoquinone intermediate, and by calculating the BDE for
each p-substituted phenylethylamine, we can estimate the
effect of changing driving force on the reductive half-reaction
of AADH. Note, we have not tried to calculate the actual BDEs
or driving force in this study. Because the substituted phenyl-
ethylamines are not expected to greatly alter the BDE/pK, of
the aspartate proton acceptor, any change in driving force
(AAG®) should be proportional to the difference in BDE (ABDE)
between the various substituted phenylethylamines. By nor-
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malizing the BDEs we can investigate trends associated with
change in rate with change in BDE while negating problems
associated with systematic errors in the calculations or the pK,
shift associated with binding the phenylethylamine within the
active site. These trends are qualitative only. We have estimat-
ed the BDE from semi-empirical (PM3) gas-phase calculations
of the energy-minimized protonated and deprotonated p-phe-
nylethylamine iminoquinone species. More extensive calcula-
tions on the whole enzyme are ongoing but require the solu-
tion of crystal structures of each of the AADH-bound substitut-
ed phenylethylamines. There is a reasonable correlation be-
tween the observed rate constants and ABDE (relative to un-
substituted phenylethylamine; Figure 3). An increase in
iminoquinone BDE corresponds to a decrease in the driving

increasing driving force

étryptamine
'f“ OCH3

T 3-_\\. OH

8 2 halo ens%\CH
EE M 2 N0
o —
1 ~
0 _ benzylamineg

T T T T T T T T T
20 -10 0 10 20
ABDE / kJ mol" —

Figure 3. The pseudo-driving force dependence of the observed rate con-
stant at 25 °C (top) and apparent enthalpy (bottom) of H-transfer during the
reductive-half reaction of AADH with p-substituted phenylethylamine sub-
strates. The solid lines are linear fits to the data with R? values of 0.58 (top)
and 0.69 (bottom). The dependence with the observed rate with tryptamine
and benzylamine are shown for reference. Note that the magnitude of the
ABDE values may not reflect the magnitude of the change in the driving
force experienced and it is only the trends that are important.

force [Eq. (3)]. Therefore, the increase in rate with increasing
driving force in Figure 2 is consistent with our predictions if
the reaction is not in the Marcus inverted region.”” We have
previously estimated the reorganization energy for H-transfer
during the reductive half-reaction of AADH with tryptamine to
be very large (250-300 kJmol™"), making it very unlikely that
|AG°| > A and therefore very unlikely that the reaction is in the
inverted region. We have already shown that the KIE is fairly in-
sensitive to p-substitution (Table 1) and thus to the driving
force. While there is some change in the KIE with the differing
substituents (Table 1), the difference is not particularly large.
Further, because the temperature dependence of these KIEs is
variable, it would appear that the involvement of the putative
promoting motion"® during this reaction differs for each sub-
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stituent, in turn affecting both the temperature dependence
and magnitude of the KIE. Finally, there is also a correlation be-
tween the apparent activation enthalpy and BDE (Figure 3),
again consistent with our predictions. Together, these data pro-
vide good evidence that the proton transfer in AADH can be
described by a Marcus-like mechanism, thereby lending addi-
tional support to inferences drawn from temperature depen-
dent studies with AADH.

Conclusions

In this paper we have demonstrated that C—H bond breakage
catalysed by AADH across a p-substituted phenylethylamine
reactivity series is 1) not limited by conformational reorganisa-
tion, 2) occurs by quantum mechanical tunnelling and 3) has a
driving force dependence consistent with the predictions of
Marcus-like models for the reaction. Our work provides support
for environmentally coupled H-tunnelling models that have
been used previously to rationalise the temperature depend-
ence of reaction rates and KIEs with a number of enzyme sys-
tems. Our work illustrates the utility of employing structurally
related substrates to probe the driving force dependence of
enzyme reactions. This provides an alternative approach to an-
alyse enzymatic tunnelling reactions which complements the
more traditional approaches that probe the effects of tempera-
ture variation on primary kinetic isotope effects.

Experimental Section

Materials: BisTris propane buffer, phenylethylamine, hydroxyphe-
nylethylamine and nitrophenylethylamine were obtained from
Sigma. Methyl-, fluoro- and chlorophenylethylamines were from
Acros Organics (Loughborough, UK). Bromophenylethylamine was
obtained from Fluorochem (Glossop, UK) and methoxyphenylethyl-
amine from Apollo Scientific Ltd (Stockport, UK). Sodium borodeu-
teride (99% enriched) and deuterium oxide were obtained from
Cambridge Isotope Laboratories (Nantwich, UK). The chemical
purity of the deuterated reagents was determined to be >99% by
high performance liquid chromatography, NMR, and gas chroma-
tography, by the supplier.

Synthesis of dideuterated p-substituted phenethylamines: Di-
deuterated phenylethylamines were synthesized using a modifica-
tion of the method reported by Umino et al.”? (Figure S3), and as
reported for dideuterated p-substituted benzylamines.”) NaBD,
(15 mmol) was suspended in dry THF (10 mL), TFA (15 mmol) in dry
THF (5 mL) was added over 10 min at room temperature. The ni-
trile derivative (12.5 mmol) [each listed below] in dry THF (5 mL)
was added to the mixture and stirred overnight. The reaction was
quenched by the addition of D,O (2 mL), water was added (ca.
20 mL), and the THF removed by rotary evaporation. The aqueous
suspension was extracted with CH,Cl,, and the combined organic
extracts were dried over solid Na,SO, and filtered to give a solution
of the free phenylethylamine in CH,Cl, Addition of HCl-saturated
CH,Cl, to this solution precipitated the hydrochloride salt of the
corresponding amine. Yields were typically 40-50%. Phenylethyl-
amine HCI salts were >95% chemically pure and 90-99 % isotopi-
cally enriched, as judged from the 'H high field NMR spectrum and
integration of the residual N-CHD signal, respectively. '"H NMR spec-
tra were recorded on a Bruker DPX300 NMR spectrometer. Mass
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spectra were determined on a Micromass Quattro LC-MS (Elstree,
UK) operating in electrospray mode and accurate mass positive ion
FAB spectra were determined on a Kratos Concept spectrometer
(Milton Keynes, UK).

Phenylethylamine HCI salt from reduction of phenylacetonitrile:
'H NMR (300 MHz, CD,0D): 6=7.30 (m, 5H), 2.96 (s, 2H), 3.16 (t,
5% H-C-D); MS: found m/z 194 [M—H(+2HCl)]. Accurate mass posi-
tive ion FAB calcd for ?CgH,oD,N 124.10953, found m/z 124.10949.

4-Methylphenylethylamine HCI salt: 'H NMR (CD,0D): §=7.15 (s,
4H), 291 (s, 2H), 2.31 (s, 3H), 3.13 (t, 5% H-C-D); MS: found m/z
208 [M—H(+2HCI)], 381 [2M—H(+3HCI)], 554 3M—H(+4HCI). Accu-
rate mass positive ion FAB cacld for '>C;H,,D,N 138.12518, found
m/z 138.12513.

4-Methoxyphenylethylamine HCl salt: '"H NMR (CD,0D): 6=7.19
(d, 2H), 6.89 (d, 2H), 3.77 (s, 3H), 2.89 (s, 2H), 3.11 (t, 5% H-C-D);
MS: found m/z 224 [M—H(+2HCl)], 413 [2M—H(+3HCl)], 602
[3BM—H(+4HCl)]. Accurate mass positive ion FAB cacld for
12C4H,,D,NO 154.12009, found m/z 154.12002.

4-Fluorophenylethylamine HCl salt: 'H NMR (CD;0D): 6=7.29 (m,
2H) 7.07 (m, 2H), 294 (s, 2H) 3.14 (t, 5% H-C-D); MS: found
m/z 212 [M—H(+2HCI)], 389 [2M—H(+3HCI)], 566 [3M—H(+4HCI)].
Accurate mass positive ion FAB cacld for "CgH,D,FN 142.10011,
found m/z 142.10014.

4-Chlorophenylethylamine HCl salt: '"H NMR (CD;0D): 6 =7.35 (d,
2H), 7.28 (d, 2H), 2.95 (s, 2H), 3.16 (t, 5% H-C-D); MS: found m/z
228 [M—H(+2HCN], 421 [2M—H(4+3HCI)], 614 [3M—H(+4HCI]. Accu-
rate mass positive ion FAB cacld for '>CgH,D,CIN 158.07056, found
m/z 158.07052.

4-Bromophenylethylamine HCl salt: '"H NMR (CD;0D): 6 =7.50 (d,
2H), 7.22 (d, 2H), 2.93 (s, 2H), 3.15 (10% H-C-D, t); MS: found m/z
185 [M—NH,]. Accurate mass positive ion FAB cacld for
12CgHyD,BrN 202.02004, found m/z 202.02001.

4-Nitrophenylethylamine HCl salt: '"H NMR (CD;0OD): 6=8.22 (d,
2H), 7.55 (d, 2H), 3.11 (s, 2H), 3.21 (2% H-C-D, t); MS: found m/z
239 [M—H(+42HCI)], 443 [2M—H(+3HCI)]. Accurate mass positive
ion FAB cacld for 'CgHyD,N,0, 169.09461, found m/z 9.09457.

4-Hydroxyphenylethylamine HCl salt: '"H NMR (CD,0OD): 6 =7.08
(d, 2H),6.77 (d, 2H),2.84 (s, 2H), 3.09 (12% H-C-D, t); MS: 174 [M—H-
(4+HCN]1, 385 [2M—H(4-3HCI)]. Accurate mass positive ion FAB cacld
for 2CgH,,D,NO 140.10444, found m/z 140.10440. In all cases, M is
the mass of the free amine.

Purification of enzyme: AADH was isolated from Alcaligenes faeca-
lis IFO 14479*% and purified as described previously.” Prior to use
in kinetic studies, AADH was reoxidized with potassium ferricya-
nide and exchanged into the required buffer (10 mm bis-tris pro-
pane, pH 7.5) by gel exclusion chromatography. Enzyme concen-
tration was determined using an extinction coefficient of
27600m 'cm " at 433 nm.©

Stopped-flow kinetic studies of the reductive half-reaction:
Rapid kinetic studies were performed by using an Applied Photo-
physics SX.18MV stopped-flow spectrophotometer (Leatherhead,
UK). Oxidized AADH (reaction cell concentration 1 um) in bis-tris
propane buffer (10 mm, pH 7.5), was rapidly mixed with various
concentrations of substrate (see Results), at 25 °C. Reduction of the
TTQ cofactor was followed at 456 nm. Data were analyzed by non-
linear least squares regression analysis on an Acorn RISC PC using
Spectrakinetics software (Applied Photophysics). For each substrate
concentration, at least three replica measurements were collected
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and averaged, each containing 1000 data points. Under pseudo-
first-order conditions, absorbance changes accompanying enzyme
reduction were monophasic or biphasic in nature (k,,>85% of the
total amplitude change) and were analyzed by fitting to the stan-
dard single or double exponential expression, respectively. Where
appropriate, the concentration dependence of k., was analyzed
by fitting to the standard hyperbolic expression® to obtain values
for the apparent dissociation constant for the enzyme-substrate
complex, Ky, and the limiting rate, k;,,, of TTQ reduction. In temper-
ature dependence studies, enzyme was equilibrated in the
stopped-flow apparatus at the appropriate temperature prior to
the acquisition of kinetic data. Temperature control was achieved
using a thermostatic circulating water bath, and the temperature
was monitored directly in the stopped-flow apparatus using a semi-
conductor sensor. Control studies of the concentration depend-
ence of bond cleavage at 4°C and 40°C, for all p-substituted phe-
nylethylamines, indicated that the Ky was not substantially per-
turbed on changing temperature. Thermodynamic parameters
were obtained by fitting data to the Eyring equation.

Crystallography: AADH crystals were obtained as described
before.”® Crystals were soaked in mother liquor supplemented with
phenylethylamine or p-methoxyphenylethylamine (50 mm) and
flash-cooled in liquid nitrogen immediately following complete re-
duction of the TTQ. Data were collected at ID14 beamlines at the
European Synchrotron Radiation Facility (ESRF), Grenoble, France.
Structures were refined using refmac5®® with final refinement
statistics Table S2.

Computational methods: The bond dissociation energy was esti-
mated from the difference in the heat of formation of the energy-
minimized protonated and deprotonated iminoquinone species
calculated using Parametric method 3 (PM3)?” in the gas phase
(Figure S4). Calculations were made using either Gaussian 03® or
Arguslab 4.01.%

Abbreviations: AADH, aromatic amine dehydrogenase; BDE, bond
dissociation energy; BisTris, bis(2-hydroxyethyl)iminotris(hydroxy-
methyl)methane; ET, electron transfer; KIE, kinetic isotope effect;
TTQ, tryptophan tryptophylquinone; CH,Cl,, dichloromethane;
NaBD, sodium borodeuteride; Na,SO,, anhydrous sodium sulfate;
TFA, trifluoroacetic acid; THF, tetrahydrofuran.
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Chemical and Genetic Wrappers for Improved Phage and

RNA Display

Jorge A. Lamboy,” Phillip Y. Tam,” Lucie S. Lee,” Pilgrim J. Jackson,” Sara K. Avrantinis,™
Hye J. Lee,™® Robert M. Corn,” and Gregory A. Weiss*9

An Achilles heel inherent to all molecular display formats, back-
ground binding between target and display system introduces
false positives into screens and selections. For example, the nega-
tively charged surfaces of phage, mRNA, and ribosome display
systems bind with unacceptably high nonspecificity to positively
charged target molecules, which represent an estimated 35 % of
proteins in the human proteome. Here we report the first system-
atic attempt to understand why a broad class of molecular dis-
play selections fail, and then solve the underlying problem for
both phage and RNA display. Firstly, a genetic strategy was used
to introduce a short, charge-neutralizing peptide into the solvent-

Introduction

Molecular display leverages large numbers of different mole-
cules (often >10° for the discovery, affinity maturation, and
dissection of protein binding interactions."® Display technolo-
gies must physically link the displayed molecule to an encod-
ing sequence. Ribosome and mRNA display fuse the displayed
peptide to RNA,”" whereas phage display attaches the dis-
played protein to the surface of a virus.®! In both cases, the
negatively charged presentation scaffolds—RNA or phage
coat®”—can bind directly to the target, bypassing the dis-
played protein. Such “background binding” is a weakness in-
herent to all molecular display systems.

Background binding (that is, wild-type phage coat proteins
interacting with the target) derails selections, as all library
members can then become candidates for amplification. Under
conditions causing high background binding, phage lacking a
displayed protein will be amplified preferentially, due to their
less demanding requirements for growth. The resultant false
positives confound both screens and selections.

To avoid this pitfall, we routinely begin phage display proj-
ects by testing for binding between the target and control
M13KO7 phage, which displays no proteins on its surface. For
example, as reported previously, M13KO7 nonspecifically binds
with low affinity to the caveolin-1 scaffolding domain (CSD),"”
which complicates phage-displayed shotgun scanning and the
discovery of ligands targeting CSD. The 20-residue CSD binds
and regulates the activity of several key signaling proteins, in-
cluding protein kinase A (PKA), endothelial and neuronal nitric
oxide synthase (eNOS and nNOS, respectively), and adenylyl
cyclase.

In many molecular display experiments, this spurious bind-
ing occurs with target proteins possessing high isoelectric
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exposed, negatively charged phage coat. The modified phage
(KO7") reduced or eliminated nonspecific binding to the prob-
lematic high-pl proteins. In the second, chemical approach, non-
specific interactions were blocked by oligolysine wrappers in the
cases of phage and total RNA. For phage display applications,
the peptides Lys, (where n=16 to 24) emerged as optimal for
wrapping the phage. Lys,, however, provided effective wrappers
for RNA binding in assays against the RNA binding protein HIV-1
Vif. The oligolysine peptides blocked nonspecific binding to allow
successful selections, screens, and assays with five previously un-
workable protein targets.

points (pls), typically >9. A survey of successful phage, ribo-
some, and mRNA display experiments reveals a previously un-
reported cutoff around this pl, together with an optimal pl
range from about four to nine (see Table S1 in the Supporting
Information). In our experience, conventional additives for re-
ducing nonspecific interactions, such as blocking agents and
detergents, usually prove insufficient to overcome such back-
ground binding because of the extremely strong interactions
between the negatively charged surfaces of phage and RNA
and the positively charged, high-pl target proteins. Attempts
to increase wash stringency and to vary salt concentrations or
pH are typically futile: hence the few examples of successful
selection against proteins with pl>9. In addition, such proto-
cols require the target to remain stable under harsh condi-
tions.

This paper presents new methods to address the unresolved
and largely underappreciated problem of background interac-
tions inherent to all molecular display systems. First, we used a
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Figure 1. Phage-based ELISAs demonstrating spurious binding by M13KO7 phage and avoidance of background
binding by the genetically modified KO7* phage to A) Vif, pl 9.5, B) DNase, pl 9.5, and C) Gag p55, pl 9.2. Such
high background makes these proteins nonstarters for phage display experiments. The problem persists, but can
be solved by KO7* helper phage for phage-displayed ligands, as in D) CSD, pl 9.5. As shown, CSD displayed on
the surface of KO7" dimerizes with surface-immobilized synthetic CSD, and KO7 " lacking displayed CSD com-

pletely eliminates the nonspecific binding observed previously with M13K07."% Error bars indicate standard error

in all experiments.

modified M13 phage with a positively charged peptide insert-
ed between Gly3 and Asp4 of P8, the major coat protein. This
phage scaffold, termed KO7*, reduced or eliminated nonspe-

FULL PAPERS

cific binding to a number of
high-pl proteins and worked
well for screens and ELISA-based
measurements (Figure 1). Sec-
ondly, chemical wrapping of the
M13KO7 phage by short oligoly-
sine peptides (Figure 2B) elimi-
nated the spurious binding of
M13KO7 phage to other chal-
lenging high-pl proteins and al-
lowed rapid, conventional selec-
tion of high-affinity ligands to
colicinE9  DNase  (Figure 4,
below). In addition, oligolysine
wrapping was also capable of
eliminating background binding
between total RNA and the
RNA-binding protein HIV-1 Vif
(Figure 5, below). The approach
provides a general solution to a
challenging problem associated
with at least three formats of
molecular display: mRNA, ribo-
some, and phage display.

Results and Discussion

Use of KO7* phage with posi-
tively charged target proteins

Filamentous phage such as
M13KO7 present three solvent-
exposed acidic residues within

the N-terminal five positions of the ~2700 copy, major coat
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protein P8. This acidic patch lends a net negative charge to
the phage surface and can cause nonspecific interactions with
proteins possessing an abundance of positively charged resi-

Phage | Target |(+) Lysq
DNase | ®
M13KO7 BSA -

12

16 20

24

~234

number of lysine residues

Figure 2. A) SPR imaging measurement of M13KO7 adsorption onto a pLys monolayer. The graph shows experiments without (a and b) and with (c) pLys on
a surface. B) Oligolysine wrapping of phage shown by ELISA. Oligolysines of different length (Lys,) were synthesized to determine optimal lengths for wrap-
ping to suppress nonspecific phage binding to DNase. Note the unacceptably high background resulting from use of commercial polylysine (~234 lysines).
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dues. To address this problem, we synthesized a modified
M13KO7 phage, termed KO7*, with an added lysine residue
incorporated into every copy of P8. This design follows the
example of Scott and co-workers, who demonstrated that the
related f1 phage could tolerate the presence of an Ala-Lys-Ala-
Ser (AKAS) peptide inserted between P8 residues Gly3 and
Asp4.M'? Transplantation of this peptide insert from f1.K into a
helper phage system allows good yields of phage-displayed
proteins produced through trans infection by KO7*. Complete
display of the P8 AKAS insert upon the KO7* surface was con-
firmed by LC-MS and DNA sequencing (Figure S1).

In phage-based ELISAs, KO7 " reduced or eliminated nonspe-
cific interactions between phage and HIV-1 Vif (pl 9.5, Fig-
ure 1A), colicin E9 DNase (pl 9.5, Figure 1B), HIV-1 Gag p55
(p1 9.2, Figure 1C), and CSD (pl 9.5, Figure 1D), providing a
basis for screens and assays. The last example includes phage
display of CSD for assay of CSD dimers, which were previously
observed by NMR."¥ Against the four targets, the exceptionally
strong binding to conventional M13KO7 helper phage pre-
cludes such binding assays. Despite these results, selections
against multiple targets with use of KO7* as a helper phage
resulted in selectants harboring an empty phagemid. In addi-
tion, the stability of KO7* phage was significantly reduced in
relation to that of wild-type M13KO?7. Refrigeration of KO7* for
short periods (one to two weeks) resulted in decomposition of
the phage particles, with storage at —78°C in 10% glycerol
only slowing decay. Yields and infectivity of KO7* phage were
diminished as well, as demonstrated by two- to threefold re-
ductions in plaque and colony-forming units, respectively.

Lysine wrappers for phage

To address the background binding problem chemically, we
designed wrappers to coat the phage and to block unwanted
phage interactions. For example, the negatively charged phage
coat adheres avidly to high-pl poly-L-lysine (pLys), as demon-
strated by SPR imaging (Figure 2A). SPR imaging can detect
adsorption onto microarrays formed on chemically modified
gold thin films through changes in the local refractive index.
The SPR image in Figure 2A shows the specific adsorption of
M13KO7 phage onto the ten array elements that have been
modified with a monolayer of plLys electrostatically adsorbed
onto a DNA monolayer. No phage adsorption was observed
either onto the ten array elements possessing a DNA monolay-
er without plys, or onto the five array elements modified with
a poly(ethylene glycol) monolayer instead of DNA. However, in
ELISA experiments, pLys blocked nonspecific interactions only
poorly, and appeared actually to cross-link phage with target
proteins and blocking agents nonspecifically (for example, the
enhanced phage binding to BSA, commonly used as a block-
ing agent; Figure 2B). More consistent wrapping and effective
elimination of background binding required specific lengths of
oligolysine. The optimal peptide length was determined by
wrapping M13KO7 phage with Lys, peptide variants, followed
by assay for binding to DNase (Figure 2B). Oligolysines con-
taining between 12 and 24 residues were able to wrap the
phage completely and prevent nonspecific binding. As de-
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scribed above, plys, a heterogenous mixture of different
lengths and attachments (isopeptidic and peptidic), failed to
block nonspecific binding to DNase completely. Taken togeth-
er, the results demonstrate that the oligolysine wrapping re-
quires an avidity-based, critical mass of positive charge for
complete phage wrapping. Though the concentration of lysine
residues remained fixed for each Lys, variant (25 ungmL™"), only
peptides with twelve or more Lys residues were able to bind
to the phage to block background binding. Furthermore, simi-
lar results were observed for wrapping of KO7* and M13KO7
phage to DNase and lysozyme (pl 9.5), respectively (Figure S2).
The generality of the approach demonstrates the specificity of
oligolysines for wrapping the phage, not interacting with the
target.

Wrapping M13KO7 phage with Lys,; diminished phage infec-
tivity by ~40% at high Lys,; concentrations (100 um; Table S2),
which is much less than the two- to threefold reductions in in-
fectivity associated with KO7*. We speculate that, in infecting
E. coli, the negatively charged surface of M13KO7 provides
long-range attraction to the host F-pilus, which is composed of
the high-pl F-pilin (pl 9.3). Then, interaction of the phage
minor coat protein P3 and the F-pilin tip leads to phage entry
into the cell."'® Wrapping M13KO7 phage with oligolysine or
adding a lysine residue to the KO7* coat alters the negatively
charged surface of the phage, thus diminishing its infectivity.
Other viruses employ charged coat proteins to infect their
hosts: the cucumber mosaic virus, for example, requires an as-
partate-rich domain in one of its viral capsid proteins to infect
its host,"”! whereas aspartate residues in the DAG motif of the
coat protein of tobacco etch virus are necessary for viral infec-
tivity.'®

In ELISA experiments using lysozyme and DNase as targets,
wrapping with Lys,, and with Lys,s peptides, respectively, abol-
ished nonspecific binding to these high-pl proteins (Figure 3A
and B). As expected, KO7* phage showed less nonspecific
binding than wild-type M13KO7 in the absence of lysine pep-
tide. However, when wrapped by Lys,s or Lys,, background
binding of both M13KO7 and KO7* phage to lysozyme and
DNase was reduced about tenfold, for phage concentrations of
5nm or less. A 200-fold molar excess of oligolysine is required
to wrap the phage completely, as spurious binding returns at
higher phage concentrations (> 5 nm).

Lys,; wrapping of a phage-displayed peptide library was
used to select for ligands to DNase, which has therapeutic po-
tential in ADEPT systems."? A naive library of 10° different pep-
tides displayed on the surface of conventional M13KO7 was
subjected to four rounds of selection in the presence of a
constant concentration of Lys,s. Low concentrations of phage
(5 nm) and excess Lys;s (1 pm) ensured complete wrapping.
These otherwise conventional phage selections yielded five
high-affinity DNase ligands, with four out of the five containing
the sequence X,CX;CX, (Table 1). Several sequences featured
one or more glutamic acid residues at the N terminus; this
suggests that the conditions also selected for interaction with
the added Lys,; peptide.

The ligand DNase-L demonstrated the best display levels
and highest affinity for DNase both in the presence and in the
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Figure 3. Wrapping eliminates M13KO7 and KO7* phage background bind-
ing to A) lysozyme (wrapping with Lys,), and B) DNase (Lys,g). In Figures 3
and 4, n.d. indicates “not determined in this experiment.” However, in ex-
periments run under identical or similar conditions (not shown), binding
between BSA and the phage partner was undetectable.

Table 1. Sequences of the high-affinity DNase ligands obtained from bio-
panning of M13KO7-displayed libraries wrapped with Lysg.

Peptide name Sequence Abundance after
four rounds [%]®

DNase-A AQCVSFESAFYCWV 73

DNase-G EVCVTLDFGVWCLQ 24

DNase-J EFCVTMDQWMVCVP 24

DNase-L EEWYCLRQGTFETLYCFW 7.3

DNase-M FPCGECVIARLCPA 24

[a] Unreadable sequences and sequences containing stop codons com-
prised about 10% of the selectants.

absence of Lys,g (Figure 4). Without the addition of Lys,s bind-
ing of phage-displayed DNase-L to DNase is stronger than that
seen with M13KO7, because the displayed peptide adds bind-
ing energy to the phage-DNase interaction. As expected for
an interaction mediated by the DNase-L peptide, phage-dis-
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Figure 4. Binding to DNase by the M13KO7-displayed DNase-L peptide in
the presence or absence of Lys,; demonstrates successful selection against
a previously challenging and marginal target.

played DNase-L retains significant affinity, despite the oligoly-
sine wrapper. Experiments with chemically synthesized, non-
phage-displayed DNase-L further demonstrated the strong
binding of DNase-L to the target DNase (Figure S3).

Thus, the addition of Lys,s drops M13KO7 background bind-
ing to a minimum at phage concentrations of <5 nm. As de-
scribed above for KO7* phage display of CSD, the wrapper
does not interfere with the successful display and binding of
a ligand on the phage surface. Although successful selections
for DNase ligands from M13KO7-displayed libraries have been
reported, the exceedingly stringent washing conditions (40
washes)® could potentially denature the target protein or the
displayed proteins and typically lead to low efficiency selec-
tions. Wrapping of phage with oligolysine enables convention-
al, rapid selections and assays with high-pl protein targets
under mild conditions.

Lysine wrappers for RNA

To demonstrate the generality of this approach to other molec-
ular display systems, we next applied the oligolysine wrapping
procedure to RNA. Total RNA extracts from mouse livers pro-
vided a mixture of mRNA, rRNA, and tRNA, which were labeled
with biotinylated psoralen. As a particularly stringent test for
the wrapper, the RNA-binding protein Vif was used as a target.
To wrap RNA, shorter oligolysines (Lysg) than the phage wrap-
pers blocked nonspecific binding more effectively (data not
shown). Analogously with the phage wrapping experiments,
excess Lyss was required to block RNA binding to Vif (480 um
Lysg), as demonstrated by ELISA (Figure 5). RNA showed excep-
tionally strong binding at low Lysg; concentrations (for example,
7.5 um Lysg), likely due to simultaneous interactions between
Lyss and both RNA and Vif. Low levels of Lyss-dependent bind-
ing to Vif and streptavidin-HRP were subtracted as back-
ground.
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Figure 5. The strategy of wrapping with Lys; also blocked nonspecific bind-
ing by total RNA to the RNA-binding protein Vif.

Since mRNA is not readily amenable to backbone modifica-
tions to remove the negative charge (that is, the strategy for
ameliorating background binding demonstrated with KO77),
the addition of oligolysine to RNA could provide a viable ap-
proach by which to control background binding for mRNA and
ribosome display systems. However, our results do not demon-
strate suppressed background binding in actual mRNA or ribo-
some display experiments, as total RNA extracts were used.
The efficacy of oligolysine wrapping in such RNA-based display
systems remains to be determined.

Conclusions

In our experience, spurious background binding confounds
screens and selections. We report a general solution to this
problem, and demonstrate its effectiveness in both phage and
RNA systems. Application of molecular display to positively
charged proteins is especially important for structural proteo-
mics and in vivo selections,?"?? as proteins with pl>9 repre-
sent approximately 35% of the human proteome (estimated
from ref. [23]). In addition to the identification and optimiza-
tion of ligands, molecular display systems are finding an in-
creasing number of uses directly in biosensor applications.**>"
The chemical and genetic approaches described here provide
advantages for such applications, both through evasion of
background binding and through device construction by
simple adherence of the display system to oligolysine-coated
surfaces. Furthermore, the straightforward solution described
here could find broad applicability for many challenging selec-
tions otherwise stymied by false positives from background
binding.

Experimental Section

Oligonucleotides used for M13KO7 helper phage genome muta-
genesis

KO7-P8-AKAS-fwd: 5'-CTTATTCGCTAGCGACGATCCCGCAAAAGCG-3'.
KO7-P8-AKAS-rev: 5-TAAAGAGTGCTAGCTTTTGCACCCTCAGCAGCG-
AAAGAC-3".
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KO7-F1: 5-TGTAAAACGACGGCCAGTGCCTTCGTAGTGGCATTA-3'.
KO7-R1: 5'-CAGGAAACAGCTATGACACAGTTTCAGCGGAGTGA-3.
M13-F1: 5-TGTAAAACGACGGCCAGT-3".

M13KO7 helper phage genome mutagenesis: Synthetic oligonu-
cleotide primers for mutagenic PCR were designed to introduce
the AKAS insert of the Scott lab’s f1.K into the M13KO7 major coat
protein (P8). A PCR (50 pL reaction) with Herculase™ DNA poly-
merase (Stratagene) with use of single-stranded M13KO7 DNA as
template and the KO7-P8-AKAS-fwd/rev primer pair was prepared
and thermocycled according to the manufacturer’s protocol. PCR
products were affinity purified with the DNA Clean & Concentrator
kit (Zymo Research). Purified PCR product was subjected to Nhel
endonuclease digestion (at the restriction site underlined above),
purified by agarose gel electrophoresis, and isolated by use of a
Zymoclean Gel DNA Recovery kit (Zymo Research). Digested DNA
was ligated with T4 DNA ligase according to the manufacturer’s
guidelines. Ligated DNA was transformed into chemically compe-
tent E. coli XL10-Gold®? and plated on Luria-Bertani broth (LB)/ka-
namycin (10 ugmL™") agar plates. Individual transformants were
used to inoculate cultures (2 mL LB containing 10 pgmL~' kanamy-
cin), which were shaken overnight at 37°C. Double-stranded ccc-
DNA was recovered from cultures by alkaline lysis (miniprep,
Zyppy Plasmid Miniprep kit) and tested for inclusion of the insert
by digestion with Nhel prior to DNA sequencing, by use of an ini-
tial PCR reaction with the KO7-F1/R1 primer pair, followed with a
sequencing reaction with use of the M13-F1 sequencing primer.
The resultant KO7* dsDNA was transformed into chemically com-
petent E. coli XL1-Blue.®? Individual transformants were used to in-
oculate cultures (1 mL 2YT containing 25 ugmL™" kanamycin),
which were shaken for 9 h at 37°C. Starter cultures (250 pL) were
transferred to 2YT media (5 mL) as above. After 15.5 h incubation
at 37°C, cells were removed by centrifugation for 10 min at
10000g, and the supernatant was transferred to a second centri-
fuge tube containing PEG/NaCl (20% poly(ethylene glycol) 8000,
2.5m NaCl, 1 mL) and incubated at 4°C. Phage were harvested
from the supernatant by centrifugation (10 min at 10000g) and re-
suspended in PBS (pH 7.2, 200 pL). Mutated phage harboring the
AKAS insert were verified by DNA sequencing as described above
and by mass spectrometry (Figure S1). Plaque preparations were
used to prepare phage stocks and to test phage packaging viabili-
ty.

SPR imaging measurements: A SPR imager (GWC Technologies)
was used for investigating adsorption of phage onto poly-L-lysine-
modified (pLys-modified) gold thin films. The gold thin films
(45 nm) were prepared by vapor deposition of gold onto SF-10
glass slides (18 mm x 18 mm) by use of a Denton DV-502A metal
evaporator with a 1 nm underlayer of chromium. Patterns of poly-
L-lysine-modified surface were created by the photopatterning of
adsorbed 11-mercaptoundecanoic acid (MUA; Sigma-Aldrich) and
plys (M,, 34300; Sigma-Aldrich) as described elsewhere.***¥ The
patterned surface was exposed to a solution of phage in water
that was allowed to adsorb electrostatically onto the surfaces. The
difference images were obtained by subtracting images acquired
before and after adsorption of the phage, and then a line profile
was taken across the image to create the plot shown in Figure 2 A.

Synthesis of oligolysine and DNase-L peptides: Oligolysine pep-
tides were synthesized with carboxamide C termini and unblocked
amine functionalities on the N termini. DNase-L was synthesized
with a C-terminal PEG-biotin tag and an acetylated N terminus.
Conventional peptide synthesis and purification protocols are pro-
vided in the Supporting Information. The identities and purities of
oligolysine and DNase-L peptides were determined by MALDI-MS.
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Lys,: expected m/z 529.72; observed m/z 553.01 [M+Na]™". Lysg, ex-
pected m/z 1042.43; observed m/z 1043.41 [M+H]" and 1065.04
[M+Na]*. Lys,, expected m/z 1555.12; observed m/z 1555.79
[M+H]1*, 1578.31 [M+Nal*, and 1593.56 [M+K]". Lys,, expected
m/z 2067.82; observed m/z 2090.90 [M+Na] ™. Lys,, expected m/z
2580.26; observed m/z 2580.76 [M+H]" and 2603.47 [M+Nal*.
Lys,,, expected m/z 3092.90; observed m/z 3115.61 [M+Na]™.
DNase-L, expected m/z 2844.67; observed m/z 2845.00 [M+H] "

Protein expression and purification: HIV-1 Vif, colicin E9 DNase (a
S49C variant), and lysozyme (variant with an added GKC peptide
before residue 1) were produced by conventional bacterial protein
expression and purification. Recombinant HIV-1 Gag p55 from
yeast expression was obtained through the NIH AIDS Research &
Reference Reagent Program.

Phage ELISAs: With the exception of the washes, all binding steps
were carried out in an orbital shaker (150 rpm) and at room tem-
perature unless otherwise noted. Target proteins were diluted (to
5ugmL™") in sodium carbonate buffer (50 mm Na,CO,, pH 9.6)
prior to coating on a Nunc Maxisorp plate (100 pL per well) for 2 h
(or overnight at 4°C). After removal of the coating solution, the
wells were blocked with blocking buffer (0.2% BSA in PBS, 400 L)
for 30 min and later rinsed three times with wash buffer [0.05%
Tween 20 (v/v, all others w/v) in PBS, 200 pL]. For oligolysine-wrap-
ping experiments, phage samples were incubated with the oligo-
lysine peptides (2.5-25 ugmL™") or commercial polylysine (Sigma,
M,,>30000, 2.5-25 pgmL”) in PBT buffer (0.2% BSA in wash
buffer) for 1 h. Control phage lacking the oligolysine or polylysine
wrapping were incubated in PBT buffer instead. Phage samples
were then transferred to the target protein-coated wells (100 pL
per well) and incubated for 1 h, followed by removal of the phage
solutions and rinsing with wash buffer (five times, 200 uL per well).
A 1:4000 dilution of HRP-conjugated anti-M13 phage antibody
(Amersham Biosciences) in PBT buffer (100 pL) was added to each
well, for 30 min. After removal of the antibody solution and a
washing step (rinsing three times with wash buffer and once with
PBS), the wells were treated with o-phenylenediamine (OPD) di-
hydrochloride/H,0, solution (1 mgmL™" OPD and 0.02% H,0,,
100 pb) in citric acid buffer (50 mm citric acid, 50 mm Na,HPO,,
pH 5.0). HRP activity was measured at 450 nm in a 96-well micro-
titer plate reader (Bio-Tek Instruments, Inc.).

Biopanning for phage-displayed DNase ligands: A phage-dis-
played library was constructed by use of an optimized® oligonu-
cleotide-directed mutagenesis protocol.®® The oligonucleotide GCT
ACA AAT GCC TAT GCA NNS NNS TGC NNS NNS NNS NNS NNS
NNS NNS NNS TGC NNS NNS GGT GGA GGA TCC GGC GGA (where
N=A/G/C/T, 25% each; S=G/C, 50% each) encoded all 20 natural-
ly occurring amino acids and was used to prime the synthesis of a
DNA strand complementary to the phagemid template (pM1165a).

In selection experiments, E. coli DNase was coated onto 48 wells of
a Maxisorp plate, followed by a blocking step with BSA as de-
scribed above. A phage-displayed library of 10° peptide variants
fused to wild-type P8 was diluted (to 5 nm) in PBT and incubated
in the presence of Lys,; (2.5 ugmL™") for 1 h. The phage-Lys, mix-
ture was transferred to the DNase-coated wells (100 pL per well)
and incubated for 1 h. The wells were rinsed four times (200 uL of
wash buffer), and the selected phage was eluted with HCI (0.1 m,
100 pL per well) and vigorous shaking (250 rpm), followed by neu-
tralization with Tris (1M, pH 8.0, 33 uL per well). In each subse-
quent round, the number of washes after the binding step was in-
creased by two, and the blocking solution was alternated between
BSA and ovalbumin (0.2% in PBS). The eluted phage were added
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to log-phase XL1-Blue E. coli (5 mL), and incubated at 37°C with
shaking for 30 min, followed by M13KO7 helper phage infection
(10" phage per mL) for 20 min. The infected culture was trans-
ferred to 2YT media (100 mL) supplemented with carbenicillin
(50 pgmL™") and kanamycin (20 pgmL™") for phagemid selection,
and grown overnight at 37°C with shaking. Phage libraries were
harvested as described above. Four rounds of selection were car-
ried out before assays with individual clones as described above.

RNA ELISA: All RNA buffers were supplemented with Human Pla-
cental RNase Inhibitor (EMD). Total RNA samples (20 ugmL™" in
TAE) were mixed with psoralen/PEO,/biotin (0.6 mm, Pierce) and
cross-linked by UV irradiation (365 nm) for 30 min. Excess biotin
was removed by precipitation through addition of potassium ace-
tate (0.2 M) in ethanol (two volumes) and centrifugation at 14 krpm
for 20 min. The biotinylated RNA pellet was washed with ethanol
(70%) and resuspended in PBS. To demonstrate biotinylation of
the RNA, an aliquot of the resuspended pellet was used to coat
control wells of the ELISA described below. The RNA sample was
then diluted (to 10 ugmL™") for incubation with Lys, in wash buffer
for 1 h.

Maxisorp plates were coated with HIV-1 Vif (20 ugmL™"), blocked,
and washed as described above. The RNA-Lysg mixture was added
to the Vif-coated wells (100 pL per well), and incubation was car-
ried out for 2 h before rinsing once with wash buffer. HRP-conju-
gated streptavidin (0.25 ugmL™" in PBT) was added for 15 min
before washing twice with wash buffer and once with PBS. HRP ac-
tivity in the presence of OPD solution was measured as described
above.
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Calcium-Induced Membrane Microdomains Trigger Plant

Phospholipase D Activity

Konstantin Kuppe,® Andreas Kerth,® Alfred Blume,”™ and Renate Ulbrich-Hofmann*®!

Plant a-type phospholipase D proteins are calcium-dependent,
lipolytic enzymes. The morphology of the aggregates of their
phospholipid substrate fundamentally defines the interaction be-
tween the enzyme and the surface. Here we demonstrate that
the Ca?*-induced generation of membrane microdomains dra-
matically activates a-type phospholipase D from white cabbage.
500-fold stimulation was observed upon incorporation of
10 mol % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA) into
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) vesicles
in the presence of Ca’" ions. Enhanced association of PLDa2

Introduction

Phospholipase D proteins (PLDs) are a group of lipolytic en-
zymes that catalyze the hydrolysis of the terminal phospho-
diester bond of glycerophospholipids to release phosphatidic
acid (PA) and the alcohol of the head group. They are ubiqui-
tously found within plants, animals, fungi and bacteria, and ac-
complish a variety of functions such as membrane remodeling
and trafficking, stress response and cell signaling.™ In the pres-
ence of appropriate alcohols, they also catalyze the transesteri-
fication at the terminal phosphate ester bond. This transphos-
phatidylation potential is exploited in biotechnology for the
synthesis of phospholipids with special head groups.” Most
PLDs belong to the so-called PLD superfamily,® which is char-
acterized by four conserved regions in the primary structure.””
As derived from the only crystal structure of PLD, the prokary-
otic PLD from Streptomyces sp. strain PMF, two of the con-
served regions (called HKD motifs after the amino acids found
within them) form the active site.”’ In addition, most mammali-
an PLDs contain Phox (PX) or Pleckstrin (PH) domains, while
most plant PLDs are provided with an N-terminal C2 domain.

Despite the increasing number of PLDs identified in different
organisms on the genetic level, and the numerous studies on
their physiological functions,™@ the manifold mechanisms of
the regulation of their activities in response to the composition
and structure of membrane lipids have hitherto been poorly
understood. Most PLDs need Ca’" ions for activity; the role of
these Ca’" ions is not yet clarified. As generally typical of lipid
converting enzymes, PLDs need interfaces for full activity. In
comparison with phospholipase A, (PLA,) proteins, in which
the interfacial activation has been intensively studied by many
authors,”” information on the enzyme-membrane interaction
with PLDs is poor. Kinetic measurements on artificial substrate
aggregates, such as mixed micelles or liposomes, showed the
typical increase of activity above the critical micelle concentra-

ChemBioChem 2008, 9, 2853 - 2859

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

with phospholipid surfaces containing anionic components was
indicated by lag phase analysis and film balance measurements.
Differential scanning calorimetry showed that the POPA-specific
activation correlates with the phase behavior of the POPC/POPA
vesicles in the presence of Ca’" ions. We conclude from the
results that the Ca’'-induced formation of POPA microdomains
is the crucial parameter that facilitates the binding of PLD to the
phospholipid surface and suggest that this effect serves as a cel-
lular switch for controlling PLD activity.

tion (CMC).”? From very early studies on PLD from cabbage, it
was concluded that binding of the enzyme to phospholipids
and their subsequent hydrolysis requires both an appropriate
charge and a gel-to-liquid crystalline phase transition in the
substrate.”” In aqueous-organic two-phase systems, the initial
rates of PLD could be correlated with the interfacial pressure
of the substrate molecules.” For plant PLDs, anionic surfac-
tants such as SDS," PA" and other anionic compounds!?
have a strong activating effect. Detailed studies on the effects
of PA and Ca’" ions on membrane binding have been per-
formed for an enzyme with low PLD activity from Streptomyces
chromofuscus.™ This enzyme, however, is not a member of the
PLD family but homologous to bacterial alkaline phosphatases
and should, therefore, not be used as PLD model.'¥

In the present paper we demonstrate the significance of cal-
cium-induced microdomain formation in the regulation of PLD
activity. The isoenzyme PLDo2 from cabbage, which is the
most traditional plant PLD and will be abbreviated as PLD in
the following text, was recombinantly produced and extensive-
ly purified as described recently.”™ The activity of the enzyme
toward small unilamellar vesicles (SUVs) composed of 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC) and the
anionic phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phate (POPA), 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) or 1-
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palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) in the
presence of Ca>" ions could be correlated with the characteris-
tics of the membrane structure and interfacial binding as de-
duced from experiments using differential scanning calorimetry
(DSC) and the monomolecular film technique.

Results
Interfacial activation of PLD

Figure 1 exemplifies the activity of PLD toward the short chain
substrate 1,2-dihexanoyl-sn-glycero-3-phosphocholine (diC,PC)
in a concentration range that covers monomeric and micellar
structures. The CMC of diC,PC is 9.64-0.2 mm.'? In the pres-
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Figure 1. PLD activity as a function of diC,PC concentration in the absence
(V) and presence (0) of 10 mm CaCl,. The activity of PLD was determined
by the continuous fluorescence assay monitoring choline release as de-
scribed in the Experimental Section. The reactions were performed in 10 mm
Pipes, pH 7.0. CMC refers to the critical micelle concentration.

ence of 10 mm CaCl,, PLD activity as function of the diC,PC
concentration increases up to saturation at 20 mm substrate.
Below the CMC, the initial rates of hydrolysis adopt a sigmoidal
shape. When the CMC is exceeded, the curve merges into a
second, sigmoidal phase, demonstrating the interfacial activa-
tion. In the absence of Ca’", there was only marginal activity
(<£0.03 pmolmin~'mg™).

Activation of PLD by anionic phospholipids

As anionic phospholipids are known to be involved in media-
ting the membrane binding of membrane enzymes,"® we ex-
amined PLD activity towards SUVs from POPC/POPG, POPC/
DOPA and POPC/POPA as a function of the mol percentage of
the anionic components (Figure 2A). The reaction mixture in-
cluded 10 mm CaCl,. The most remarkable effect was observed
in the POPC/POPA system. The activity toward pure POPC was
0.6 umolmin~'mg~". Up to about 2 mol% POPA, PLD activity
was only slightly enhanced. However, an increase in POPA con-
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Figure 2. A) PLD activity and B) lag phases as a function of anionic phos-
pholipid component. PLD was incubated with POPC SUVs containing in-
creasing proportions of POPA (o), DOPA (V) and POPG (o). The phospholipid
concentration was 1 mm and the PLD concentration was 17 pM PLD. All
measurements were performed in 10 mm Pipes, pH 7.0, 10 mm CaCl, at
25°C.

centration resulted in a cooperative transition yielding a 500-
fold stimulation at 10 mol% POPA (309.8 pmolmin~'mg™).
Compared to this dramatic activation, DOPA and POPG caused
only small-scale effects. At the maximum, DOPA stimulated
PLD activity about 20-fold (11.6 umolmin~'mg~") and POPG
about twofold (1.2 pmolmin~'mg™).

The presence of anionic lipids in the substrate SUVs was also
reflected in the lag phase that occurred at the beginning of
the reaction (Figure 2B). POPA and DOPA decreased the lag
phase nearly fivefold, whereas POPG decreased the lag phase
about 2.5-fold. Interestingly, the mol percentages at which the
lag phases reached their minimum values increased for the
three anionic lipids from POPA to POPG (POPA < DOPA <
POPG); these values increased in the same order as the activity
data decreased. The thresholds were 2 mol% for POPA,
4 mol% for DOPA, and about 6 mol% for POPG. This finding
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strongly indicates an enhanced attraction of PLD to the inter-
face in the presence of anionic lipids.

To examine the interdependence of the activation effects by
Ca®" ions and anionic phospholipids, the activities of PLD
toward POPC and POPC/POPA (85:15) SUVs were compared at
different concentrations of CaCl, (Figure 3). The coincidence of
the relative activities as function of the Ca’" ion concentra-
tions in the absence and presence of POPA indicates that the
two activation effects do not interact.
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Figure 3. PLD activity toward POPC and POPC/POPA (85:15) SUVs as a func-
tion of [CaCl,]. PLD was incubated with POPC (v) and POPC/POPA (o) SUVs
at different CaCl, concentrations. Phospholipid concentration was 1 mm and
PLD concentration was 17 pM. All measurements were performed in 10 mm
Pipes, pH 7.0 at 25°C.

Binding of PLD to non-hydrolyzable monolayers containing
POPA

To analyze the influence of POPA on the association of PLD
with the phospholipid surface, the monolayer film balance
technique was employed. As phospholipase lipid binding ex-
periments that measure the increase in the monolayer surface
pressure are hampered by the counteracting pressure changes
arising from phospholipid hydrolysis, we probed 1,3-diacyl-
glycerophosphocholines, such as 1,3-dimyristoyl-glycero-2-
phosphatidylcholine (1,3-diC,,-PC), as substrate analogues.
These compounds, which carry the fatty acids in the sn1- and
sn3-positions, have similar physicochemical properties as the
natural 1,2-diacyl-sn-glycero-3-phosphocholines, but they are
not cleaved by PLD and have been shown to inhibit this
enzyme."” Injection of PLD into the subphase of a 1,3-diC,,-PC
monolayer led to an increase in surface pressure that was pro-
portional to the PLD concentration in the subphase (data not
shown). Thus, this method proved to be suitable for the deter-
mination of PLD binding to phospholipid surfaces at different
fractions of POPA.

Figure 4 shows the rates of the surface pressure increases of
1,3-diC,,-PC monolayers monitored as a function of the pro-
portion of POPA incorporated into the monolayer. With in-
creasing amounts of POPA, the binding of PLD to the monolay-
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Figure 4. Binding of PLD to non-hydrolyzable phospholipid monolayers.
Rate of surface pressure increase (Azt™') within 1,3-diC,,-PC/POPA mono-
layers as a function of POPA concentration upon injection of 23 nm PLD.
The measurements were performed at an initial surface pressure of

25 mNm~'min~" and at a temperature of 25°C. The subphase contained
10 mm Pipes, pH 7.0 and 10 mwm CaCl,.

er was accelerated up to 30-fold. Hence, POPA notably facili-
tates the binding of PLD to the phospholipid surface.

Lateral phase separation within POPC/anionic phospholipid
SUVs induced by Ca®" ions

DSC was applied to determine the thermotrophic phase be-
havior of pure POPC SUVs in comparison to POPC/POPA,
POPC/DOPA and POPC/POPG (1:1) SUVs between 7 and 70°C.
The thermal transitions were measured in the absence and
presence of 10 mm CaCl, at pH 7.0. Without Ca’" ions, no
transition peaks were observed in this temperature range
(Figure 5), indicating that under these conditions the lipid
components are completely miscible and the gel-to-fluid tran-
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Figure 5. Influence of CaCl, on the thermotrophic phase behavior of POPC/
POPA, POPC/DOPA and POPC/POPG (1:1) SUVs. DSC measurements were
performed in the absence (full lines) and in the presence of 10 mm CaCl,
(broken lines). The dotted vertical line marks the temperature where activity
measurements (Figure 2) were performed.
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sition temperatures lie below 7°C, which was the lower tem-
perature limit of the DSC instrument. The addition of 10 mm
CaCl, led to the appearance of transition peaks in all vesicle
preparations. As these transitions emerged only in the pres-
ence of Ca®" ions and differ for the different anionic compo-
nents, they can clearly be assigned to the gel-to-fluid transi-
tions of the anionic phospholipid complexes with Ca**. Thus,
it can be concluded that below the transition temperatures of
the anionic phospholipid/Ca’" complexes, the SUVs are char-
acterized by nonideal mixing of the phospholipid constituents
with the tendency to form microdomains composed of anionic
phospholipid/Ca’" complexes. Interestingly, the temperatures
of the transition maxima (T,,) dropped in the order POPA >
DOPA > POPG with T,, values of 44.4, 23.2 and 11.7°C. Accord-
ingly, at 25°C—the temperature of the activity assay—the
membrane of the POPC/POPG SUVs should be in the fluid
phase, whereas the membrane of the POPC/DOPA SUVs should
be in the transition region of the DOPA/Ca®" complexes; only
the membrane of the POPC/POPA SUVs should be character-
ized by the coexistence of gel-like POPA/Ca*" complexes and a
fluid phase. The second Ca’" induced peak in the POPC/POPA
samples probably arises from the melting of solitary POPA/
Ca’" complexes surrounded by POPC.

PLD activity in relation to thermal phase transition

To relate the gel-to-fluid phase transitions of POPC and POPC/
POPA SUVs to PLD activity, PLD activity toward POPC and
POPC/POPA (85:15) SUVs was measured as a function of tem-
perature. In both cases curves with a maximum in the activity
were obtained (Figure 6). However, in the POPC/POPA system
the decrease in activity occurred at a temperature 5°C lower
than in the POPC system and coincided with the thermally
induced phase transition of the POPA/POPC SUVs (Figure 6). In-
terestingly, the experimental data in the temperature range of
phase transition, particularly at 32.5-40 °C, show large standard
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Figure 6. Relative PLD activity towards POPC (o) and POPC/POPA (85:15)
SUVs (@) as a function of temperature. All measurements were performed in
10 mm Pipes, pH 7.0, 10 mm CaCl, at 25°C. To indicate the gel/fluid transi-
tion of the POPC/POPA system, the corresponding DSC curve (Figure 5) was
overlaid in grey.
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deviations, which might be the result of the highly dynamic
state of the substrate in this temperature region.

The effect of phase separation within neutral membranes
on PLD activity

To analyze whether the activation of PLD generally arises from
the presence of phospholipid domains, we tested the effect of
uncharged vesicles containing a typical “raft”-like ternary lipid
mixture™ on PLD activity. A low melting temperature lipid
(1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC), a high melt-
ing temperature lipid (1,2-dipalmitoyl-sn-glycero-3-phospho-
choline, DPPC) and cholesterol (Chol) were used to prepare
SUVs, which represent membranes in ordered, disorderd or co-
existent states, respectively. No significant activation could be
observed with SUVs in which ordered and disordered domains
coexist (DOPC/DPPC/Chol, 40:40:20) as compared to the SUVs
in disordered (DOPC/DPPC, 85:15) or ordered (DOPC/DPPC/
Chol, 3:62:35) states (Figure 7).
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Figure 7. PLD activity towards uncharged SUVs. PLD was incubated with
DOPC/DPPC/Chol (40:40:20), DOPC/DPPC/Chol (3:62:35) and DOPC/DPPC
(85:15) SUVs. Phospholipid concentration was 1 mm and PLD concentration
was 17 pM PLD. All measurements were performed in 10 mm Pipes, pH 7.0,
10 mm CaCl, at 25°C.

Discussion

Ca’* ions are essential for PLD activity independent of the
association state of the substrate

The essential role of Ca?" ions for the activity of most PLDs
has been known for many years."” In cabbage PLD, which is
the best characterized plant PLD and is also used in this study,
two binding sites with affinity differences of two orders of
magnitude have recently been reported."™ In the present
paper we demonstrate that the need for Ca’* ions is inde-
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pendent of the substrate and its state of aggregation. With the
short-chain substrate diC,PC, no activity is found above or
below the CMC if Ca®* ions are absent, whereas in the pres-
ence of 10 mm CaCl,, two sigmoidal curve sections (below and
above the CMC) are observed in the plot of activity versus sub-
strate concentration (Figure 1). These curves are similar to
those described before for cabbage PLD and short-chain sub-
strates.””’ Previous curves, however, did not show sigmoidicity
in the two concentration ranges. In a detailed study of PLD ac-
tivity in the monomer range of diC,PC, sigmoidicity with a Hill
factor of 1.8 was reported; this was hypothesized to be due to
an additional substrate binding site.!'?

PA facilitates the association of PLD with the phospholipid
surface

In addition to the Ca’"-mediated activation of PLD, anionic
phospholipids were confirmed to stimulate enzyme activity.
The 500-fold increase of PLD activity from 0.6 to
309.8 pmolmin~'mg™" induced by POPA (Figure 2A) is the
highest activation of this enzyme described thus far. Jung
etal™ found a maximum activation factor of about 20 for
cabbage PLD with PA. This lower activation might be caused
by the fatty acid composition of the PA, which is not specified
in this paper. As demonstrated in Figure 2 A, the stimulation of
PLD activity is strongly dependent on the fatty acid structure
and decreases to the factor of 20 if DOPA (with two unsaturat-
ed oleoyl fatty acids) is incorporated into the vesicles instead
of POPA (with one saturated palmitoyl and one unsaturated
oleoyl fatty acid). POPG showed an even smaller activation
effect (twofold maximum activation; Figure 2A). From the de-
crease of the lag phases due to the incorporation of POPA,
DOPA or POPG into the zwitterionic neutral POPC SUVs, (Fig-
ure 2B) it can be concluded that the association of PLD to the
interfaces is facilitated by these anionic components. The in-
crease of the binding affinity of PLD to membranes containing
small fractions of POPA was also confirmed in the experiments
on the monolayers of 1,3-dimyristoylglycero-2-phosphocholine
which are substrate-analogous compounds but nonhydrolyza-
ble by PLD (Figure 4). Interestingly, there are no synergisms be-
tween the activation by Ca?* ions and the activation by POPA
(Figure 3). POPA cannot act as activating component in the
absence of Ca®™ ions.

In the presence of Ca*>* ions anionic phospholipids induce
lateral heterogeneity within POPC vesicles

DSC analysis of the SUVs composed of POPC and POPA, DOPA
or POPG revealed striking differences, which can be correlated
with the activation data of PLD as discussed below. In the ab-
sence of Ca’" ions, all the anionic phospholipids were readily
miscible with POPC without showing any indication of phase
transitions (Figure 5). Obviously, the lipids were in the fluid
state in the considered temperature range (7-70°C). The T,, for
the gel-to-fluid transition was below 7°C, presumably near the
T., of POPC (—3°C).” In contrast, lateral phase separation is re-
flected in the DSC diagrams of the SUVs with anionic phospho-
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lipids in the presence of 10 mm CaCl,. According to physico-
chemical studies on the domain formation by phosphatidic
acid in the presence of Ca** ions,”" the endothermal peaks in
Figure 5 can be assigned to the gel-to-fluid transition of com-
plexes of Ca’" ions with POPA, DOPA or POPG. Obviously, Ca>*
ions induced partitioning of the anionic phospholipids into
microdomains with T, values which are higher than 7°C and
could, therefore, be observed in the DSC thermograms. While
the fluid POPC molecules remained nearly unchanged, the
anionic phospholipids are obviously tightly packed as also indi-
cated by monolayer experiments with L-a-dimyristoylphospha-
tidic acid.”? Only with POPC/POPA was a shift of the gel-to-
fluid transition of the POPC-rich phase to higher temperatures
indicated by the appearance of an additional peak at T,=
10°C (Figure 5). Remarkably, the T, values of the microdo-
mains strongly differed, dependent on the kind of anionic
phospholipid. Interestingly, the exchange of one saturated
fatty acid (in POPA) by an unsaturated one (in DOPA) provoked
a decrease in T, of about 21°C, whereas, even more strikingly,
the head group exchange from POPA to POPG caused a de-
crease in T,, of about 32°C. The strong influence of the acyl
chain composition of PA on T, is in good accordance with the
findings of Silvius,* who used carbazole-labeled fluorescent
PCs to monitor lateral phase separations of PC/anionic phos-
pholipid vesicles.

PLD activity is regulated by membrane morphology

The striking activation of PLD (Figure 2A) and its promoted
binding to phospholipid vesicles (Figure 2B and Figure 4) in
the presence of anionic phospholipids and Ca?" ions can be
clearly correlated with the thermotropic behavior of the corre-
sponding SUVs (Figure 5). The stimulation of PLD activity at
25°C is largest (500-fold) with POPC/POPA SUVs, which are
characterized by the coexistence of gel-like POPA/Ca®" micro-
domains and the fluid POPC phase at this temperature. In con-
trast, the POPC/DOPA microdomains (20-fold activation) are in
the process of melting at 25°C and no POPC/POPG microdo-
mains (two-fold activation) are present any more at 25°C. The
suggested relationship between Ca’*-induced lateral mem-
brane heterogeneity and PLD activation is further supported
by the strong activity decrease of PLD toward POPC/POPA
SUVs at temperatures >32.5°C (Figure 6). At this temperature,
the Ca?"-POPA complexes start to melt. The declining branch
of the activity-temperature curve exactly corresponds to the
endothermic DSC peak (Figure 6). Thermal unfolding, which
normally causes the declining branch in the activity-tempera-
ture profiles, can be ruled out as reason for the steep inactiva-
tion above 32.5°C in the POPC/POPA system because PLD is
stable at this temperature.”” The temperature optimum for
pure POPC SUVs is 37°C.

The stimulation of enzyme activity by local enrichment of
anionic lipids has also been observed and extensively analyzed
for secretory PLA,s.” In these studies, the phase separations
were attributed to immiscible lipids differing in charge®"' or
fatty acid composition.”® However, the nonideal mixing in our
experiments has been proved to emerge from calcium-induced
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microdomain formation, which is the result of the concurrent
presence of anionic phospholipids and Ca®* ions. The impor-
tance of Ca’' ions in the microdomain-triggered activation
was accentuated by the result that in the ternary “raft”-model
system (DOPC/DPPC/Chol), PLD activity was not increased
(Figure 7). Therefore, lateral phase separation per se is not able
to stimulate PLD activity.

In cells PA microdomains may act through three modes:!
1) altering the membrane structure; 2) acting as messengers
by specific interactions with proteins; 3) tethering a protein to
a membrane and/or modulating the catalytic activity. Potential-
ly, all of these mechanisms are feasible in the case of plant
PLDs. On the basis of the present results, however, it seems
most probable that the amplification of the local Ca®>" concen-
tration within the microdomains satisfies the unusually high
Ca’>" requirement of PLD. In the absence of PA, PLD from cab-
bage needs 40-100 mm CaCl, for optimum activity."® Anchor-
ing the negatively charged amino acid residues of PLD to the
phospholipid surface may be facilitated by Ca’"-enriched
membrane regions. In any case, Ca’" ions are assumed to
serve as a biological switch that enables the cell to transiently
regulate PLD activity. A Ca’"-triggered PLD regulation in close
cooperation with PA appears reasonable considering that unre-
strained PLD activity would cause a collapse of the cellular
membrane network. Particularly for plants, elaborated modifi-
cations of the membrane lipid composition are essential in the
adaptation to specific environments and physiological circum-
stances.””” However, an interplay between Ca®* ions and PA
has been also reported for many other enzymes such as the
extracellular phosphoesterase with PLD-like activity from Strep-
tomyces chromofuscus.® Therefore, an ingenious interplay be-
tween Ca’" ions and PA seems to be a general mechanism of
membrane-associated enzymes.

26]

Experimental Section

Materials: Phospholipids were purchased from Avanti Polar Lipids,
(Alabaster, AL, USA). 1,3-Diacylglycero-2-phosphocholine was syn-
thesized by Haftendorn et al."”! All other chemicals were the purest
ones commercially available.

Preparation of PLD: PLD, which is one of two a-type isoenzymes
from white cabbage and has been designated as PLD2 or PLDa.2 in
previous publications, was expressed in E. coli as described by
Schiffner etal!™ and purified according to Stumpe et al.'*?!
Before use, PLD was stored in Pipes buffer (10 mm, pH 7.0) at
—80°C.

Determination of protein concentration: The concentration of
PLD was determined spectrophotometrically (Ultrospec 3000, Phar-
macia Biotech, Uppsala, Sweden), using the molar extinction coeffi-
cient (g,50=123 720mM~'cm™) calculated according to Gill and von
Hippel.?®

SUV preparation: The lipids, dissolved in chloroform, were dried
by rotatory evaporation to yield a thin film on the inner surface of
a round bottom flask. The lipid film was then suspended in Pipes
buffer (10 mm, pH 7.0) in an ultrasound bath at a temperature
about 15-30 K higher than the transition temperature of the lipids.
The cloudy multilamellar vesicle suspensions were sonicated for
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100 s with 3's pulses (using a Vibra-Cell 72442, Bioblock-Scientic
Instruments, Freiburg, Germany), yielding a clear solution of SUVs.

Determination of PLD activity and lag time: PLD activity was
quantified by an enzyme coupled assay using 10-acetyl-3,7-dihy-
drophenoxazine (Amplex Red reagent, Molecular Probes Inc.,
Eugene, OR, USA). In this assay, choline released from PC is oxi-
dized by choline oxidase. In the presence of horseradish perox-
idase, the resulting H,0, reacts with the Amplex Red reagent in a
1:1 stoichiometry to generate the highly fluorescent resorufin. The
intensity of resorufin fluorescence was monitored with a micro-
plate reader (Polarstar Galaxy, BMG Labtechnologies, Offenburg,
Germany) at 25°C or—in the case of the temperature-dependent
measurements—with a Jasco Spectrofluorometer FP-6500 (Jasco
International, Tokyo, Japan), using an excitation wavelength of
542 nm and an emission wavelength of 590 nm. The reaction mix-
ture contained Pipes buffer (10 mm, pH 7.0), CaCl, (10 mwm), phos-
pholipids (1 mm), Amplex Red reagent (50 um), horseradish perox-
idase (1 U ml™), choline oxidase from Alcanigenes sp. (0.1 U ml™")
and PLD (17 pM). The activity was calculated from the initial veloci-
ty of the fluorescence increase (after the lag phase). The lag time
was defined as the time interval from starting the measurement
up to the time when 5% of the maximum fluorescence intensity
was reached.

Differential scanning calorimetry: DSC measurements were per-
formed with a differential scanning calorimeter (MC-2, MicroCal
Inc., Northampton, MA, USA) at a heating rate of 1°C min~' and a
time resolution of 3 s. SUVs were prepared in Pipes buffer (10 mm,
pH 7.0) as described above. For the measurements in the presence
of calcium ions, CaCl, (10 mm) was added to the sample tubes fol-
lowed by rapid vortexing. In all experiments the lipid concentration
in the calorimetric cell was 2.5 mm, and Pipes buffer (10 mm,
pH 7.0) was used as reference. Four heating scans were performed
for each sample to prove reproducibility. All presented curves
show the third heating scan.

Monolayer measurements: Surface pressure measurements were
performed using a homebuilt film balance with a constant area
and a Wilhelmy plate surface pressure measuring device (Riegler &
Kirstein, Mainz, Germany). Lipid mixtures were dissolved in chloro-
form/methanol (4:1 v/v) yielding a concentration of 0.1 mm. The
subphase contained Pipes buffer (10 mm, pH7.0) and Cadl,
(10 mm). Lipids were spread with a microsyringe at the air-buffer
interface. Surface films were equilibrated until surface pressure re-
mained constant at about 25 mNm™'. PLD was then injected into
the subphase and the increase in surface pressure was followed
until a plateau was reached. During the measurement the sub-
phase was slowly stirred by a magnetic stirrer. All experiments
were performed at 25°C.

Data analysis: All measurements were conducted at least three-
fold in independent experiments. Data were analyzed with MS
Excel or Sigma Plot 8.0.
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Hydrogen-Bond Detection, Configuration Assignment and
Rotamer Correction of Side-Chain Amides in Large
Proteins by NMR Spectroscopy through Protium/

Deuterium Isotope Effects

Aizhuo Liu,*® Jifeng Wang,® Zhenwei Lu,”” Lishan Yao,® " Yue Li,”» and Honggao Yan*®

The configuration and hydrogen-bonding network of side-chain
amides in a 35 kDa protein were determined by measuring differ-
ential and trans-hydrogen-bond H/D isotope effects by using the
isotopomer-selective (IS)-TROSY technique, which leads to a relia-
ble recognition and correction of erroneous rotamers that are
frequently found in protein structures. First, the differential two-
bond isotope effects on carbonyl *C' shifts, which are defined as
A’AC(ND) =2A"C (ND)*AC'(ND?), provide a reliable means
for the configuration assignment for side-chain amides, because
environmental effects (hydrogen bonds and charges, etc.) are
greatly attenuated over the two bonds that separate the carbon
and hydrogen atoms, and the isotope effects fall into a narrow
range of positive values. Second and more importantly, the sig-
nificant variations in the differential one-bond isotope effects on

Introduction

The carboxamide moieties of asparagine and glutamine resi-
dues in proteins can serve as hydrogen-bond (H-bond) donors,
acceptors, or both, and are frequently involved in H-bond net-
works. Consequently, Asn and GIn residues are often found in
the active centers of enzymes and critical elements of other
proteins, and play important roles in molecular recognition,
catalysis, structure, and stability."

Despite their chemical and biological importance, H bonds
are least-well defined in protein structures, which are mainly
determined by X-ray crystallography and NMR spectroscopy. In
general, X-ray cannot “see” hydrogen atoms in most protein
crystals, and the positions of hydrogen atoms are consequently
not defined. On the other hand, NMR structure calculations
rely on mostly the distances between hydrogen atoms and the
positions of the heavy atoms involved in hydrogen bonds are
defined by standard covalent geometry information. In the
case of side-chain carboxamides, the identities of the nitrogen
and oxygen atoms are also hard to recognize by X-ray crystal-
lography because the nitrogen and oxygen atoms within a car-
boxamide group are related by a twofold symmetrical axis and
their electron density maps are very similar. Consequently,
erroneous rotamer assignments of side-chain amides are fre-
quently found in protein crystal structures. It has been estimat-
ed? that ~20% of side-chain amide rotamers are incorrect in
protein crystal structures deposited in the Protein Data Bank

SR, WWILEY R
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N chemical shifts, which are defined as A'A"N(D)="A"N(D")-
"APN(D?) can be correlated with hydrogen-bonding interactions,
particularly those involving charged acceptors. The differential
one-bond isotope effects are additive, with major contributions
from intrinsic differential conjugative interactions between the E
and Z configurations, H-bonding interactions, and charge effects.
Furthermore, the pattern of trans-H-bond H/D isotope effects can
be mapped onto more complicated hydrogen-bonding networks
that involve bifurcated hydrogen-bonds. Third, the correlations
between A'A°N(D) and hydrogen-bonding interactions afford an
effective means for the correction of erroneous rotamer assign-
ments of side-chain amides. Rotamer correction by differential
isotope effects is not only robust, but also simple and can be
applied to large proteins.

(PDB).P! A similar error rate in solution NMR spectroscopic
structures of proteins has also been estimated.”

One of the most important advances in NMR spectroscopy
in the last decade was the direct detection of H bonds through
trans-hydrogen-bond scalar couplings. Trans-hydrogen-bond
scalar couplings are generally small and thus cannot be mea-
sured for large proteins. Unlike the electron-mediating scalar
couplings, isotope effects are intrinsically vibrational phenom-
ena; however, because isotope effects can be transmitted
through covalent bonds as well as H bonds, potentially they
can be used as an alternative means for the direct detection of
H bonds.

The usefulness of isotope effects in NMR analysis of com-
pounds, small proteins, and nucleic acids has been widely
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reported in the literature.”® Several lines of evidence have
shown a clear correlation between primary deuterium (D) iso-
tope effects and the strength of H bonds.”® Because the NMR
spectroscopic direct observation of deuterium is limited by the
experimental conditions, broad linewidth, and low sensitivity,
current studies have been focused on secondary H/D isotope
effects. With the advent of triple-resonance NMR spectroscopic
techniques and the availability of isotope-enriched materials,
extensive and in-depth studies on deuterium isotope effects
on the chemical shifts of proteins and nucleic acids have
become possible. For instance, the 2D HA(CA)CO experiment
has been used for measuring A *C'(ND) in the study of the
equilibrium  protium/deuterium fractionation of backbone
amides in human ubiquitin;! 2A™*C*ND) and *A™C*ND) iso-
tope effects have been measured with 3D HCA(CO)N and 3D
HCAN experiments, respectively, for the correlation of '*C*
chemical shifts with the backbone conformation;'” backbone
ZABC(ND), A™CYND) and *A*CHND) isotope effects have also
been measured with new editing and filtering techniques."'-'?
Because isotope effects on chemical shifts are generally small,
most of their biological applications to date have been limited
to small proteins and nucleic acids. Deuterium isotope effects
on protein side-chain amides have rarely been studied because
side-chain amide resonances are normally invisible in standard
TROSY-based NMR spectroscopy experiments, which are re-
quired for large proteins. Recently, we have demonstrated that
the TROSY methodology can be adapted for the detection of
the NMR spectroscopic signals of side-chain amides with a sig-
nificantly enhanced sensitivity, particularly for large proteins,
through the combined use of a 1:1 H,0/D,0 solvent mixture
and deuterium decoupling.*" The new TROSY technique,
dubbed isotopomer-selective (IS)-TROSY, exclusively detects
semideuterated isotopomers of carboxamide groups of Asn/
GIn residues in large proteins with high sensitivities just as the
detection of backbone amides with standard TROSY experi-
ments.

The two primary amide protons within a side-chain carboxa-
mide group usually show different chemical shifts, due to the
slow interconverting rate that stems from the partial double-
bond character of the C'-N*¢ (Asn/GIn) amide bonds. One of
the geminal amide protons is in the trans E configuration with
respect to the carboxamide oxygen and normally has a down-
field (high frequency) chemical shift; the other, in the cis Z con-
figuration, shows an upfield chemical shift. The order of their
chemical shifts could be reversed, however, due to aromatic
ring current effects and/or strong H-bonding interactions.
Therefore, the stereospecific resonance assignment of side-
chain amide protons is a prerequisite for further NMR spectro-
scopic studies of side-chain amides in proteins.

We report here the differential secondary H/D isotope effects
on the side-chain amides of yeast cytosine deaminase (yCD), a
35 kDa homodimeric protein that was measured by the IS-
TROSY-based technique. We show that the measurement of
differential isotope effects is an effective means for the assign-
ment of configurations, identification of hydrogen bonds, and
correction of erroneous rotamers of side-chain amides.

ChemBioChem 2008, 9, 2860 - 2871
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Results and Discussion

Differential one-bond H/D isotope effects on side-chain
carboxamide *N chemical shift

Although the understanding of isotope effects on NMR chemi-
cal shifts is incomplete, from accumulated experimental obser-
vations over decades, it is generally accepted that the magni-
tude of the isotope effects depends not only on the ratio of
isotope masses but also on the chemical-shift range of the
nucleus.”™ The larger the chemical-shift range of the nucleus,
the larger are the isotope effects. For instance, the size of one-
bond deuterium isotope effects on the chemical shift of amide
N, defined as 'AN(D)=0""N{H}—0"°N{D}, is up to ~700 ppb
in proteins, because amide "N chemical shifts are well dis-
persed. In protein backbones, variations in 'A°N(D) depend
primarily on the difference in hydrogen-bonding interactions™
and electric field effects from charges in the vicinity of amide
protons.'*'® The effects of conformation are relatively small
because the amide proton is typically in the trans configura-
tion with respect to the carbonyl oxygen of the preceding resi-
due.

For the side-chain carboxamides of Asn and GIn residues,
the two geminal protons have different configurations. The N—
HE bond is trans to the C=0 bond and has a stretching fre-
quency higher than that of the N-H? bond, which is cis to the
C=0 bond. One of the important properties of amides is their
tendency to involve the nitrogen atom lone pair in the carbon-
yl 7 system; this results in the partial double-bond character,
that is, both the C'—N and C'—O bonds have a bond order of
1.5, which makes the amide group planar and rigid. Conse-
quently, the two geminal N—H and N—H? bonds have different
orientations with respect to the adjacent m orbitals, which is
somewhat reminiscent of the much less restricted orientations
of the two geminal C—H" bonds in a glycine residue.™ As a
result of different (hyper)conjugations, the N—Hf bond length
is likely 1-2% shorter than that of the N—H? bond as deter-
mined by neutron diffraction,’®?" although the difference was
not detected by solid state NMR spectroscopic measure-
ments.”? The configuration-dependent changes in the vibra-
tional manifold lead to differential isotope effects, and it fol-
lows that 'AN(Df) is intrinsically larger than 'A™N(D?. In
other words, the difference in the secondary isotope effects
or the differential one-bond isotope effects, A'A>N(D)=
'AN(Df)—"A"N(D?, is normally positive.

The measurement of one-bond H/D isotope effects, 'A°N-
(D4, is straightforward for small proteins, as illustrated in the
top panel of Figure 1. In a standard "N,'H HSQC spectrum re-
corded for a small protein in the H,0/D,0 solvent mixture, nor-
mally four resonances (dashed circles) for each side-chain
amide can be observed, one pair from the fully protonated iso-
topomer (large dashed circles) at the downfield in the "N
dimension and the other from the two semideuterated iso-
topomers (small dashed circles) at upfield. The neat differential
H/D isotope effects on one-bond "N chemical shifts,
A'APN(D), can, in principle, be measured from the >N chemi-
cal shift difference between the two semideuterated peaks
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Figure 1. Regions of A) 2D "N,'H IS-TROSY and B) 2D IS-TROSY-H(N)CO spectra of
yCD showing Asn/GIn side-chain amide resonance correlations. Above A) is a sche-
matic diagram that illustrates how the differential H/D isotope effects on one-bond
>N chemical shifts, A'A™®N(D) = 'A"N(D)—'A"*N(D?), are measured in the 2D "N,'H
IS-TROSY spectrum. Both spectra A) and B) were recorded by using a Bruker Avance
900 MHz NMR spectrometer that was equipped with a TCl cryoprobe at 25 °C with
a u-2H/"C/"*N-labeled protein sample in 1:1 H,0/D,0. The differential H/D isotope
effects on one-bond "N chemical shifts, A'A"N(D) ="A"*N(D)—'A"*N(D?, modified
by scalar couplings, and on two-bond C’ chemical shifts, A’A™C'(ND) =?A"C'-
(ND—2A"C'(ND?), where E stands for the trans and Z the cis side-chain amide hy-
drogen atoms, can be accurately measured from the chemical-shift difference in
the indirect dimension for the same carboxyamide moiety. Paired side-chain NH{D}
resonances of each Asn/GIn residue are linked by two dash lines across the center
of each resonance, and the chemical-shift difference is indicated with paired
arrows. Stereospecific distinction between the E and Z protons can be achieved
based on the difference in isotope effects (refer to the text for details). Spectrum
A) was recorded with eight scans and a 2 s delay time, t;,.,(°"N)=93 ms and ty..
("HMy =285 ms; this resulted in the experimental time of 2.4 h; B) was recorded with
64 scans and a 1.8 s delay time, t;,("*C) =110 ms and t,,,('H") =285 ms; this re-
sulted in the experimental time of 29.8 h. Before Fourier transformation, the raw
data were zero-filled; this resulted in a 0.5 Hz digital resolution in the indirect di-
mension for spectrum A) and 1.0 Hz for B).
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(the two smaller dashed circles) if there is no signal over-
lap and the sensitivity is high enough. For large proteins,
however, the direct measurement of 'A"N(D) is often im-
possible because resonances of NH, isotopomers are
weak due to the strong dipole-dipole interaction be-
tween the geminal protons, especially in the presence of
H bonds,"*' and the chance of signal overlap is high. In
the 2D "N,'H IS-TROSY spectrum, however, the two pro-
tonated resonances are filtered out,””® and thus the spec-
trum is simplified. More importantly, the experiment ex-
clusively detects the so-called TROSY peak with a high
sensitivity, which is the lower right component of each
quartet (the TROSY component is represented as a small
filled circle, and the three non-TROSY components are as
open circles)." Figure 1A is a region of the 2D
>N,’H IS-TROSY spectrum of yCD. The resonance of the
N—HE{D? isotopomer has the "°N chemical shift modified
by the 'A"N(D?) isotope effect from the Z position and
that of the "N—H¥D isotopomer by 'AN(D) from the
E position. The measured differential one-bond isotope ef-
fects, A'AN(D) ="A">N(DF)—'A"N(D?, are summarized in
Table 1. Duplicated experiments indicate that the differen-
tial isotope effects could be measured with high accuracy
(the standard error was less than 5 ppb). These differential
isotope effects can be accurately measured even when
the linewidth is larger than the chemical shift difference
in the N dimension because the corresponding proton
resonances are well separated, which is similar to the
accurate measurement of small J couplings in exclusive
correlation spectroscopy (E.COSY) type of spectra.?” The
adoption of the TROSY technique and deuteration actual-
ly makes the linewidth very narrow, even for large pro-
teins.

As expected, most (ten out of eleven) of the A'A”N(D)
values for yCD were positive, which is characteristic of
configurational effects, but their magnitudes varied signif-
icantly and one of them (Asn51) was even negative. The
large variations in A'A°N(D) indicate that the magnitude
of TAN(D) is sensitive to the H-bonding interactions that
are involved, and to charges in the vicinity of the amide
proton, which will be discussed later.

It is noteworthy that the apparent magnitude of
A'APN(D), as measured directly from the "N,'H IS-TROSY
spectrum, is not a neat differential isotope effect. Rather,
it is modified by the difference between the 'Jyyg, cou-
pling constants for the E and Z amide protons in semi-
deuterated isotopomers because the chemical shift of the
TROSY resonance is away from the corresponding HSQC
resonance by half of the one-bond scalar coupling con-
stant in both 'H and "°N dimensions (Figure 1, top panel).
These one-bond scalar couplings can be accurately mea-
sured by N-coupled N,"H HSQC experiments (see the
Supporting Information) with the yCD NMR spectroscopic
sample in 3:1 H,0/D,0. The result shows that for all side-
chain amides, except for Asn51, Jyuepzg of "NHHDY is 1-
4 ppb larger than yuzpg of "NH{D? in the 'H dimension
at the 900 MHz field, which is commensurate with 10-
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Table 1. Differential secondary protium/deuterium isotope effects and
corresponding H-bond patterns of side-chain carboxamides in yCD.
A'APN(D)® A’A"C'(ND)®!
(ppb) (ppb)

GIn12 109 37

Residues H-bond patterns'®

N—HE-O® of Asp16
(2.88/3.11 A; 135/164°)
C=0""--H—NP" of Lys41
(2.75/3.03 A; 122/157°)
C=0""--H—N" of Asp42
(2.87/4.24 A; 146/140°)
N—HE-.O®" of Asp81
(2.86/2.89 A; 171/168°)
N—H%-0=C*® of Thr82
(3.22/3.28 A; 137/132°)
C=0%".-H"'—0"" of Thr83
(2.68/2.74 A; 166/141°)
N—HE.-02 of IPy
(2.90/2.92 A; 171/169°)
N—HZ-0"" of Asp155
(2.90/2.92 A; 162/162°)
C=0""-H—N" of Arg53
(2.84/2.88 A; 158/156°)
N—HE-0%2 of Glu28
(2.87/2.87 A; 156/157°)
C=0°"--H—N" of GIn55
(2.69/2.77 A; 144/143°)
N—HE-O=C"® of Arg48
(2.77/2.83 A; 172/176°)
N—HE-0%2 of Glu119
(2.90/2.94 A; 162/161°)
N—HE..O®" of Glu110
(2.57/2.62 A; 158/166°)9
N—H%-0=C*® of Lys138
(3.09/3.14 A; 154/146°)
N—HE--O=C*® of Glu119
(2.94/3.64 A; 146/129°)
N—HE-.O" of Tyr126
(3.02/3.06 A; 130/120°)
no H bond

Asn39 65 36

Asn40 103 41

Asn51 —18/-4 57/23

GIn55 128/41 57/17
Asn70 84 37
Asn111 125 40
Asn113 231/260 39/24
GIn123 53 35
GIn143 64 33

GIn150 54 37

[a] A'AN(D) ="A"N(Df)—"'A"N(D?), difference in one-bond H/D isotope
effects on carboxyamide "N chemical shifts, where E stands for the trans
position and Z the cis position of side-chain amide protons with respect
to the carboxyamide oxygen. The values were measured directly from
the 2D "N,'H IS-TROSY spectrum without correction for differential Jyye
scalar coupling constants. The bold numbers include the contributions
from trans-H-bond isotope effects. The standard error in repeated meas-
urements is less than 5 ppb and RMSD to the mean is about 2 ppb;
[b] A’A™C'(ND) =2A"*C'(ND)—2A"*C'(ND?), difference in two-bond H/D
isotope effects on carboxyamide '>C’ chemical shifts, where E stands for
the trans position and Z stands for the cis position of side-chain amide
protons with respect to the carboxyamide oxygen. The magnitudes that
result from modifications of trans-H-bond isotope effects are in bold. The
standard error in repeated measurements is less than 5 ppb and RMSD to
the mean is about 2 ppb; [c] H bonds A—H--B involving the carboxyamide
group of individual Asn/GlIn residues in yCD derived from the 1.14 A reso-
lution crystal structure (PDB ID code: 1P60); A designates the hydrogen
donor and B the acceptor, followed by distances [A] between heavy
atoms A and B in two subunits with the corresponding H-bond angles in
degrees; bb superscripted stands for protein backbone; [d] H bonds are
formed only if positions of the nitrogen and oxygen atoms of the
carboxyamide moiety are swapped in the crystal structure.

40 ppb in the °N dimension; repeated measurements essen-
tially gave the same result. Because the magnitude of "Jyepz
for 'Hf is generally 1-4 Hz larger than that of 'Jyzpg for 'H
the differential A'AN(D) isotope effects are apparently “en-
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hanced” by (| "Jwueoz | — | Yanzog |)/2, that is, 0.5-2.0Hz (5-
20 ppb at the "N frequency of 90 MHz). Asn51 is the sole ex-
ception and its yuepz is slightly smaller (2 ppb) than Uyuzos
this is likely due to the very strong Hbonding and charge
effect through its Z proton. Because the differences of paired
one-bond scalar coupling constants are quite uniform and rela-
tively small at ultrahigh magnetic fields as measured with yCD,
variations in apparent A'AN(D) from IS-TROSY in essence
manifest the same changes in neat differential isotope effects
caused by configuration, H bonding, charge effects, etc. For
the sake of simplicity, we will not further discuss the enhance-
ment of the differential isotope effects by the small difference
in the scalar coupling constants.

Differential two-bond H/D isotope effect on side-chain
carboxamide *C’ chemical shift

It has long been documented that the magnitude of isotope
effects decreases rapidly with increasing number of bonds that
separate the observed nucleus and the isotope-substituted
position." In protein backbones, however, the amide H/D iso-
tope effects on two-bond "*C’ chemical shifts, 2A"*C’(ND), are
surprisingly large, and range from 100 to 200 ppb."""'? In con-
trast, the two-bond isotope effects on '*C% 2A™C*ND), are
generally less than 100 ppb but are sensitive to the backbone
conformation."” Traditionally, the large backbone *A™C'(ND)
isotope effects are used for resonance assignments of pep-
tides™ 2% and small proteins.”’*® These two-bond isotope ef-
fects are also considered to be correlated with intraresidual
H bonds in antiparallel (3 sheets, as demonstrated in the small
protein BPTI,*” although the reported magnitude falls into a
rather narrow range, 60-90 ppb, in this case. The backbone
amide proton of a residue is in the trans configuration with re-
spect to the carbonyl oxygen of the preceding residue, which
is characterized by the positive two-bond scalar coupling con-
stant, %J,c, between the amide proton and carbonyl carbon.
Similarly, one of geminal protons in a side-chain carboxamide
is in the trans configuration and shows a positive %, coupling
constant as in the backbone, but the other is in the cis config-
uration and is characterized by a negative %, coupling con-
stant.*” This feature has been used for the stereospecific reso-
nance assignment of side-chain amide protons in small pro-
teins®" and larger ones as well."™® In side-chain carboxamide
moieties of Asn/GIn residues, for the same reason of differen-
tial conjugative interactions and thus stretching frequencies,
the magnitude of A™*C'(NDF) from the E position is larger than
2A"C’(ND? from the Zposition. As a result, the differential
two-bond isotope effects, A*A"C'(ND)=2A"C'(NDf)—*A"C-
(ND?), are expected to be positive too. The magnitude of
A’AC(ND) can be readily measured from the 2D IS-TROSY-
H(N)CO spectrum (Figure 1B).'"¥ It is worth noting that unlike
A'AN(D), the magnitude of A’A™C'(ND), as measured from
the 2D IS-TROSY-H(N)CO spectrum, represents neat differential
isotope effects with no contribution from scalar couplings. The
A’AC(ND) values of 11 Asn/GIn residues in yCD are indeed
all positive (Table 1), in spite of the diversity in H-bonding
interactions and charge effects among individual side-chain
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amides. The influences of H bonding and/or charges appear to
be largely attenuated over two bonds. Those side-chain
amides with one of their geminal protons that are involved in
H bonding with a negatively charged group, such as the car-
boxylate of an Asp/Glu residue, have slightly larger isotope
effects, but the magnitudes of these two-bond differential
isotope effects all fall into a narrow range of 33-57 ppb. The
result indicates that A’A'*C’(ND) can be used for the configura-
tion assignment of side-chain amides.

Trans-hydrogen-bond H/D isotope effects

In a very recent publication, we reported the first detection of
bifurcated hydrogen bonds by NMR spectroscopy by trans-H-
bond H/D isotope effects.?? Specifically, in the 1:1 H,0/D,0
solvent mixture, the resonances of side-chain "N,'H{D% of
Asn51, the backbone amide of Asn113, and the side-chain
N,"HED?% of Asn113 show doublets in the 'H dimension,
which are caused by H/D isotope effects from the backbone
amide protons of Gly63, Val112, and a bound water molecule,
respectively, across H-O--H type of bifurcated H bonds.®? Un-
expectedly, the backbone amide resonance of either Gly63 or
Val112 appears as a singlet; this indicates that the observed
trans-H-bond isotope effects are asymmetrical. As such, the 2D
N,'H IS-TROSY spectrum per se does not seem to identify
both residues involved in the bifurcated H bonds. The two
amide protons that are linked to each other in the H--O--H bi-
furcated H-bonding network, however, are close enough in
space (< 4 A) so that their correlation can be exclusively estab-
lished in the NOESY spectrum under the highly deuterated
background in concert with the information from trans-H-bond
isotope effects. Figure 2 shows a region of the 2D 'H,'H projec-
tion of the 3D ["°N,'H]-IS-TROSY-dispersed-NOESY spectrum of
yCD together with the corresponding 2D "N,'H IS-TROSY spec-
trum. The weaker component (upfield) of the backbone amide
resonance of Asn113 shows a cross peak with the backbone

A. Liu, H. Yan et al.

amide proton of Val112 in the NOESY spectrum, whereas the
stronger component (downfield) does not; this indicates that
the former is the resonance that corresponds to the protonat-
ed isotopomer and the latter is the deuterated isotopomer.
This is consistent with the conclusion that is based on the
spectral comparison with two yCD samples in 1:1 H,0/D,0 and
in 95:5 H,0/D,0, respectively.?? Interestingly, the chemical
shift for the backbone amide proton of Val112 from the NOE
cross peak that links the backbone amide proton of Asn113
(Figure 2B) is not exactly the same as the corresponding reso-
nance in the "N,'H IS-TROSY spectrum (Figure 2A), but rather
it is found at about 10 ppb towards the upfield. This difference
must be caused by the trans-H-bond H/D isotope effects,
2"A'H, from the backbone amide of Asn113, that is, the chemi-
cal shift of the Val112 resonance in the IS-TROSY spectrum cor-
responds approximately to the isotopomer that the backbone
amide of Asn113 is deuterated because the protonated com-
ponent is expected to be weaker, whereas the chemical shift
of the Val112 cross peak in the NOESY spectrum must corre-
spond exactly to the protonated component. In other words,
combined with the IS-TROSY spectrum, the IS-TROSY-dispersed
NOESY spectrum provides not only the valuable correlation in-
formation between the two amide protons that are connected
through bifurcated H bonds, but also the magnitude and sign
of the 2"A'H isotope effect even when it is smaller than the
line width. The sign of the *"A'H isotope effect for Val112 is
negative, but the small * AN isotope effect through the
Val112-N—H--0--H/D-Asn113 hydrogen bonds for Val112 ap-
pears positive, although the magnitude is very small. No NOE
was observed between the backbone amide proton of Gly63
and the side-chain amide protons of Asn51 within the limited
measuring time, presumably because the relative population
of the fully protonated or each semideuterated isotopomer of
a side-chain amide is only about half of the corresponding pro-
tonated backbone amide in the mixture solvent, and the spin
diffusion within the nearby protonated ligand is expected to

be a negative factor to the

expected NOE. Nonetheless, in

principle, such NOEs involving
side-chain amide protons should
be detectable and provide valua-
ble correlation information in
concert with trans-H-bond iso-
tope effects for the assignment
of Asn/GIn rotamers.
Interestingly, neither the mag-

: nitudes nor the signs of the two-
B) bond isotope effect, 2"A'H, and
the three-bond isotope effect,
AN, that are transmitted
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Figure 2. Regions of A) the 2D "N,'H IS-TROSY spectrum and B) the 2D projection of 3D *N,'H IS-TROSY-dispersed
NOESY spectrum of yCD with u->H/C/"N labeling in 1:1 H,0/D,0. The spectrum was recorded by using a Bruker
Avance 900 MHz NMR spectrometer. Experimental and data processing conditions were the same as in Figure 1.
Inset in panel A) shows the suggested hydrogen-bonding network of Asn113, which is derived from the 1.14 A
crystal structure of yCD (PBD ID code: 1P60) after flipping the side-chain oxygen and nitrogen positions.

2864

www.chembiochem.org

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

through "N—H--O--H/D bifurcat-
ed Hbonds are uniform, which
probably reflects the diversity in
geometries and/or electronic
features of the corresponding H-
bonding networks. In addition, a
closer inspection reveals that the

ChemBioChem 2008, 9, 2860 - 2871



www.chembiochem.org



H-Bond Detection by NMR Spectroscopy

'Hf resonance of GIn55 also shows doublets in both 'H and "N
dimensions of the IS-TROSY spectrum. Because it forms bifur-
cated H bonds together with the H® of His50 to the O° atom
of Glu28 in the crystal structure, the splittings are most likely
due to trans-H-bond isotope effects with positive 12 ppb of
A™H in the 'H dimension and a small positive 3"A™N in the
>N dimension (Figure 3). Furthermore, the four-bond H/D iso-
tope effect on the side-chain carboxamide carbon, “A™C,
which is transmitted through '*C’-N—H--O--H/D bifurcated
H bonds, can be observed in the 2D H(N)CO-IS-TROSY spec-
trum (Figure 4). The signs of “"A*C’ for all the three bifurcated
H bonds are positive. They are those between the side-chain
amides of Asn51, GIn55 and Asn113 and the backbone amide
of Gly63 through the carbonyl oxygen (02) of the ligand, the
side-chain H®* of His50 through the side-chain O° of Glu28 and
a water molecule through the side-chain O° of Glu110, respec-

tively. The sign of “"A>C’ for the backbone amide of Asn113
due to the bifurcated H bond of the backbone amide of Val112
through the carboxyl oxygen of Glu110 also appears positive,
although the magnitude is negligibly small (Figure 4). The
modified differential isotope effects that are due to the trans-
H-bond isotope effects are also listed in Table 1 (bold text).

Correlation with H-bonding network

Whereas the narrow range of positive differential two-bond
A’A"C'(ND) isotope effects is useful for the configuration as-
signment of side-chain amides, the large variations in the dif-
ferential one-bond A'AN(D) isotope effects can be correlated
with H bonds that are involved in the side-chain amides. Two
crystal structures of yCD in complex with a transition state ana-
logue (PDB ID codes: TUAQ and 1P60) at the resolutions of
1.6 A and 1.14 A,B¥ respectively, have been pub-
lished. Because the 1P60 structure is of much higher
resolution, we will mainly use this as the reference to
illustrate the contraventions and uncertainties in the
H-bonding interactions of side-chain carboxamides,
as revealed by measured H/D isotope effects. In the
crystal structure, side-chain amide protons of GIn12,
Asn39, Asn113, GIn123, GIn143, and GIn150 are ex-
posed to the solvent and make no, or weak H-bond-
ing interactions to potential acceptors. Except for
GIn12 and Asn113, all these solvent-exposed amides,
as evidenced by their sharp and poorly dispersed res-

2t A

°
0 0
12 ppb (11 Hz)

113
M4 r
NHE{D%}

15

116

0
NHZ{D%}

onances in the 2D "N,'H correlation spectra, render
uniform magnitudes of A'A”N(D) and A?A"C'(ND)
that range from 52-65 ppb and 33-37 ppb, respec-
tively; this reflects the neat conjugative difference
between the E and Z configurations. Surprisingly, the
A'APN(D) effects of GIn12 and Asn113 are about two
times (109 ppb) and four times (231 ppb), respective-
ly, larger than those of other residues within this
group. Apparently, there must be contributions from
o other factors. Both theoretical calculations® and ex-

m2r
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NHED?}
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perimental measurements!"®” with model compounds
and small proteins indicate that one-bond H/D iso-
tope effects on '°N chemical shifts, 'A>N(D), depend
on H-bonding strengths (in terms of bond lengths
and angles) and charges, which arouse electric field
effects in the vicinity of the amide proton."*'® It has
been widely accepted that upon H bonding, the po-
tential of stretching vibrations become more asym-
metrical with a lower zero-point energy for a deuteri-
um in comparison with a protium; this leads to an
0 enlarged difference in the bond lengths between

9.2 9.0 8.8 8.6 8.4 8.2
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Figure 3. Regions of the 2D "N,'H IS-TROSY spectra of u-*H/"*C/"N labeled yCD in A) 1:1
H,0/D,0 and B) 95:5 H,0/D,0. The spectra were recorded by using a Bruker Avance

900 MHz NMR spectrometer. Experimental and data processing conditions were the
same as in Figure 1. The doublets of GIn55-NH{H"} resonance were caused by trans-H-
bond H/D isotope effects mediated by the bifurcated H bond of His50-H/D* as illustrated

in the top diagram.
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8.0 N—H and ""N-D, and thus a larger isotope effect
results.”) Moreover, ionization could greatly affect H
bonding; a positively charged donor and/or a nega-
tively charged acceptor will strengthen the H bond
by virtue of an increased attraction in electron densi-
ties associated with the acceptor and donor” As
such, negative charges at the H/D acceptor site, such
as the carboxyl oxygen atoms of an acidic residue,
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Figure 4. The 2D IS-TROSY-H(N)CO spectrum of u-*H/"*C/"*N-labeled yCD in 1:1 H,0/D,0. The spectrum was re-
corded by using a Bruker Avance 900 MHz NMR spectrometer. The doublet Asn/GIn side-chain amide cross-peaks,
which are enclosed with dashed squares and enlarged with solid squares, were caused by trans-H-bond isotope
effects *"A'H and “"A"™C’. The spectrum was recorded with 128 scans and a 1.8 s delay time, t;,,,('*C) =71 ms and
toma"HY) = 285 ms; this resulted in the experimental time of 41 h. Before Fourier transformation, the raw data
were zero-filled; this resulted in a 1.0 Hz digital resolution in the indirect dimension.

strengthen the H bond through hyperconjugative interactions
with the amide moiety and give rise to more significant
isotope effects. Therefore, the unexpectedly large A'AN(D)
values of GIn12 and Asn113 most likely result from H bonding
and charges. Indeed, if the positions of the nitrogen and
oxygen atoms in the side-chain carboxamides are flipped, the
'HF of GIn12 might form a H bond with the carboxylate group
of Asp16 and the 'Hf of Asn113 might form a H bond with the
carboxylate group of Glu110 (Table 1). The Hbond that in-
volves the 'HE of Asn113 is strong, with a short bond length
(~2.60 A between the heavy atoms) and a nearly ideal bond
angle (>160°). However, the H bond that involves the 'Hf of
GIn12 is rather weak with a longer bond length and smaller
bond angle. This is also indicated by its sharp resonances and
the chemical shift, which is characteristic of a flexible side-
chain amide. Therefore, the large A'A®N(D) magnitude for
GIn12 is likely mainly caused by the negative charge of Asp16,
which enhances the isotope effect by at least 40 ppb, and the
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02 atom of the ligand, and
makes its A"”N(D?) larger than
APN(Df)—thus a slightly nega-
tive value of A'AN(D)—be-
cause the contribution from the
charged H bond is at least two-
times larger in magnitude than
that of the configuration effects.
On the other hand, the Hf of
Asn70 forms a neutral H bond
with the backbone carbonyl oxygen of Arg48 and the magni-
tude of its A'AN(D) is 84 ppb, which is 20-30 ppb larger than
those involved in no, or very weak H bonding, but at least
20 ppb smaller than those involved in H bonds with negatively
charged acceptors. For the side-chain amide of GIn123, its 'Hf
could form a weak H bond to the backbone carbonyl oxygen
(no charge) of Glu119 with a bond length of 2.94 A in one sub-
unit of the crystal structure, but the corresponding distance is
as long as 3.64 A in the other subunit, which is unlikely to
form a H bond. This is supported by the unstructured character
of its side-chain resonances. The 'Hf of GIn143 could form a
weak H bond to the O" of Tyr126 if the side-chain N/O atom
positions of the former are swapped. The side-chain amide of
GIn150 does not form any H bond in the crystal structure. The
H-bonding contributions to A'A™N(D) through the side-chain
carboxamide oxygen appear rather small. For instance, the
side-chain oxygen of Asn39 forms bifurcated H bonds to both
backbone amides of Lys41 and Asp42, but its A'A">N(D) mag-
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nitude is only 65 ppb, similar to those without or with weak
H bonding.

Based on the above analysis on the isotope effects listed in
Table 1, an empirical quantification emerges as described in
Equation (1) that contains additive contributions to differential
one-bond H/D isotope effects on >N chemical shifts of side-
chain amides:

A1A‘|5N(D) = 1A15N(DE)_1A15N(DZ) — ,
Ac+A+A A A A A, ()
The first two terms are intrinsic: A is the contribution of con-
figurational effects with a positive magnitude of 40-45 ppb
and A; is the contribution of differential "Jyygpz/"Inzos COU-
pling constants normally with a positive magnitude of 5-
20 ppb (at the 90 MHz field). The third term, A, reflects the
contributions from H-bonding interactions; a weak H bond can
account for 10 ppb and a normal one for 30 ppb, and the sign
is positive if 'H is involved, but negative if 'H? is involved. The
term A, represents the contribution of charges involved in
H bonds, that is, negatively charged Asp/Glu side-chain carbox-
yl oxygen atoms as hydrogen acceptors in this work. It is
about 40 ppb for a weak H bond. However, A, might be over
140 ppb for a strong H bond with a positive sign if 'HE is in-
volved, but negative if 'H? is involved in the H bond. The term
A, is the H-bonding contribution through the oxygen atom of
a side-chain carboxamide and is normally small, only about
10 ppb. The last term, A,, is the contribution from trans-H-
bond isotope effects, which can vary significantly, as described
earlier. In brief, the magnitude of A'AN(D) in side-chain
amides is intricately governed by the differential configurations
but significantly modified by H-bonding interactions, particu-
larly those with charged H-bond acceptors, such as carboxyl
oxygen atoms of Asp/Glu residues. Significant deviations in
A'APN(D) from the nominal values of solvent-exposed, flexible
side-chain amides (50-60 ppb at the 90 MHz field) are strongly
indicative of H bonding and charges, and can be directly corre-
lated with H-bonding networks.

It is noteworthy that typically only the 'Hf or 'H% but not
both, of a side-chain amide forms a H bond with a negatively
charged acceptor, because the proximity of two negatively
charged groups is energetically unfavorable. On the other
hand, both the 'Hf and 'H? of a side-chain amide could form
neutral H bonds simultaneously, which might result in a small
neat contribution to A’AN(D). There is, however, not such a
case in yCD. Perhaps one would expect a smaller A'TAN(D) in
comparison with non-H-bonded situations if only 'H? forms a
neutral H bond. Unfortunately, there is not such an example in
yCD either. This speculation must await the observation in
more proteins with high-resolution structures.

Rotamer correction

As described in the Introduction section, a rather high percent-
age of side-chain amide rotamers is incorrectly assigned in
both crystal and NMR structures of proteins. Such errors are
found even in ultrahigh-resolution crystal structures, for exam-
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ple, the 0.85 A resolution crystal structure of the 122-residue
acutoaemolysin.®® Of the eleven side-chain amides of this pro-
tein, three have incorrect rotamers. Residual dipolar coupling
(RDC) data have been used for the identification of erroneous
side-chain amide rotamer assignments in 16 high-resolution
crystal structures of hen egg-white lysozyme.®” Of the 146 ro-
tamers that were assigned based on the NMR spectroscopic
data, 26 are inconsistent with those in the crystal structures.
Whereas RDC analysis is very powerful for the correction of
side-chain amide rotamer assignment errors, acquisition of
RDC data is much more complicated than the measurement of
differential isotope effects. Moreover, the 'H-'"H RDC data for
side-chain amides are difficult to obtain for large proteins,
because of line broadening due to strong dipole-dipole inter-
actions, unless the IS-TROSY strategy is adopted.!'>'¥

The differential secondary isotope effects of side-chain
amides provide a simple means for the correction of the erro-
neous rotamer assignments. Based on the analysis of the differ-
ential secondary isotope effects as described above, the side-
chain 'Hf proton of Asn113 forms a strong Hbond with
charged groups. The H bonding of Asn113 as revealed by dif-
ferential isotope effects is inconsistent with the side-chain
amide rotamer assignments for this residue in both subunits of
the 1.14 A resolution crystal structure. Although the side-chain
amide of GIn12 can form a transient H bond with the carboxyl
group of Asp16, it is mobile. Consequently, the side-chain
amide GIn12 adopts one conformation in subunit A of the
1.14 A crystal structure, but another in subunit B. The rotamer
assignments of all other Asn/GIn side-chain amides are consis-
tent with the differential isotope effects. In all, this analysis
identifies two rotamer assignment errors in this high-resolution
crystal structure. For the 1.6 A resolution crystal structure the
rotamer assignment for Asn113 is correct for both subunits.
The conformation of the side-chain amide of GIn12 in subunit
A is completely different from that in subunit A of the 1.14 A
crystal structure, but that in subunit B is 180° rotated from
that in subunit B of the 1.14 A crystal structure, that is, a flip-
ping of the rotamer; this underscores the mobility of the side-
chain amide. The flipping of the side-chain amide in the 1.6 A
resolution crystal structure allows it to form a hydrogen bond
with the carboxyl group of Asp16. The side-chain amide rotam-
ers of GIn55, Asn70, and Asn111 are all inconsistent with the
differential isotope effects—they require flipping to form
H bonds. In total, there are six side-chain amide rotamer as-
signment errors in this crystal structure as listed in Table 2.

Because of the frequent errors in side-chain amide rotamer
assignment in protein structures, computational approaches
have been developed for correcting the errors.>*3? In particu-
lar, two web servers are available for the identification and cor-
rection of such errors, one server (MolProbity, http://molprobity.
biochem.duke.edu/) uses steric clashes after the addition of hy-
drogen atoms as a criterion for identifying such errors® and
the other (NQ-Flipper, http://flipper.services.came.sbg.ac.at)
uses an empirical potential as a criterion for identifying such
errors.®® We submitted both yCD crystal structures to the web
services to check their side-chain rotamers; the results are
listed in Table 2. Both MolProbity and NQ-Flipper identified

2867

www.chembiochem.org



www.chembiochem.org



BIO

Table 2. Asn/GIn side-chain rotamer errors in yCD crystal structures as
recognized by differential isotope effects and the programs MolProbility
and NQ-Flipper.

PDBID  Subunit NMR MolProbility NQ-Flipper
1P60 A Asn113 GIn12,” Asn113  GIn12,” Asn113
B Asn113 Asn113 Asn113, GIn123,
GIn143
1UAQ A GIn55, Asn70,  GIn55, Asn70, Asn70, Asn111,
Asn111 Asn111, GIn143 GIn143
B GIn55, Asn70,  Asn39, GIn55, GIn12,% Asn39,
Asn111 Asn70, Asn111, Asn70, Asn111,

GIn123, GIn143  GIn143, GIn150

[a] According to the NMR and MD simulation data, the side-chain amide
of GIn12 is mobile and can adopt a variety of rotamer conformations.

three rotamer errors in the 1.14 A crystal structure, including
one for GIn12, which is mobile. However, NQ-Flipper also iden-
tified two residues (GIn123 and GIn143) in subunit B for rota-
mer flipping, but such flipping is not necessary for both resi-
dues upon visual inspection. With respect to the 1.14 A struc-
ture, MolProbity recognized all six rotamer assignment errors
that were identified by the differential isotope effects and also
recommended an additional four residues for flipping that
were deemed unnecessary upon visual inspection. NQ-Flipper
correctly identified only four rotamer assignment errors. The
two rotamer errors for GIn55 were not identified, but five Asn/
GIn residues with apparently correct rotamers were recom-
mended for rotamer flipping. With respect to the two yCD
structures, MolProbity did a better job in identifying side-chain
rotamer errors than NQ-Flipper, but both programs recom-
mended some rotamers for flipping deemed unnecessary
upon visual inspection.

To better understand side-chain amide flipping, we per-
formed a 5 ns molecular dynamics (MD) simulation of the com-
plex of yCD with the transition state analogue, which was es-
sentially an extension of a previous MD analysis of yCD®® with
a newer version of the Amber MD package (version 8)“” and
force field (ff03)."" It should be noted that no rotamer error
correction was made to the initial structure for the MD simula-
tion. The data analysis was based on individual subunits to
obtain better statistics. Figure 5 shows the time evolution of
the C* atom RMSDs of two subunits with the coordinates of
the crystal structure as reference. The first eleven residues are
not included in the analysis because the N-terminal segment is
highly mobile as in the previous MD simulations. The average
C* RMSD over the 5ns MD simulation is 0.96 A for subunit 1
and 1.10 A for subunit 2. The average mass-weighted RMSD for
all heavy atoms is 1.49 A for subunit 1 and 1.62 A for subunit 2.
The result indicates that the structural changes in the protein
are not large, and the MD simulation is stable. Based on a
trace-back RMSD analysis, the system reaches a stationary
point at ~0.75 ns.

Further data analysis, which focused on the motions of the
side-chain amide groups was performed on the trajectory ex-
tracted from the last 4 ns. The side-chain amide motions in this
analysis were measured by the y? torsion angle (C“—C*—C*—0?)
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Figure 5. Evolution of the C* RMSDs of residues 15-158 of subunit 1 (—)
and subunit 2 (-----) from those of the 1.14 A resolution crystal structure
during the entire MD simulation period.

for Asn and the % torsion angle (CP—C'—C°>—QF) for GIn. The
result is shown in Figure 6. It is clear that the side-chain
amides of GIn12, GIn123, GIn143, and GIn150 can adopt a vari-
ety of rotamer conformations, as the torsion angles that define
these rotamers vary widely in the MD simulation. The rapid
motions of theses side-chain amides are consistent with their
sharp NMR spectroscopic signals. Consequently, it is not mean-
ingful to discuss the rotamer assignments and their errors. The
side-chain amide of Asn39 in subunit 1 oscillates significantly
around its torsion in the crystal structure but not in subunit 2.
The side-chain amide of Asn113 flips in subunit 1 and remains
in that conformation but oscillates significantly in subunit 2.
The side-chain amides of Asn40, Asn51, GIn55, Asn70, and
Asn111 behave like immobilized groups; this is consistent with
their broader NMR spectroscopic signals, although the side-
chain amide of Asn111 assumes one conformation in subunit 1
and another in subunit 2. In particular, the rotamer assignment
of GIn55 is incorrect in the 1.6 A resolution crystal structure
based on the differential isotope effects, the MD simulation,
the 1.14 A resolution crystal structure, and the MolProbity
server analysis, but the NQ-Flipper server could not pick up
the rotamer assignment error for this residue.

Conclusions

Protium/deuterium (H/D) isotope effects on chemical shifts can
be transmitted either by covalent bonds or across hydrogen
bonds and provide a sensitive means for studying H-bonding
interactions, especially in large proteins in which trans-hydro-
gen-bond scalar couplings are too small to be measured. In
this study, the configuration and H-bonding network of side-
chain amides in a 35 kDa protein were determined by measur-
ing differential and trans-H-bond H/D isotope effects with the
IS-TROSY technique; this led to reliable recognition and correc-
tion of erroneous rotamers frequently found in protein struc-
tures. First, the differential two-bond isotope effects on car-
bonyl *C’ shifts A’A™*C'(ND) provide a reliable means for the
configuration assignment for side-chain amides because envi-
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Figure 6. Variations of the torsion angles for the side-chain amides in the last 4 ns MD simulation. The torsion angles measured from the 1.14 A resolution
crystal structure are indicated by solid squares. The subunit identities are labeled at the top and residue identities on the left side.

ronmental effects (hydrogen bonds and charges, etc.) are
largely attenuated over the two bonds that separate the
carbon and hydrogen atoms and the isotope effects fall into a
narrow range of positive values. Second and more importantly,
the significant variations in the differential one-bond isotope
effects on '°N chemical shifts A'AN(D) can be correlated with
H-bonding interactions, particularly those involving charged
acceptors. The differential one-bond isotope effects are addi-
tive, with major contributions from intrinsic differential conju-
gative interactions between the E and Z configurations, H-
bonding interactions, and charge effects. Furthermore, the pat-
tern of trans-H-bond H/D isotope effects can be mapped onto
more complicated H-bonding networks that involve bifurcated
H bonds. Third, the correlations between A'A™N(D) and H-
bonding interactions afford a simple but effective means for
the correction of erroneous side-chain amide rotamer assign-
ments. Although several software programs and web-based
services have been developed for the recognition and correc-
tion of erroneous side-chain amide rotamers, they are not
always reliable, as demonstrated in the analysis of the side-
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chain amide rotamer assignments in the two high-resolution
crystal structures of yCD. Very few experimental methods are
available for this purpose. RDC data in conjunction with "N re-
laxation measurements have been used for correcting Asn/GIn
rotamers of solution-phase NMR spectroscopic structures, but
this method is laborious and applicable to only small proteins.
In contrast, the rotamer correction through the differential
isotope effects is not only robust but also simple and can be
applied to large proteins.

Experimental Section

Sample preparation and experimental conditions: The procedure
for isotope labeling and purification of yCD has been described.”?
NMR spectroscopic samples were prepared by dissolving lyophi-
lized yCD powder with phosphate buffer (100 mm potassium,
pH 7.0; without isotope correction) in mixture solvents (either 95:5
H,0/D,0 or 1:1 H,0/D,0). NaN; (100 um) and 2,2-dimethyl-2-sila-
pentane-5-sulfonic acid (DSS; 20 um as an internal NMR reference)
were added. The volume of all samples was about 300 pL in Shige-
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mi NMR spectroscopy microcells. Each NMR spectroscopic sample
had yCD protein (~1.5 mm protomer) titrated with the transition
state analogue 5FPy (20 mm). The samples in the mixture solvent
were equilibrated at room temperature for at least a week before
being measured. All NMR spectroscopic measurements were per-
formed on a Bruker Avance 900 MHz NMR spectrometer at 25°C
by using a TCl cryoprobe with z-axis gradient and an automatic
tuning/matching unit. The raw data were processed with
NMRPipe,*? and spectra were analyzed with NMRView."*¥

Measurements of differential and trans-H-bond H/D isotope ef-
fects: The "N,'H IS-TROSY experiment selectively detected semi-
deuterated isotopomers of side-chain amides."*™ As depicted in
Figure 1, the resonance of the "N—Hf{D? isotopomer has the N
chemical shift modified by the one-bond 'AN(D? isotope effect
from the Z position and the "N—H4Df} isotopomer by 'AN(Df)
from the E position. Because resonances of the fully protonated
isotopomer, ’NH,, have been filtered out, direct measurements of
TAPN(DY) and 'AN(Df) were not possible from 'N,'H IS-TROSY
spectra. The differential one-bond isotope effects, A'A”N(D)=
'AN(Df)—'A®N(D?, could be measured directly, although the
values were modified by the differential (| "Jyuroz | — | Innzios /2
scalar coupling constants between the E and Z protons (Figure 1).
The magnitudes of one-bond scalar coupling constants, |z |
and |"Jyuzpg|, were measured from a 2D "N,'H HSQC spectrum
without the use of broad-bond "N decoupling in the direct dimen-
sion. The yCD NMR spectroscopic sample used for this measure-
ment was in 3:1 H,0/D,0 otherwise the same buffer conditions as
for other yCD samples described in the last section were used. The
ratio of H,0/D,0 was manipulated to obtain good signal intensities
for both protonated and semideuterated isotopomers of side-chain
amides while alleviating the potential complication caused by
trans-H-bond isotope effects. The one-bond scalar coupling con-
stants in side-chain amides were directly measured from the 'H
signal splittings of the corresponding semideuterated ""NH{D} iso-
topomers in this ""N-coupled HSQC spectrum (Supporting Infor-
mation). Similarly, the differential two-bond isotope effects,
A’ABC'(ND)=>A"C'(NDf)—*AC'(ND?), were measured from the
2D IS-TROSY-H(N)CO spectrum of yCD (Figure 1B). Unlike the one-
bond isotope effects shown in Figure 1A, the two-bond isotope ef-
fects in Figure 1B were neat without any modification from scalar
couplings, because no TROSY principle was adopted in the *C di-
mension of the 2D IS-TROSY-H(N)CO experiment. Trans-H-bond
two-bond and three-bond H/D isotope effects on side-chain amide
proton and "N chemical shifts, ?’A'"H and 3"A"N, respectively,
which were mediated by H--O--H bifurcated H bonds,*? were mea-
sured either from the "N,'HIS-TROSY spectrum (Figure 3) or in
combination with the IS-TROSY-dispersed NOESY spectrum
(Figure 2; see the Supporting Information for the pulse sequence).
The new observation of trans-H-bond four-bond isotope effects on
side-chain "*C’, *"A™*C’, were obtained from the 2D IS-TROSY-
H(N)CO spectrum (Figure 4).

Although the magnitude of certain differential isotope effects as
measured above might be smaller than the linewidth in the indi-
rect dimension, the large separation in the direct (*H) dimension of
the paired resonances of a side-chain amide makes measurement
easy and accurate; this mimics the measurement of small scalar
coupling constants in E.COSY-type experiments.?” Indeed, duplicat-
ed measurements indicated that the standard error was as small as
5 ppb and the RMSD to the mean was only about 2 ppb. Markley
and Loh have shown that amide D/H fractionation factors might
be correlated to the strength of H binding in proteins.*” The corre-
lation was established by measuring the intensity of amide reso-
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nances with a set of protein NMR spectroscopic samples in solvent
mixtures that had different ratios of H,0/D,0. The ratio, in princi-
ple, had little to do with the chemical shifts of individual resonan-
ces because solvent isotope effects on >N chemical shifts were
very small.

Molecular dynamics simulation: MD simulation on the complex
of yCD with the transition-state analogue was carried out essential-
ly in the same way as previously described,* except that version
eight of the Amber MD package and the Amber 03 force field“®
were used for this simulation. Briefly, the starting structure was
taken from the 1.14 A resolution crystal structure (PDB ID:
1P60).24 Hydrogen atoms were added with the Insight Il program.
All ionizable residues were assigned to their normal protonated
state at pH 7.0 except for His50, which was set as the protonated
form because its imidazole ring was hydrogen bonded to two car-
boxyl groups (Figure 3). The catalytic zinc ion was tetrahedrally co-
ordinated with His62, Cys91, Cys94 and the transition state ana-
logue. The sulfur atoms of Cys91 and Cys94 were deprotonated
and His62 was in a deprotonated form and only N° had a proton
attached to it. Explicit bonds between the zinc atom and its li-
gands were used, and the force constants were the same as in our
previous work.?? The RESP charges of the zinc complex (Zn, His62,
Cys91, Cys94 and the transition state analogue) were derived from
a single-point quantum mechanics calculation (B3LYP/6-31+ G¥).
Glu64 was also included in the calculation because it might influ-
ence the charge distribution through a strong H bond.

The protein complex was solvated by ~17000 TIP3P water mole-
cules in a periodic box with a minimum distance of 12.5 A be-
tween the protein and the walls of the periodic box and was neu-
tralized by the addition of four Na* ions. Sander in Amber 8*” and
the ff03 force field were employed for the MD simulation. The
system was first subjected to a two-stage energy minimization to
eliminate steric clashes and two short MD runs for the system to
reach the desired temperature and density. During the production
MD run, the system was maintained at constant volume and tem-
perature (300 K) by using Berendsen’s weak-coupling method.*”!
Bond lengths involving hydrogen atoms were constrained by the
Shake algorithm.“® The Particle-Mesh—-Ewald method was used to
evaluate long-range electrostatic interactions.”” A cutoff of 8.0 A
was used for the nonbonded pair list, which was updated every
25 steps. Coordinates were saved every other picosecond. The sim-
ulation results were analyzed with the PTRAJ module in Amber 8.
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Protein Farnesyltransferase-Catalyzed Isoprenoid Transfer
to Peptide Depends on Lipid Size and Shape, not

Hydrophobicity

Thangaiah Subramanian,” Suxia Liu,® Jerry M. Troutman,” Douglas A. Andres,® and

H. Peter Spielmann*®™ <%

Protein farnesyl transferase (FTase) catalyzes transfer of a 15-
carbon farnesyl group from farnesyl diphosphate (FPP) to a con-
served cysteine in the C-terminal Ca,a,X motif of a range of pro-
teins, including the oncoprotein H-Ras (“C” refers to the cysteine,
“a” to any aliphatic amino acid, and “X” to any amino acid) and
the lipid chain interacts with, and forms part of the Ca,;a,X pep-
tide binding site. Previous studies have shown that H-Ras biologi-
cal function is ablated when it is modified with lipids that are
3-5 orders of magnitude less hydrophobic than FPP. Here, we
employed a library of anilinogeranyl diphosphate (AGPP) and
phenoxygeranyl diphosphate (PGPP) derivatives with a range of
polarities (logP (lipid alcohol)=0.7-6.8, logP (farnesol)=6.1)
and shapes to examine whether FTase-catalyzed transfer to pep-

Introduction

Protein farnesyl transferase (FTase) catalyzes the transfer of a
15-carbon farnesyl group from farnesyl diphosphate (FPP, 1;
Figure 1) to a conserved cysteine in the C-terminal Ca;a,X
motif of a range of proteins, including the oncoprotein H-Ras
(“C” refers to the cysteine, “a” to primarily aliphatic amino
acids, and “X” to any amino acid). Farnesylation is obligatory
for the proper biological function of H-Ras and a number of
small molecule inhibitors of FTase (FTls) have been developed
as anticancer agents."™ Several FTls are currently in phase |, Il
and Il clinical trials for the treatment of cancer,>®” but the re-
sponse in patients has not been significant.! An explanation
for the lack of FTI clinical efficacy is the process of alternative
prenylation in which some FTase substrates can become gera-
nylgeranylated by geranylgeranyl transferase type | (GGTase-I)
when FTase activity is limiting."®"? This has led to substantial
interest in developing alternative lipids incapable of support-
ing normal prenyl group function."""¥ Several studies have ex-
amined lipid features that influence the efficiency of isopre-
noid transfer to Ca,a,X peptides by FTase.'*™ These studies
have focused on how the length of the isoprenoid affected
transfer kinetics,™ replacement of the terminal isoprene with
aryl substituents,>'®2%2" and alteration of the steric demands
and electronic properties of the isoprenoid branched methyl
groups.'*1#1622231 Dagpite these efforts, information on the
structural features that give rise to productive interactions of
FPP analogues with the FTase active site remain limited. The
reaction mechanism of FTase is unexpectedly complex
(Scheme 1). Product release is the rate determining step (k)
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) InterScience®
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tide is dependent on the hydrophobicity of the lipid. Analysis of
steady-state transfer kinetics for analogues to dansyl-GCVLS pep-
tide revealed that the efficiency of lipid transfer was highly de-
pendent on both the shape and size, but was independent of the
polarity of the analogue. These observations indicate that hydro-
phobic features of isoprenoids critical for their association with
membranes and/or protein receptors are not required for efficient
transfer to Ca,a,X peptides by FTase. Furthermore, the results of
these studies indicate that the role played by the farnesyl lipid in
the FTase mechanism is primarily structural. To explain these re-
sults we propose a model in which the FTase active site stabilizes
a membrane interface-like environment.

for the FTase reaction, and an unusual feature of the FTase
mechanism is that product dissociation is greatly enhanced by
binding of either a new FPP or Ca;a,X peptide substrate. Re-
markably, the hydrophobic thioether product has decreased af-
finity for the enzyme despite the nonpolar amino acid resides
that line the active site.?” X-ray crystallographic analysis shows
that the lipid chain interacts with, and forms a substantial part
of the Ca;a,X peptide binding site throughout the course of
the reaction.>>*®

FPP analogues have been used to study physical interactions
between the lipid, FTase and Ca,;a,X peptide as well as the bio-

[a] Dr. T. Subramanian,* Dr. J. M. Troutman, Prof. D. A. Andres,
Prof. H. P. Spielmann
Department of Molecular and Cellular Biochemistry
University of Kentucky, Lexington, Kentucky 40536-0084 (USA)
Fax: (+1)859-257-8940
E-mail: hps@uky.edu

[b] Prof. S. Liu*
Present address: Immunology Institute of Medicine School
Shandong University, 44 Wenhua West Rd., Jinan (P.R. China)

[c] Prof. H. P. Spielmann

Department of Chemistry, University of Kentucky

Lexington, Kentucky 40536-0084 (USA)

Prof. H. P. Spielmann

Kentucky Center for Structural Biology, University of Kentucky

Lexington, Kentucky 40536-0084 (USA)

These authors contributed equally to this work.

[d

[+

Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.

in

ChemBioChem 2008, 9, 2872 - 2882





Protein Farnesyltransferase-Catalyzed Isoprenoid Transfer

cal function appears to require a
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b OM P _P minimum lipophilicity of the
N Y Xn P P / > o7 0”7 o pop Yy
Lo a P o o prenyl group to allow important
1 HO 9a-c - -
interactions downstream of the
FPP HydroxymethylPGPP .
C-terminal processed H-Ras pro-
o o tein. These observations suggest
I I n n .
M/\ P P X X X N _P<__P~___ that hydrophilic FPP analogues
0710710 0”107 1o . s
o O o O are prenyl function inhibitors
1 10 .
GPP GGPP (PFIs) that might serve as lead

R—T

Ns : .
O\;l/ o o ~

Isox-GPP
Figure 1. FPP, GPP, GGPP and FPP analogues.

logical function of the modification.'>'>'¢'%27] The Ca,a,X tet-
rapeptide is sufficient for prenyltransferase recognition, and
the kinetics of FPP transfer to dns—GCVLS is identical to that of
full length H-Ras.”*? The analogue 8-anilinogeranyl diphos-
phate (AGPP, 2a; Figure 1) is transferable to Ca;a,X substrates
with apparent steady-state kinetics nearly identical to FPP, and
the aniline moiety appears to act as an isostere for the FPP ter-
minal isoprene.">* AGPP has been used to probe the endoge-
nous modification of proteins by FTase and is competitive with
FPP in vitro and in cell culture.?*3*3" We previously prepared
and examined the FTase catalyzed lipid transfer of an AGPP an-
alogue library to the dns-GCVLS peptide corresponding to the
H-Ras Ca;a,X motif and found that reactivity depends on both
size and shape of the lipid.®*** Small meta and para substitu-
tions on the aniline ring increase reactivity with dns-GCVLS
while others with ortho substitutions were potent FTase inhibi-
tors. In other work, investigation of ten FPP analogues showed
that the normal biological function of H-Ras is blocked when
modified with isoprenoids that are 3-5 orders of magnitude
less hydrophobic than the farnesyl group.'” The H-Ras biologi-

[Cajx]/ EeCaaX \\{fduct]

E EeproducteCaaX
[FPP]
Path B: [FPP] [CaaX]
[CaaX]
EeFPP E*FPPeCaaX — Esproduct
Path A: lp’°":‘°ﬂ\ EeproductsFPP /IF:PI

Scheme 1. FTase reaction mechanism showing two pathways. Path A repre-
sents FPP stimulated product release, and path B represents peptide stimu-
lated product release; E: FTase enzyme; E-FPP: FTase:FPP complex; E-FPP-
CaaX: FTase-FPP-CaaX peptide complex; E-product: FTase bound product
complex; E-product-FPP: FTase bound to both FPP and the reaction product;
E-CaaX: peptide bound FTase inhibitory complex; E-product-CaaX: peptide
bound enzyme product complex.

ChemBioChem 2008, 9, 2872 - 2882

0o
o X\)\/\/l\/\oz P\o/ Z\O

2a-ae: X=NH, 3: X=CH, 4. X=8§,
5: X =CH,0, 6a-ad: X =0, 7: X = CH,0,
R=3,45-OMe

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

compounds for a unique class of
potential anticancer therapeu-
tics. However, the poor reactivity
of the least polar FPP analogue
Isox-GPP (8) with H-Ras and
Ca,a,X peptides has raised the
possibility that other polar FPP
analogues might also be poor
substrates for FTase.

The anti-Ras behavior of this
small set of more polar FPP ana-
logues prompted us to examine the relationship of isoprenoid
hydrophobicity to the efficiency of FTase catalyzed lipid trans-
fer to Ca;a,X peptides. Additional FPP analogues with a range
of polarity and shapes were prepared and their transfer effi-
ciency determined. We found that the efficiency of lipid trans-
fer was highly dependent on both the shape and size, but was
independent of the hydrophobicity of the analogue. The ap-
parent catalytic efficiency (k./K"®"®) for transfer of several an-
alogues to a dns-GCVLS (H-Ras Ca;a,X sequence) peptide was
greater than that for the natural substrate FPP. These observa-
tions indicate that hydrophobic features of isoprenoids critical
for their association with membranes and/or protein receptors
are not required for efficient transfer to Ca,a,X peptides by
FTase, and that hydrophobic interactions between the lipid
and aromatic residues in the FTase active site do not drive
binding of FPP to the enzyme. Furthermore, the results of
these studies indicate that the role played by the farnesyl lipid
in the FTase mechanism is primarily structural. To explain these
results, we propose a model in which the FTase active site sta-
bilizes a membrane interface-like environment.

|
o

Results and Discussion

Synthesis of FPP analogues in which the AGPP amino group
is replaced by other moieties

In order to examine whether the AGPP aniline nitrogen con-
tributes to specific interactions that are obligatory for efficient
analogue transfer to Ca,a,X peptides, molecules 3, 4, 5, 6a and
7 with CH,, S, CH,0, O linkers between the terminal aryl group
and the geranyl chain were synthesized. Methylene linked ana-
logue 3 was prepared in five steps from 8-chlorogeranyl ace-
tate by using a modified procedure from Spencer and co-work-
ers (Scheme 2).B¥ THP ether 13 was obtained by protection of
8-chlorogeraniol 12 in quantitative yield. Coupling of benzyl
magnesium chloride with chloride 13, followed by removal of
the THP ether provided alcohol 15, which was converted to

2873
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9
4
4

OH

0
4
4

OTHP

X X
OTHP
14
c)l
X Y
OH
15
d), e)l
X
= OPP
3

Scheme 2. Synthesis of (2E,6E)-3,7-dimethyl-9-phenyl-nona-2,6-dien-1-di-
phosphate: a) PPTS, DHP, DCE; b) PhCH,MgCl, Et,0, 0°C; c) PPTS, MeOH;
d) Ph,PBr,, CH;CN; e) (Bu,N);HP,0,, CH,CN.

the corresponding bromide and diphosphorylated to give di-
phosphate 3 (Scheme 2).

The key step in the preparation of analogues 4, 5 and 7 was
alkylation of the appropriate thiophenol or benzylalcohol with
8-bromogeranyl acetate 16 (Scheme 3). The desired diphos-
phates 4, 5 and 7 were then obtained by saponification of ace-
tates 18a-c to give alcohols 19a-c, which were converted to
the corresponding bromides followed by diphosphorylation
with (Bu,N);HP,0O, in CH;CN. Compound 6a was prepared by
solid state Mitsunobu reaction as described below.

Analogue linker atom has a moderate effect on reactivity
with Ca;a,X peptide

The kinetic parameters Pk, and *KP®*" for analogue trans-
fer to dns-GCVLS were measured by using a continuous fluo-
rescence assay (Table 1). The apparent kcat/Kf:”“de is the catalyt-
ic efficiency of FTase, which

H. P. Spielmann et al.

?

Br:
OAc
16
X 17a:R=H, X=SH
R
R a) | 17b:R=H, X = CH,0H
= 17¢ : R = 3,4,5 - trimethoxy
17 X = CH,OH
X\)\/\)\/\
T OAc
R 18a-c
b)l
XM\
R L = OH
Lz 19a-c
o, d)l
XM
gL = OPP
I

= 4,57

Scheme 3. Synthesis of diphosphates 4, 5, 7: a) NaH, THF; b) K,CO;, MeOH/
H,0; c) PhyPBr,, CH;CN; d) (Bu,N);HP,0,, CH,CN.

was not detected. All reactions between FPP analogues and
dns-GCVLS peptide were analyzed by HPLC through detection
of the resulting components by using dansyl fluorescence. No
product was detected by HPLC when we observed no increase
in dansyl fluorescence. Although single turnover reactions for
the “unreactive” analogue diphosphates cannot be excluded
by this method, the lack of steady-state turnover indicates that
product release is impaired.

Synthesis of phenoxygeranyl diphosphate FPP analogue
library

A library of 25 transferable AGPP derivatives were previously
prepared.®>3® The number of analogues to be examined was
increased by preparing a directed library of 33 ether-linked
phenoxygeranyl diphosphates (PGPP) 6a-ad and 9a-c
(Schemes 4 and 5). The PGPP ether linkage removed the ani-
line H-bond donor, altered the conformational preference of
the lipid and allowed for the straightforward introduction of

measures the ability of the
enzyme to catalyze a reaction at . ) ) ) )
R Table 1. Steady-state kinetic properties of FPP diphosphate analogues for reaction with dns-GCVLS.
low peptide substrate concentra-
tions. We found that the linker R group and position Compound  logp2rPll  appg ] appydns=GAVISId Apparent K, /K6
appears to have only a modest | on ring” number [s'x1071  [uml lum's7'x1077
effect on the transfer efficiency; | NH 2a 3.6 10+3 0440 20+4
this suggests that the aniline ni- | CH: 3 4.8 40+2 3.8+03 n+8
. . . . S 4 4.8 17+0.5 20+0.1 8+2

trogen is not critical for efficient

9 . CH,0 5 4.0 17+0.3 1+0.4 17+£10
transfer of the unsubstituted | g 6a 41 3042 20402 1648
parent molecules. Consistent CH,0,X=3,4,5trimethoxy 7 32 Nde Nde@ Nde
with previous observat{ons, [a] The analogues are listed in order of increasing substituent surface area; [b] logP measurements of the corre-
transfer of the bulky 3,4,5-trime- sponding alcohol; [c] *Pk,,,, PPKPPi% and apparent k., /K" were determined by using a Michaelis-Menten
thoxy substituted analogue 7 analysis as described;*? [d] Nde: not determined.
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OHCM/\O/O
20
|

HOM\O/O —

l by 21
VI\/VI\/\ C)
H ™ N
< OH

22
x O\)\/\/l\/\o/o
N
R © 23a-ad

O\)\/\)\/\ Ak
s A " oH
N

6a-ad

Scheme 4. Synthesis of phenoxygeranyl diphosphates 6 a-ad: a) NaBH,,
DCE/EtOH; b) PPTS, MeOH/DCE, reflux; c) PhsP, DEAD, phenols, DCE; d) PPTS,
MeOH/DCE, reflux; e) Ph;PBr,, CH,Cl,; f) (Bu,N);HP,0,, CH,CN.

polar functional groups. A focused phenoxygeranyl diphos-
phate library was prepared by a mixed solid-phase organic syn-
thesis (SPOS)-solution phase route (Scheme 4). Reduction of
the previously described resin-bound aldehyde 20 with NaBH,
in DCE/EtOH (1:1) resulted in the corresponding alcohol 21 in
82% yield. Diversity was introduced into the library by solid
phase Mitsunobu reaction of alcohol 21 with 5 equiv of the ap-
propriately substituted phenols in DCE at room temperature to
provide the corresponding resin bound ethers 23a-ad. The
resin-bound THP ethers 23a-ad were released from the resin
as the corresponding allylic bromides by agitation with 2 equiv
Ph;PBr, in CH,Cl, for 4 h, and the bromides were then trapped
in situ with 6 equiv (Buy,N);HP,O; in CH;CN to give the desired
phenoxygeranyl diphosphates 6a-ad. The crude diphosphates
were converted to the NH,* form by ion-exchange chromatog-
raphy and then purified by RP-HPLC. Release of the THP-resin
linked lipids as the corresponding allylic bromides provided a
traceless linker pathway to the desired FPP analogues 6a-ad.
The phenoxygeraniols 24a-ad were made by cleavage of
ethers 23a-ad from the resin by treatment with DCE/MeOH/
PPTS at 80°C, followed by silica gel column chromatography
(Table 2).

To test the hypothesis that the size and shape of the lipid
rather than the absolute polarity are essential for efficient
transfer by FTase to peptide, three additional hydroxymethyl
PGPP derivatives 9a-c were prepared by solution methods
(Scheme 5). AGPP analogues with methoxy, trifluoromethoxy
and ethyl groups were transferred to dns-GCVLS by FTase,?
and the polar hydroxymethyl group was roughly isosteric with
these moieties (Scheme 5). Preparation of these polar PGPP an-

ChemBioChem 2008, 9, 2872 - 2882
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Ri ~ _on | 28aR'=0COMe
| a) bR'= m-CHO
= R'=p-CHO
26 eR =
R, J\/\/L/\
- e} X X
X | OTHP
X 27a-c
b)j
A | OTHP —
N C)J 28a-c
HO 4 O\)\W d
X 29a-c

RO 0\ OM\
o} x 31a<c
f).9) J
R?0. 0\ M
/X | (e} X X oPP
o} X 32a-c
h) j
HO 4 J\/\)\/\
/x | © = OPP
X 9a-c

Scheme 5. Synthesis of hydroxymethylphenoxygeranyl diphosphate:

a) DEAD, PhsP, THF; b) NaBH,, EtOH; c) PPTS, MeOH; d) a-methyl-o-nitro-
benzyl chloroformate, pyridine/CH,Cl,; e) PPTS, MeOH; f) Ph;PBr,, CH,CN;
g) (BuyN);HP,0,, CH;CN; h) NH,HCO5/H,0, hv, 0°C.

alogues required masking of the reactive hydroxymethyl group
during synthesis. The similar reactivity of the benzylic and allyl-
ic alcohol functions as well as the acid and base sensitive di-
phosphate in these amphipathic molecules narrowly constrain
suitable protecting groups that can be used. Consequently, we
employed the photolabile a-methyl-o-nitrobenzyl carbonate
group to protect the hydroxymethyl group of analogues 28a-
c during THP cleavage, subsequent diphosphorylation, ion ex-
change and purification. Alcohols 29a-c were obtained by
Mitsunobu reaction of 8-hydroxy-OTHP protected geraniol 25
with either 3- or 4-hydroxybenzaldehyde or methylsalicylate
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Table 2. Hydrophobicity and steady-state kinetic properties of isoprenoids for reaction with dns—GCVLS.

R group and Compound log perPibl appg 19 appdns—GAVLS (] Apparent
position on number [s7'x107% [um] K/ Kons—oVs1d
ring® [um™'s7'x107%]
GPP 1 3.6 0.4+0.1 2749 15407
Isox-GPP 8 0.7 441 13404 2.8+0.2
FPP 1 6.1 1442 0.8+0.1 1843

H 6a 4.1 3042 20402 1542

H 2a 3.6 12429 05+0.19 24+69
oF 6b 43 1941 1.340.1 1543
m-F 6c 48 0.4+0.04 0.1£0.015 85+1.6
p-F 6d 3.7 58+5 45405 1343

o-F 2b 4.1 15439 0.9+0.29 16419
m-F 2c 3.7 10419 0.3440.089 26+39
p-F 2d 35 9.540.49 0.2640.049 35444
2,6-di-F 6e 44 167+3 16.5+0.6 1042
3,4-di-F 6f 49 11404 0.7+0.05 1644
2,3-di-F 69 44 23405 13407 1941
3,5-di-F 6h 48 1040.2 0.5+0.02 1842
2,3,5,6-tetra-F 6i 46 31042 51.243.9 6+1
m-CN 6j 3.9 440.1 0.4240.02 1042
p-CN 6k 2.7 193+9 33423 6+2
m-CN 2h 3.1 13419 1.0+£0.19 11.540.3
p-CN 2i 29 70439 10.240.6" 6.840.1¢
p-NO, 6l 42 5542 63+04 8+1
p-NO, 2j 3.1 160+ 20 1542 10.7 +£0.2
o-Br 6m 5.1 30+3 3.1+0.34 1041
m-Br 6n 6.0 6+04 70+0.1 8+2

p-Br 60 5.6 50+1 18.7+0.8 341

o-Br 2k 5 13419 1.0+£0.29 13439
p-Br 21 46 27489 1.740.59 16429
0-CH, 2m 4.1 16.6 0.9 4.040.49 4.240.59
m-CH, 2n 3.3 6.940.5" 0.17 £0.06' 38489
p-CH, 20 34 60209 4419 16419
o-CF, 2p 4 304109 >109 0.940.1
m-CF, 6p 6.0 134+0.5 1.140.1 1242
3,5-di-Cl 6q 52 1940.7 1.340.1 1542
3,4-di-Cl 6r 5.1 24+1 2.1+0.13 1242

ol 6s 44 11+0.5 3.2+0.20 441

m-l 6t 3.7 740.2 0.4+0.02 1742

p-l 6u 3.6 27+1 23+02 1241

m-l 2r 48 24429 0.9+0.19 2639

p-l 2s 49 17 439 1.4+049 12449
0-CH,OH 9a 1.0 NR!? NR! NR!
m-CH,OH 9b 0.9 4441 4040.2 1042
p-CH,OH 9c 0.8 11546 8.0+06 1443
0-MeO 2t 4.1 8.8+£0.9 0.9+0.2¢ 9.3+0.6
m-MeO 2u 33 53459 434069 12421
p-MeO 2v 3 140+ 40 304109 542
o-Et 6V 40 1141 25+04 441

m-Et 6w 55 17407 21402 8+1

p-Et 6Xx 5.1 28+0.8 44403 6+1

o-Et 2w 48 17429 7419 2.4+0.69
m-Et 2x 46 8429 3.8+0.89 2.1+0.19
m-CF;0 6y 5.1 340.2 0.3+0.01 1142
p-CF;0 62 5.1 1640.3 1.340.1 1242
m-CF,0 2aa 49 40+ 109 234069 1941
p-CF,0 2ab 49 27 +69 3.140.99 8.740.39
m-iPr 6aa 6.7 21405 1.940.1 1141

p-iPr 6ab 6.8 4445 214429 241

o-Ph 6ac Nde'® NR NR™ NR™®

p-Bn 6ad 6.5 30406 23+0.1 1343

[a] The analogues are listed in order of increasing substituent surface area; [b] logP measurements of the corre-
sponding alcohol; [c] *Pk,,,, PPKPPi% and apparent k./KP*" were determined by using a Michaelis-Menten
analysis as described;*? [d] from Troutman et al.;®? [e] Nde: not determined; [f] NR: no reaction determined by
RP-HPLC product analysis.
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followed by NaBH, reduction.
The THP protected alcohols
28a-c were acylated with o-
methyl-o-nitrobenzyl chlorofor-
mate to give carbonates 30a-c.
The corresponding isoprenoid
alcohols 31a-c were obtained
in quantitative yield by cleavage
of THP ethers 30a-c with PPTS
in MeOH. The nitrobenzyl pro-
tected diphosphates 32a and
32c¢ were obtained by treating
the alcohols 31a-c with Ph;PBr,
to give the corresponding bro-
mide, which were then trapped
in situ by (Bu,N);HP,O, in
CH5CN. Carbonate 32c¢ was not
isolated, rather, p-hydroxymethyl
PGPP 9c was purified directly
from the diphosphorylation re-
action.

The other two hydroxymethyl
PGPP derivatives 9a and 9b
were obtained in quantitative
yield by photolysis of the RP-
HPLC purified carbonates 32a
and 32b with pyrex-filtered UV
light for 5-10 min in aqueous
ammonium bicarbonate at 0°C.
The advantage of photodepro-
tection is that the nitroso by-
products are separated from the
pure analogue diphosphates 9a
and 9b by CH,Cl, extraction;
this avoids additional chroma-
tography (Scheme 5).

Analogue hydrophobicity de-
pends on terminal aromatic
moiety substituents

The lipophilicity of the anilino-
geranyl diphosphates 2a-ae
and phenoxygeranyl diphos-
phates 6a-ad and 9a-c is corre-
lated with the apparent logP
(log P??) of the parent alcohols
(Table 2) and was determined
from RP-HPLC capacity factors.
The logP is the logarithm of the
partition coefficient between
water saturated octanol and oc-
tanol saturated water and is a
useful metric of hydrophobicity
and the ability of compounds to
associate with membranes. The
incorporation of aromatic rings
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and heteroatoms into the analogues decrease their hydropho-
bicity relative to farnesol.

FTase catalysis depends on isoprenoid size and shape, not
hydrophobicity

The kinetic parameters *PPk,,, **PKPePi% and apparent k., /KP®"%
were measured for transfer of each PGPP analogue to dns-
GCVLS by using a continuous fluorescence assay (Table 2).
Thirty one of the 33 PGPP analogues 6a-ad and 9a-c were
detectably transferred to dns-GCVLS peptide by FTase
(Table 2). The aryl substituents of 20 PGPP molecules were
identical to previously reported AGPP analogues.®? In general,
transfer kinetics and hydrophobicity of PGPP and AGPP ana-
logues with identical aryl moieties were similar. The log P**" of
PGPP analogues varied within + 1.3 units of the corresponding
AGPP (Table 2) and apparent k. /K™ were within a factor of
=+ 5.3. However, there are a number of important differences in
reactivity between the two different classes of FPP analogues.
The p-Et-PGPP 6 X, p-iPr-PGPP 6 ab, m-iPr-PGPP 6 aa, p-Bn-PGPP
6ad and o-I-PGPP 6s analogues were efficient substrates,
whereas corresponding AGPP analogues were not transferred
to the dns-GCVLS peptide.*? Larger substituents in the trans-
ferable PGPP series might be productively accommodated in
the FTase active site because the ether linkage is conforma-
tionally less restricted than the aniline linkage in the corre-
sponding AGPP analogues. We found that the meta- and para-
hydroxymethyl PGPP 9b and 9c, respectively, were efficiently
transferred by FTase while the ortho isomer 9a was not; this
further reinforces the observation that reactivity depends on
substituent position and size. Remarkably, the para-hydroxy-
methyl PGPP 9b was almost as efficient a substrate as FPP;
this indicates that FTase activity is not necessarily decreased by
hydrophilic lipid analogues.

FPP analogue transfer efficiency does not correlate with
lipid hydrophobicity

The apparent k., /KPePtde, PpPeptde qng appk  for the library of
54 transferable PGPP and AGPP analogues as well as GPP and
FPP was plotted against logP® to determine whether there is
a simple relationship between FTase catalytic activity and lipid
shape, size and hydrophobicity (Figure 2).

Thirty nine different substituted aryl groups were represent-
ed in the library; 15 of these were identical in both the anilino-
geranyl and phenoxygeranyl series, eight were unique AGPP
and 16 were unique PGPP structures. The hydrophobicity of
the compounds in the library spanned six orders of magnitude
and included molecules with both greater (p-iPr-PGPP 6ab,
log P=6.8) and substantially lower (Isox-GPP 8, logP=0.7) log
P2 than FPP (logP=6.1). Surprisingly, we found no discerna-
ble relationship between apparent k. /K°®“ and logP®® of
the transferable analogues. Similar plots of **"k_,, versus log
PP and PPKIN~GVNS yersus log P* also showed no obvious
relationship between the measured properties.

The pattern of analogue reactivity with dns-GCVLS leads to
the surprising conclusion that isoprenoid transfer efficiency
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Figure 2. Plot of apparent log P versus apparent k,/KP"% for FPP, GPP and
54 transferable AGPP and PGPP analogues with dns-GCVLS. There are 39 dif-
ferent aryl structures present in the analogue library: 16 are unique to the
PG series, 8 are unique to the AG series and 15 are represented in both; ©:
FPP, GPP, AGPP and PGPP as indicated by arrows; m: ortho-, A: meta-, ®:
para-substituted analogues; o: Isox-GPP and multisubstituted PG analogues.
The underlying data are from Table 2.

does not depend on lipid hydrophobicity. Rather, isoprenoid
size and shape appear to be the most important lipid physical
properties for FTase-catalyzed transfer to Ca,a,X peptides. This
result is even more startling in light of the extensive contacts
between the farnesyl hydrocarbon and the predominantly hy-
drophobic aromatic amino acid side chains in the enzyme
active site revealed in X-ray crystal structures of the binary FTa-
se:FPP and ternary FTase:FPP-CaaX and FTase:product com-
plexes.’®¥-* These observations are important because they
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indicate that the biological functions of the isoprenoid that
depend on hydrophobic association with membranes and/or
protein receptors are not critical for efficient transfer to Ca;a,X
peptides by FTase. Furthermore, the results of these studies in-
dicate that the role played by the farnesyl lipid in the FTase
mechanism is primarily structural. Several data provide evi-
dence to support these conclusions.

There are multiple points in the FTase mechanism where
lipid binding is structurally important (Scheme 1).? Mutagene-
sis and computational studies suggest that the primary source
of free energy for FPP binding to FTase are electrostatic inter-
actions between the negatively charged diphosphate group
and the positively charged amino acid residues at the upper
rim of the FTase active site.'**' The lipid binds to one wall of
the FTase active site in an extended conformation in the E-FPP
complex and forms a substantial part of the peptide binding
site in the E-FPP-CaaX complex.**" Lipids, such as GPP, that
are too small to adequately fill the farnesyl lipid binding site,
as well as molecules that are substantially larger than FPP, such
as GGPP, are poor substrates for FTase.'*">*® Larger molecules
physically interfere with the transfer reaction by occluding the
peptide binding site."*'® The poor transfer kinetics for GPP
(log P=3.6) relative to FPP are not due to reduced lipophilicity
of the geranyl group, as AGPP is almost identical in size to FPP,
but has the same logP as GPP and is transferred to Ca;a,X
peptides more efficiently than FPP2? Additionally, a number of
other analogues with a range of lipophilicities are transferred
more efficiently to dns—GCVLS than FPP (Table 2); this reinfor-
ces the observation that the size and shape of the isoprenoid
are critical determinants of transferability.***” In particular, the
divergent transfer efficiencies of the four most polar ana-
logues, Isox-GPP 8 and o-, m-, p-hydroxymethyl PGPP 9a-c,
illustrate this point (Table 2).

The Ca,a,X peptide adopts a single extended conformation
in the E-FPP-CaaX, E-product and E-FPP-product complexes.’*®
Notably, Ca,a,X peptides with a wide range of hydrophobicity
and amino acid residues in the a,, a, and X positions are pro-
ductively accommodated in the active site in essentially the
same conformation.”**® The third isoprene of the lipid diphos-
phate makes intimate contacts with the a, residue and back-
bone of the Ca,a,X peptide cosubstrate in the E-FPP-CaaX,
E-product and E-FPP-product complexes.” In contrast, con-
tacts between the first and second isoprenes and FTase active
site amino acid side chains are disrupted upon product forma-
tion and new interactions form between the lipid and the
Ca,a,X peptide in the E-product complex.”® It is clear that sub-
stantial changes in the structure, electronics and hydrophobici-
ty of the terminal isoprene and its interactions with the Ca;a,X
peptide do not interfere with achieving the transition state
and product formation (Tables 1 and 2).*? The dissociation
constant (KP®") for four Ca,a,X peptides with the FTase-FPP
complex are very different from each other and are not corre-
lated with k/KP*P%% ' Furthermore, changes in the structure
of the first and second isoprene can also yield transferable ana-
logues."*-*¥ However, there is no simple relationship be-
tween the structures of the lipid donor and peptide acceptor
and their reactivity.
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The thioether product is substantially more hydrophobic
than either substrate, and product release depends on binding
of either a new lipid diphosphate or Ca;a,X peptide
(Figure 1).2>%9 Product release stimulated by lipid diphosphate
binding results in formation of the E-product-FPP complex in
which two lipid moieties interact with the enzyme. The struc-
ture of this complex, which was revealed by X-ray crystallo-
graphic analysis, shows that the new FPP and alkylated pep-
tide are in the active site while the farnesyl thioether is flipped
out into an exit groove.?**>*3¥ presumably, association of the
FPP and displacement of the alkylated lipid is driven by elec-
trostatic interaction of the diphosphate moiety with the
enzyme. Displacement of the alkylated peptide product by
Ca,a,X is consistent with the free energy of E-product being
higher than E-CaaX and the observation that farnesylation of
competitive Ca,a,X peptides decreases their affinity for
FTase.” We have previously observed that AGPP can be less
efficient than FPP at stimulating product release due to the de-
creased hydrophobicity of AGPP.2**! However, AGPP is trans-
ferred more efficiently to dns-GCVLS than FPP; this indicates
that there might be greater flux through the peptide stimulat-
ed release pathway for AGPP compared with FPP at compara-
ble isoprenoid concentrations. It is possible that analogues
more hydrophilic than AGPP are even less efficient at stimulat-
ing product release from the E-product complex due to their
relatively stronger interactions with the bulk solvent water.
However, the efficiency of peptide stimulated release for some
of the hydrophilic analogues (notably p-hydroxymethyl PGPP
9c and p-CN-PGPP 6k) must increase correspondingly, as their
overall efficiency of transfer is comparable or significantly
better than for FPP (Table 2).

The FTase active site stabilizes a membrane interface-like
environment

The FTase active site is predominantly lined with tryptophan
and tyrosine residues.”® Partition of tryptophan and tyrosine
side chains into membrane interfaces is strongly favored while
their partition into the membrane alkyl phase is disfavored.”
Zwitterionic membrane interfaces are about 15 A thick and
consist of a complex and thermally disordered mixture of
water, charged lipid head-groups and methylenes from the
edges of the hydrocarbon core.”™ The highly favorable free
energy for partition of both tryptophan and tyrosine side
chains into membrane interfaces suggests that the FTase
active site lining stabilizes a membrane interface-like volume.
Similar to membrane interfaces, the FTase active site contains a
large number of water molecules as well as a variety of
charged groups. The R202f3, E198 and D200p side chains are
at the bottom, and the highly polar diphosphate-binding and
Zn?"-coordinating residues are at the upper rim of the active
site. Small N-acyl peptides (1-6 residues) composed of nonpo-
lar or aromatic residues and charged Ctermini are unstruc-
tured and partition almost exclusively into palmitoyloleoyl-
phosphatidylcholine (POPC) membrane interfaces and are vir-
tually insoluble in the membrane alkyl phase.”™ The dns-
GCVLS peptide as well as the C termini of H-, K- and N-Ras are
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unstructured in solution and bind to FTase in an extended con-
formation.®® X-ray crystallographic analysis shows that Ca,a,X
peptide substrate binding is mediated by interactions through
ordered water molecules.®”

FPP and the transferable analogues are intrinsically flexible
and adopt a number of interconverting conformations in solu-
tion.”” The conformational space accessible to the lipid chain
in these molecules is significantly reduced upon binding to
FTase."” The loss of conformational entropy is proposed to be
partially compensated for by contacts with the binding site as
well as by displacement of waters that hydrate the active site
and lipid. Structural studies reveal that the terminal FPP iso-
prene is buried in a pocket formed from W102f3, Y154f, Y205,
C25403, W3033 and the dns-GCVLS leucine Ca,a,X a, side
chain. Efficient transfer of the substantially less hydrophobic
analogues implies that the free energy for lipid diphosphate
association does not depend strongly on the lipid chain hydro-
phobicity. The FTase dissociation constant (Kp) for FPP and a
series of four transferable FPP analogues with a range of hy-
drophobicities are similar to each other and are not correlated
with ke, or K9 for transfer to dansyl-GCVLS.”® This is par-
ticularly important as farnesol preferentially partitions into
alkyl phases relative to the aqueous phase (Table 2). The free
energy change for moving amino acid side chains from water
into a membrane interface is about one half that of moving
the same residue into the membrane alkyl phase.” A mem-
brane interface-like active site would act to level both favora-
ble and unfavorable changes in free energy for transfer of the
substrates and products into and out of the FTase active site.
Therefore, one function of the active site aromatic residues is
to reduce the affinity of FTase for alkyl phases in order to facili-
tate release of the hydrophobic product once the diphosphate
has been displaced. This is consistent with the observation
that farnesol is a poor inhibitor of FTase. Interaction of the FPP
lipid chain with the active site residues is important for orient-
ing and tethering the charged diphosphate moiety in a confor-
mation that is most conducive to binding and activation as a
leaving group. Furthermore, the leveling effect allows the
PGPP and AGPP series lipid chains to function as a structural
anchor for the diphosphate leaving group despite their re-
duced hydrophobicity. Previously, Gibbs and co-workers devel-
oped a pharmacophore model for FPP analogues in which hy-
drophobic elements were placed at the lipid C3- and C11-
methyl groups to account for critical interactions observed in a
variety of analogues.®***? Qur observations that efficiency of
isoprenoid transfer does not depend on the lipid hydrophobic-
ity, but does depend on the lipid moiety that occupies an ap-
propriate volume of the active site are consistent with this
model.

Conclusions

These observations are consistent with an FTase active site
that has evolved to either provide no net stabilization or
which slightly destabilizes the association of alkyl groups (and
phases) while stabilizing the binding of Ca;a,X peptides with
open hydrogen bonds. The conclusion that interactions be-
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tween the FTase active site and alkyl phases are destabilized
provides part of the explanation for why the substantially
more hydrophobic farnesylated thioether product can be eject-
ed from the active site by an incoming Ca,;a,X peptide. Loss of
the diphosphate upon thioether formation removes much of
the free energy that drives binding of FPP to FTase; this allows
displacement of the product by either a new lipid diphosphate
or new Ca,a,X peptide. These results also show that analogues
with large changes in hydrophobicity engineered into the iso-
prenoid structure retain activity as FTase substrates; this could
be important for the development of prenylated protein func-
tion inhibitors.

Experimental Section

All reactions, except for resin preparation, were performed in PTFE
tubes by using a Quest 210 apparatus manufactured by Argonaut
Technologies/Biotage (Uppsala, Sweden). All RP-HPLC was per-
formed by using an Agilent 1100 HPLC system equipped with a mi-
croplate autosampler, diode array and fluorescence detector. N-
Dansyl-GCVLS was purchased from Peptidogenics (San Jose, CA,
USA). Spectrofluorometric analyses were performed in 96-well flat
bottom, nonbinding surface, black polystyrene plates (Corning;
Aex=340 nm; A.,,=505 nm with a 10 nm cutoff) with a SpectraMax
GEMINI XPS fluorescence well-plate reader. HPLC analysis of pep-
tide reactions were carried out by using a microsorb C18 column
with 0.01% TFA in water (A) and 0.01% TFA CH,CN (B) as the
mobile phase as described.?” Absorbance readings were deter-
mined by using a Cary UV/Vis spectrophotometer. All assays were
performed at minimum in triplicate and the average values are re-
ported with one standard of deviation error. Recombinant mam-
malian protein farnesyl transferase was a gift from Dr. Carol Fierke
(University of Michigan). Reaction temperature refers to the exter-
nal bath. All solvents and reagents were purchased from VWR
(West Chester, PA, USA; high purity) and Aldrich, respectively, and
used as received. Merrifield-Cl resin was purchased from Argonaut
technologies. Synthetic products were purified by silica gel flash
chromatography (EtOAc/hexane) unless otherwise noted. RP-HPLC
purification of lipid diphosphates were carried out by using a
Varian Dynamax, 10 um, 300 A, C-18 (10 mmx250 mm) column
and eluted with a gradient mobile phase and flow rate of
4mLmin': 90% of A and 10% of B linear increase to 100% of B
and retained in the same ratio for two more minutes and brought
back to 90% of A and 10% of B over 5 min and monitored at 254
and 210 nm; A is 25 mm aqueous ammonium acetate, B is CH,CN.
'HNMR and C NMR spectra of alcohols were obtained in CDCl,
and 'H and *'P of diphosphates in D,0 with a Varian Inova spec-
trometer that operated at 400 MHz ('H), 100.6 MHz (*C) and
161.8 MHz (*'P). Chemical shifts are reported in ppm from CDCl, in-
ternal peak at 7.27 ppm for 'H and 77.4 ppm for *C; D,0 (TSP,
0 ppm for 'H; H;PO, as an external reference, 0 ppm for *'P). ESI-
MS were performed at the University of Kentucky Mass Spectra Fa-
cility. Positive and negative ion electrospray ionization (ESI) mass
spectra were obtained by using a Thermo Finnigan LCQ with
sample introduction by direct infusion. High resolution impact (El)
ionization mass spectra were recorded at 25e€V on a JEOL JMS-
700T MSstation (magnetic sector instrument) at a resolution of
greater than 10000. Samples were introduced via a heatable direct
probe inlet. Perfluorokerosine (pfk) was used to produce reference
masses. Spectral data for all new molecules are reported in the
Supporting Information.
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Synthesis of farnesyl diphosphate (FPP, 1), geranyldiphosphate
(GPP, 11) and anilinogeranyl diphosphates (2 a-ae): FPP and GPP
were prepared as described by Davisson et al.*® Anilinogeranyl
analogues 2a-ae were prepared on solid support or in solution as
previously described by Subramanian and Chehade et al.**3¢

2-((2E,6E)-8-Chloro-3,7-dimethyl-octa-2,6-dienyloxy)-tetrahydro-
pyran (13): Chloride 12%” (2 g, 1.06 mmol), dihydropyran (1.07 g,
1.27 mmol) and PPTS (50 mg) in dry methanol (10 mL) were stirred,
overnight, at room temperature. The reaction mixture was concen-
trated, extracted into CH,Cl,, the organic phase was washed with
sat. NaHCO,, water, brine, dried (MgSO,), filtered and concentrated.
Chromatographic purification of the crude product gave chloride
13 in quantitative yield. The spectral data were consistent with
previous reports.®"

2-((2E,6E)-3,7-Dimethyl-9-phenyl-nona-2,6-dienyloxy)-tetrahy-
dro-pyran (14): Benzyl magnesium chloride (3.68 mL, 1.0M solu-
tion in Et,0, 3.68 mmol) was added dropwise to a solution of 13
(149, 3.68 mmol) in Et,0 (20 mL) at 0°C and stirred for 3 h. After
the reaction was warmed to room temperature and stirred, over-
night, it was diluted with sat. NH,Cl (5 mL) and extracted with Et,0
(2x). The organic extracts were dried (MgSO,), filtered and evapo-
rated. Chromatographic purification of the oily residue gave ether
14 (994 mg, 83 %).

(2E,6E)-3,7-Dimethyl-9-phenyl-nona-2,6-dien-1-ol  (15): Com-
pound 14 (990 mg, 0.3 mmol) and PPTS (50 mg) were stirred in dry
MeOH (5 mL), overnight. The reaction mixture was concentrated,
extracted with ethyl acetate, washed with sat. NaHCO;, brine, dried
(MgSO,), filtered and evaporated. Chromatographic purification of
the residue gave alcohol 15 (670 mg, 91 %).

(2E,6E)-3,7-Dimethyl-9-phenyl-nona-2,6-dien-1-diphosphate  (3):
Ph;PBr, (103 mg, 0.246 mmol) in CH;CN (2 mL) was added drop-
wise to a cooled (0°C) solution of alcohol 15 (30 mg, 0.123 mmol)
in CH;CN (5 mL) and stirred for 2 h. The ((nBu),N);HP,0, (480 mg,
0.492 mmol) in CH;CN (2 mL) was then added, and the solution
allowed to warm to room temperature over 30 min. The reaction
mixture was concentrated and washed with Et,0. The organic ex-
tracts were discarded and the residue suspended in ion exchange
buffer (2 mL; 25 mm NH,HCO; in 2%, v/v, iPrOH/water). The resul-
tant white solution was loaded onto a pre-equilibrated 4x30 cm
column of Dowex AG 50W-X8 (100-200 mesh) cation-exchange
resin (NH," form). The flask was washed with buffer (2x2 mL) and
loaded onto the column before being eluted with ion-exchange
buffer (100 mL). The eluent was lyophilized to yield a white solid.
This solid was dissolved in a solution of NH,HCO; buffer (25 mm;
4 mL), purified by RP-HPLC (t; ~7 min) and lyophilized to give 3
(18 mg, 32%) as a white powder.

General procedure for synthesis of alcohols 19a-c: Compound
17 (17a-c; 0.45 mmol) in THF (2 mL) was added dropwise to a
stirred suspension of NaH (182 mg, 0.45 mmol) in THF (5 mL) at
0°C and allowed to stir for 1 h. Bromide 16 (1.25 g, 0.45 mmol) in
THF (5 mL) was added and stirred at 0°C for 1 h. The reaction was
then allowed to warm to room temperature and stirred, overnight,
then diluted by slow addition of water, concentrated and extracted
with CH,Cl,. The organics were washed with water, brine, dried
(MgS0,), filtered and concentrated. The residue was dissolved in
MeOH (5 mL) and stirred at room temperature, overnight, with
K,CO; (1.9 g, 1.35 mmol). The reaction mixture was concentrated,
extracted with ethyl acetate. The organics were washed with
water, brine and concentrated in vacuo. Chromatography of the
residue gave 19a—c (0.988 g of 19a: 83%; 0.886 g of 19b: 75%;
1.16 g of 19¢: 73%).
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General procedure for synthesis of diphosphates 4, 5 and 7: Al-
cohol 19 (19a-c, 30 mg each) was stirred with Ph;PCl, (2 equiv) in
dry CH;CN (3 mL) at 0°C and allowed to warm to room tempera-
ture over 1h and stirred at the same temperature for 10 h. The
((nBu)4N);HP,O, (480 mg, 0.492 mmol) in CH;CN (2 mL) was then
added and stirred for 3 h at room temperature. The lipid diphos-
phate was isolated as described above for compound 3 (14 mg of
4:26%; 21 mg of 5: 38%; 23 mg of 7: 47 %).

Resin-bound alcohol 21: Resin 20 (11.62g, 1.87 mmolg™,
21.7 mmol) was agitated with DCE/EtOH (200 mL, 1:1) for 20 min,
followed by addition of NaBH, (1.10 g, 30 mmol) in small portions.
The resultant mixture was agitated for 3 h at room temperature
and then heated to 50°C for 12 h. The reaction mixture was
cooled to room temperature and filtered. The resin was thoroughly
washed with 1:1 THF/H,0 (3 %), 1:1 MeOH/H,O (3x), THF (3x), 1:1
MeOH/CH,Cl, (3x) and CH.Cl, and dried to give the product
(11.68 mq).

General procedure for resin cleavage: Resin 21 (500 mg,
0.935 mmol) in 10 mL of DCE/MeOH (1:1, v/v) and PPTS (50 mg,
0.199 mmol) was heated at reflux for 12 h. The cooled resin was fil-
tered, washed with CH,Cl, (3x) and the combined filtrate was con-
centrated. The residue was extracted with ethyl acetate, washed
with sat. NaHCO,;, water, dried (MgSO,), filtered and concentrated.
Chromatographic purification of the crude product gave diol 22
(128 mg, 81%). The spectral data were consistent with previous
reports.’*?

General procedure for alcohols 24a-ad (Mitsunobu reaction):
DEAD (4 equiv; 0.217 mL, 0.608 mmol, 40% solution in toluene)
was added to a suspension of resin 21 (100 mg, 1.52 mmolg™',
0.152 mmol), PhsP (159 mg, 0.608 mmol) and appropriate phenol
(4 equiv) in DCE (4 mL) and agitated, overnight. Product resin 23 a-
ad was washed with CH,Cl, (5x) and THF (5x) and dried under
vacuum. The alcohols 24a-ad were cleaved from the dried resin as
for 22 (see above).

General procedure for the synthesis of phenoxygeranyldiphos-
phates (6a-ad): Ph;PBr, (71 mg, 0.168 mmol) was added to resin
23a-ad (1.352 mmolg "), preswollen in dry CH,Cl, and agitated for
3 h under N,. The ((nBu),N);HP,O, (760 mg, 0.775 mmol) in dry
CH,CN (3 mL) was then added and agitated for 3 h at room tem-
perature. The resultant heterogeneous mixture was filtered and
the solid washed twice with dry CH;CN. The lipid diphosphate 6a-
ad was isolated from the combined filtrate as described above for
compound 3.

General procedure for THP ethers 27a-c: DEAD (1.9 mL, 40% in
toluene, 4.25 mmol) was added dropwise to a stirred solution of
25 (900 mg, 3.5 mmol), phenol 26 (518 mg for 26b and 26c,
646 mg in case of 26a, 4.25 mmol), PhsP (1.11 g, 4.25 mmol) in THF
(10 mL) at 0°C and stirred for 1 h. After allowing the reaction to
warm to room temperature and stir, overnight, it was diluted with
sat. NaHCO,, concentrated, and extracted with CH,Cl, (2x). The or-
ganic extracts were dried (MgSO,), filtered and concentrated. Chro-
matographic purification of the oily residue gave 27a-c (912 mg
of 27 a: 66 %; 1.05 g of 27 b: 83%; 702 mg of 27 c: 55%).

General procedure for hydroxymethyl-phenoxygeranyl-THP
ethers 28a-c: NaBH, (104 mg, 2.6 mmol) was added to ether 27
(1.3 mmol of 27 a-c) in EtOH (10 mL) at 0°C and stirred for 3 h. The
mixture was diluted with water and extracted with CH,Cl, (2x). The
organic extracts were dried (MgSO,), filtered and evaporated. Chro-
matographic purification of the oily residue gave 28a—c in quanti-
tative yield.
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General procedure for diols 29a-c: Ether 28 (28a-c, 100 mg,
0.27 mmol) was stirred with PPTS (20 mg) in dry CH;OH (3 mL),
overnight, at room temperature. The solvent was evaporated and
the residue extracted with ethyl acetate (2x20 mL). The organic
extracts were washed with sat. NaHCO,, brine, dried (MgSO,), fil-
tered and evaporated. Chromatographic purification of the oily res-
idue gave 29a-c in quantitative yield.

General procedure for carbonates 30a, 30b and 30c: Caution!
a-methyl-o-nitrobenzyl chloroformate®® was prepared in situ by
using the highly toxic phosgene.® The reaction and subsequent
work up must be carried out in an efficient fume hood! Ether 28
(28a-c, 150 mg, 0.41 mmoles) in 1:3 pyridine/CH,Cl, (4 mL) was
added dropwise to a solution of a-methyl-o-nitrobenzyl chlorofor-
mate (165 mg, 0.41 mmoles) in dry CH,Cl, (3 mL) at 0°C. The reac-
tion was allowed to warm to room temperature and stirred for
24 h. The solvent was removed under vacuum and the residue was
dissolved in CH,Cl, (20 mL), washed with NaHSO; (1 m; 2x), brine,
dried (MgSO,), filtered and evaporated. Chromatographic purifica-
tion of the oily residue gave 158 mg of 30a: 69%; 174 mg of 30b:
76%; 168 mg of 30c¢: 73%.

General procedure for compounds 31a-c: Compounds 31a-c
were prepared from ethers 30a-c (100 mg, 0.18 mmol) by the
same method as 29a-c above (72 mg of 31a: 85%; 69 mg of 31b:
82%; 70 mg of 31c: 83%).

General procedure for hydroxymethyl diphosphates 32a-c:
Ph,PBr, (45 mg, 0.106 mmol) in CH;CN (3 mL) was added dropwise
to a cooled (0°C) solution of alcohol 31 (31a-¢, 50 mg,
0.106 mmol) in CH,CN (2mL) and stirred for 3h. The
((nBu)4N);HP,O, (417 mg, 0.424 mmol) in CH;CN (2 mL) was then
added and the solution was allowed to warm to room temperature
over 1 h. The reaction mixture was worked up and diphosphates
32a-b were isolated as for 3 (31 mg of 32a: 31%; 28 mg of 32b:
39%; 18 mg of 9¢: 35%). Compound 32c¢ was unstable and was
obtained as 9c.

Preparation of compounds 9a and 9b: Compounds 31a or 31b
(10 mg) in a solution of NH,HCO; (25 mm; 1 mL) was irradiated
with pyrex-filtered UV light for 5 min at 0°C in a Rayonet device.
The yellow solution was extracted with CH,Cl,, the organics were
discarded and the aqueous layer was lyophilized to obtain 9a/9b
in quantitative yield.

Steady-state peptide kinetics: The kinetic constants Pk,
appKPePlide and apparent k../K2P for transfer of isoprenoids 1, 6a-
ad by FTase to peptide were determined by using a continuous
spectrofluorometric assay originally developed by Pompliano
et al.,® and modified for a 96-well plate format as described.??
Analogue transfer to peptide was analyzed by using RP-HPLC, as
described.®?

Determination of logP: The apparent logP values for the corre-
sponding alcohols 24a-ad were estimated from the capacity fac-
tors (k') by using RP-HPLC.['!

Supporting information: Spectral data for 3, 4, 5, 6a-ad, 7, 14,
15, 18a—¢, 19a-¢, 24a-ad, 27a—, 28a-c, 29a-¢c, 30a-¢, 31a—,
32a-c. 'H NMR spectra of 3, 15, 19a-d, 24a-ad, 'H NMR, *'P NMR
and LRMS spectra of 4, 5, 6a-ad, 7, 9a-c are available.
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Enzymatic Polymerization of Phosphonate Nucleosides
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5'-0-Phosphonomethyl-2'-deoxyadenosine (PMdA) proved to be a
good substrate of the Therminator polymerase. In this article, we
investigated whether the A, C, T and U analogues of this phos-
phonate nucleoside (PMdN) series can function as substrates of
natural DNA polymerases. PMdT and PMdU could only be poly-
merized enzymatically to a limited extent. Nevertheless, PMdA
and PMdC could be incorporated into a DNA duplex with com-
plete chain elongation by all the DNA polymerases tested. A

Introduction

We have recently described the efficient enzymatic synthesis
of phosphonate oligonucleotides by a mutant of the 9°N DNA
polymerase, Therminator (EC 2.7.7.7)."" A DNA duplex with a
20-mer dT overhang could be elongated to completion with
5’-O-phosphonomethyl-2’-deoxyadenosine  (PMdA) by this
enzyme. In an effort to further explore the potential of PMdN
oligomers as biologically active compounds (in infections,
cancer or immunology) and their possible use in biotechnolog-
ical applications, the substrate capacities of three other bases
(PMdC, PMdT and PMdU) of this phosphonate nucleoside
(PMdN; Scheme 1) series were analyzed with natural DNA poly-

PN
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o=R"0"1 o
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A |
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Scheme 1. Structure of a PMdN A) nucleotise triphosphate analgues and
B) oligomer.

merases as the catalyzing agents. The substrate capacity for
DNA polymerases of PMdG, which is much more difficult to
synthesize, was not investigated here. A much-studied applica-
tion of nucleoside analogues with an altered phosphate back-
bone is the phosphorothioate DNA,*® the dATP analogue of
which can be copolymerized with dTTP opposite a poly d(AT)
template by the Klenow fragment and Taq polymerase
(EC 2.7.7.7).*® Modifications at the B and y positions of deoxy-
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mixed sequence of four nucleotides containing modified C, T and
A residues could be obtained with the Vent(exo~) and Thermina-
tor polymerases. The kinetic values for the incorporation of PMdA
by Vent(exo~) polymerase were determined; a reduced Ky, value
was found for the incorporation of PMdA compared to the natu-
ral substrate. Future polymerase directed evolution studies will
allow us to select an enzyme with a heightened capacity to pro-
cess these modified DNA building blocks into modified strands.

nucleoside triphosphates led to different results®®® with re-
spect to the recognition of modified pyrophosphate groups by
polymerases.

Although the recognition of nucleosides with a phospho-
nate bond in the a position by DNA polymerases has been de-
scribed, oligomers of substantial length with a stable phospho-
nate bond have not been synthesized successfully. An enzyme-
catalyzed synthesis would create opportunities for new appli-
cations, especially for these modified oligomers which are diffi-
cult to synthesize chemically."*'®' Modified DNA analogues
could be used as therapeutic oligonucleotides® or in synthetic
biology." A new genetic system with seven instead of six in-
tramolecular bonds that connect two successive phosphorous
atoms and a nuclease-resistant phosphonate backbone could
potentially display new properties, which could lead to sub-
stantial progress in biotechnological research."”

The advantage of PMdNs for the synthesis of modified oligo-
nucleotides is that, once incorporated, these nucleotide ana-
logues are not easily removed enzymatically from the 3" end
by depolymerisation.”® In addition, the evaluation of the
impact of the phosphonate bond on the replication efficiency
of a natural enzyme could reveal essential information about
this linchpin of the cellular replication machinery.

The most frequent method of investigating the interaction
of a DNA polymerase with a modified substrate is the primer
extension reaction. The DNA elongation properties of the
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PMdNs were studied by using the method described extensive-
ly by Creighton and Goodman."*?* To compare the incorpora-
tion efficiency of both the natural dATP and its phosphonate
counterpart, the kinetic values were determined by means of
steady-state kinetic measurements with the single completed
hit model, as described by Creighton and co-workers.!'*2"

This study is aimed at finding a useful, DNA-dependent,
PMdN polymerase. If phosphonate oligonucleotides of sub-
stantial length could be obtained enzymatically, then the
directed evolution of a phosphonate-nucleic-acid-dependent
DNA polymerase would be possible.?>?* A third type of nucleic
acid could then be propagated in vivo.?”

Results
Elongation experiments

Earlier research showed that PMdA was a good substrate of
Therminator polymerase,” an enzyme specifically designed to
incorporate modified building blocks into a DNA duplex.”® In
this study PMdA and the pyrimidine derivatives (PMdC, PMdT
and PMdU) of the series are evaluated as substrates for DNA
polymerases.

We measured the incorporation of the PMdA, PMdT, PMdC
and PMdU by Therminator (a mutant of the 9°N (exo~) poly-
merase, a family B polymerase, EC 2.7.7.7), HIV RT (reverse tran-
scriptase family, EC 2.7.7.49), Vent(exo~) polymerase (a family B
polymerase, EC 2.7.7.7), Taq polymerase (a family A polymerase,
EC2.7.77) and Tth polymerase (a family A polymerase,
EC 2.7.7.7). The incorporation capacities were evaluated with
the primer-template complexes shown in Table 1. The building
blocks were incubated at the appropriate temperature at
1 mm with the primer-template complex and 0.2 UpL™' of
enzyme. Samples were taken after one or two hours and ana-
lyzed by polyacrylamide gel electrophoresis. The polymeri-
zation of PMdU resulted only with Vent(exo™) polymerase in

Table 1. Overview of the primer-template complexes used in the DNA
polymerase reactions. Bold letters indicate the template overhang in the
hybridized primer-template duplex.

Kinetic experiments
A P, 5-AGGAAACAGCTATGACTG-3'

T, 3-GTCCTTTGTCGATACTGACTGAAAAA-5'
Elongation experiments

A P, 5-GGGTACGACTCACTATAGGGAGAGG-3'
T, 3-CCCATGCTGAGTGATATCCCTCTCCTTTTTTTITIT-
TTITTITTTTT-5
T U P, 5-GGGTACGACTCACTATAGGGAGAGG-3'

T; 3-CCCATGCTGAGTGATATCCCTCTCCAAAAAAAAAAA-
AAAAAAAAA-5
C+A P, 5-GGGTACGACTCACTATAGGGAGAGG-3'
T, 3'-CCCATGCTGAGTGATATCCCTCTCCTGTGTGTGTGT-
GTGTGTGTG-5'
A+T P, 5-GGGTACGACTCACTATAGGGAGAGG-3'
Ts  3'-CCCATGCTGAGTGATATCCCTCTCCTATATATATAT-
ATATATATA-
C+M-+A+T P, 5-GGGTACGACTCACTATAGGGAGAGG-3’
Ts 3'-CCCATGCTGAGTGATATCCCTCTCCAGTTGAGTAAG-
TATGAGTGA-5’
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the elongation of the primer with two consecutive modified
nucleotides (data not shown). Primer elongation could not be
determined with the other polymerases. Results from the enzy-
matic incorporations of PMdT and PMdA are shown in Figure 1.

+20 'E” £ ==

1h 2h
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F’rimer’
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12 345678910\‘]234567891({
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Figure 1. Incorporation of PMdT and PMdA into P,T; and P,T,, respectively,
after one or two hours by Therminator (lanes 1 and 2), HIV RT (lanes 3 and
4), Vent(exo~; lanes 5 and 6), Taq (lanes 7 and 8) and Tth polymerase (lanes 9
and 10).

The difference in incorporation efficiency between the ana-
logues was very striking. PMdA facilitated the elongation of
the primer to completion. Due to residual terminal transferase
activity, some of the enzymes could elongate the primer with
even more building blocks. With PMdT, only the Vent(exo™)
and Therminator polymerases (both family B polymerases)
could extend the primer with two building blocks. Therminator
polymerase could extend the primer with three building
blocks. HIV RT could elongate the primer up to the primer +7
position. However, the low intensity of the spots on the gel
indicates that this condensation is only moderately efficient.

As a poly dG template strand forms unwanted secondary
structures it was not possible to determine the incorporation
of a series of consecutive PMdCs. Therefore, the P,T, complex
(Table 1) was used to determine whether a mixed AC sequence
could be obtained. PMdA alone did not incorporate opposite
the P,T, poly d(TG) overhang (data not shown), but complete
elongation was observed with an equimolar mixture of PMdA
and PMdC; this demonstrates comparable incorporation ca-
pacity for PMdA and PMdC opposite a d(TG) alternating tem-
plate (a neighbouring group effect is assumed to play a role in
the incorporation efficiency of modified nucleotides).

The formation of mixed sequences containing modified T
residues in the DNA duplexes P,T; and P,T, clearly showed the
different capacities of the family B polymerases compared to
those of family A and RT members to incorporate PMdNs into
a DNA duplex. Taq polymerase and HIV RT could only incorpo-
rate one building block in the case of the poly d(TA) overhang,
and zero or one molecule, respectively, in the case of the
mixed d(AGT) overhang. The Therminator polymerase showed
the incorporation of four residues in both cases (poly-d(TA)
and poly-d(AGT) overhang). Vent(exo™) polymerase incorporat-
ed two to four alternating A and T residues and showed a
weak incorporation of up to four residues opposite the
poly-d(AGT) overhang (data not shown).
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As family B polymerases had a higher capacity to incorpo-
rate the PMdNs than the polymerases of the other families, the
concentration-dependent elongation of the primer with the
modified building blocks was studied with Vent(exo™) poly-
merase. The incorporation of PMdA, PMdT and PMdC separate-
ly or in combination at a concentration of Tmm, 100 um or
10 um of PMdN is shown in Figure 2. A decrease in incorpora-
tion with decreasing concentration of the building blocks
(from 1 mm—10 um) was observed.

’ Primer

1h 2h

12 34561234586 123 456

1234 56

PMdA PMdT PMdA+PMdC PMdA+PMdT

Figure 2. Incorporation of PMdA, PMdT, PMdA +PMdC and PMdA +PMdT into P,T,, P,T;,
P,T, and P,Ts, respectively, after one or two hours by Vent(exo™) DNA polymerase. The
concentration of the building blocks was decreased from 1 mm (lanes 1 and 2) to

100 pm (lanes 3 and 4) to 10 um (lanes 5 and 6).

Kinetics experiments

The kinetic parameters for the incorporation of both the natu-
ral and the PMdNs were determined on the basis of the single
completed hit model;?" P, and T, were used as the priming
and templating DNA strand, respectively. Vent(exo™) DNA poly-
merase was used as the polymerizing agent. The kinetic values
Ky, and V., and the derived values k., and k./Ky for the incor-
poration of the nucleotides are given in Table 2.

Although the V,, values obtained with the natural and
modified substrate were similar, a large increase in the Ky
value for the incorporation of PMdA was observed. The affinity
of the enzyme for the modified substrate was greatly reduced
upon substitution of the natural P-O bond with the more

W Primer

Table 2. The kinetic parameters of the incorporation of the natural nu-
cleotide (dAMP) and the phosphonate nucleoside (PMdA) into P,T, by
Vent(exo~) DNA polymerase.
Ky [um] Vipax [NMMin~"] ke [IMin™'] Kea/ K
dAMP 1.51+0.24 16.175 40.425 26.77
[Vent(exo")pol]
=0.001 UpL™
=04nm
PMdA 43.924+0.69 17.925+1.35 17.925+1.35 0.4081
[Vent(exo™)pol]
=0.0025 UpL™
=1nm
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stable phosphonate bond or by increasing the number of
bonds between two successive phosphorous atoms from six to
seven. The k., value (catalytic efficiency) was reduced by a
factor of 2.25; this indicates that the incorporation of the
modified substrate was 2.25 times more difficult than the in-
corporation of the natural substrate. The specificity constant
k../Ky was decreased by a factor of 16.6; this indicates that
the enzyme prefers the natural substrate to its phosphonate
analogue for incorporation into a DNA strand when a mixture
of both molecules is present. These results show that
although the PMdNs were incorporated rather effi-
ciently into a growing DNA strand, the affinity of the
enzyme for these substrates was substantially re-
duced, and the enzyme preferred the natural dATP as
a substrate when given a choice.

Discussion

The general mechanism, by which DNA replication fi-
delity is established is relatively well known.”” Struc-
tural studies of DNA polymerase complexes®=3? in
combination with extensive enzyme kinetic stud-
ies” 3339 have revealed the dominant mechanistic
and structural features that contribute to accurate
DNA replication, which are largely shared by all poly-
merases. The minor groove amino-acid residues in-
volved in the binding of the nucleotide substrate and
the conformational changes of the polymerase,
which moves from an “open” to a “closed” form, pro-
vide a series of checkpoints that stall the replication
cycle upon incorporation of a mismatch, are well described.*>="
Nevertheless, the mechanistic and geometric constraints that
result in the preference of the enzyme for one misinsertion
over another are not well understood. Moreover, variable be-
haviour of polymerases in relation to a specific mismatch is ob-
served.”®* More data are needed in order to elucidate the
complete and detailed mechanism of the polymerase action.

In this article, we investigated whether PMdA, PMdC, PMdT
and PMdU can function as substrates of natural DNA poly-
merases. The various polymerases showed a marked difference
in PMdN recognition. The reasons for the divergent acceptance
of this specific modification by the polymerases remain ob-
scure. However, the observed discrepancy warrants a few com-
ments.

PMdA and PMdC could be incorporated into a DNA duplex
with complete chain elongation by all the DNA polymerases
tested. PMdT and PMdU could only be polymerized enzymati-
cally to a limited extent. These results are rather surprising and
might be explained by a weaker binding of PMdT and PMdU
to the enzyme, caused by a poorer fit of the nucleotide ana-
logues in the active site compared to that of the natural sub-
strates, dATP and dCTP. This poorer fit could result in the stall-
ing of the catalytic replication cycle at the active site or the
misalignment of the incoming nucleotide with the terminal
3" OH group of the primer strand, and thereby inhibit the for-
mation of the phosphodiester bond.?3%374-44 polypurine
single strands are known to stack better than polypyrimidine
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strands, which results in a more efficient incorporation of ad-
enine opposite thymine than thymine opposite adenine by
polymerases into a DNA duplex.”® Therefore, the influence of
stacking on the efficiency of the replication process should not
be disregarded. However, we do not know whether the differ-
ence in stacking can explain the results described above.

PMdT could be most efficiently incorporated by family B
polymerases. HIVRT could produce substantially lengthy
stretches of the T nucleotide analogue, though with low proc-
essivity. It has previously been suggested that the RT enzyme
might have a more flexible active site or a more open binding
cleft than other polymerases; this could reduce the stringency
of the substrate fit and explain this result.*”*® The low proces-
sivity observed and the poor polymerization of the mixed AT
and TCA sequences in the presence of HIVRT could be the
result of a distorted conformation of the enzyme-DNA duplex
substrate complex after the first “wrong” incorporation, which
prevents further synthesis.”*3%3”! In the mixed AT and TCA se-
quences, the superior ability of family B polymerases to incor-
porate PMdNs into a growing DNA duplex in comparison to
that of family A members could be due to the presence of
more hydrophilic residues in the active site of the family A
polymerases compared to those of the family B polymer-
ases.[49751]

Another interesting observation is the difference in substrate
recognition between the Tag and the Tth polymerase. Al-
though they are enzymes from the same family and share
about 87 % sequence identity, the Tth polymerase accepts the
PMdNs much better as a substrate. Tth has a higher capability
of mismatch extension than does Taq polymerase and incorpo-
rates ribonucleotide molecules more easily in the presence of
manganese ions.”? Further research needs to be carried out in
order to explain the discrepancy in substrate acceptance be-
tween the two polymerases.

Kinetic evaluation demonstrated that PMdA can be incorpo-
rated by the Vent(exo™) polymerase with a similar maximum
velocity as that observed with the natural substrate; however,
decreased affinity of the enzyme for the modified nucleoside
led to a lower catalytic efficiency of incorporation. The de-
creased specificity constant indicates that the enzyme prefers
the natural substrate to the PMdN with a factor of 16.6. The
large increase in Ky, for the incorporation of the unnatural sub-
strate might be explained by a lower binding affinity of the
substrate for the active site, a poorer fit in the enzyme pocket,
a decreased stacking ability with the template base or the in-
correct positioning of the incoming nucleotide. Even a slight
deviation from the required geometry for nucleotide incorpo-
ration could lead to a decreased efficiency of the DNA replica-
tion process.F%*

Conclusions

We can conclude that the polymerases we tested were not
capable of catalyzing the synthesis of more than four phos-
phonate residues of a mixed ACT sequence. In order to estab-
lish a new nucleic acid replicating system, it is necessary to
select and develop polymerases with new and better PMdN
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recognition functions. A new information system with en-
hanced stability for in vivo use could widen and improve the
possible functional applications in synthetic biology.

Experimental Section

Synthesis of 5-O-phosphonomethyl-2’-deoxyribosyl nucleoside
triethylammonium salts: The PMdNs were synthesized by follow-
ing the procedure described by Kre¢merova et al.***

Synthesis of 5-O-diphosphorylphosphonomethyl-2’-deoxyribo-
syl nucleoside triethylammonium salts: The diphosphate deriva-
tives of the PMdNs were prepared by using the CDI approach as
described in.”® Purification was carried out by using a Source 15Q
ion-exchange column (Amersham Biosciences) with a TEAB con-
centration gradually increasing from 0-0.5m over 30 min. Addition-
al purification to remove inorganic pyrophosphate residues was
carried out on a reversed-phase polystyrene-divinylbenzene
column (PLRP-S 100 A, 8 um, Achrom, Machelen-Zulte, Belgium)
with a gradient from 7 to 22% CH;CN over 30 min in the presence
of TEAA (50 mwm).

5'-0-Diphosphorylphosphonomethyl-2'-deoxyadenosine  triethylam-
monium salt: *'PNMR & (ppm; D,0): 87177 (d, a-P J,=
26.0485 Hz), —10.8510 (d, y-P, J;,=19.8766 Hz), —23.3483, (t, -P,
Jop=26.3887; Js,=20.0345 Hz). Exact mass calcd for Cy;H;,N50;,P;
[M—H]=504.0092; found 504.0093.

5"-O-Diphosphorylphosphonomethyl-2'-deoxythymidine triethylammo-
nium salt: P NMR 6 (ppm; D,0): 8.4654 (d, a-P, Joup=26.7167 Hz),
—11.0138 (d, y-P, J5,=19.8523 Hz), —23.4766 (t, B-P, J, 3 =26.5406;
Jpy=20.2593 Hz). Exact mass calcd for CyHigN,0,,P; [M—H]=
494.9976; found 494.9972.

5'-O-Diphosphorylphosphonomethyl-2'-deoxycytidine triethylammoni-
um salt: *'P NMR 6 (ppm; D,0): 8.4051 (d, a-P, J,;3=26.1578 Hz),
—10.6542 (d, y-P, J;,=19.9616 Hz), —23.4074 (t, B-P, J,5=25.9331;
Jpy=20.1985 Hz). Exact mass calcd for CioHi;N;0.5P; [M—H]=
479.9980; found 479.9976.

5'-O-Diphosphorylphosphonomethyl-2'-deoxyuridine  triethylammoni-
um salt: *'P NMR 6 (ppm; D,0): 8.3862 (d, a-P, J,3=26.4373 Hz),
—10.8598 (d, y-P, Js,=20.1074 Hz), —23.4282 (t, 3-P, J,5=26.4373;
Jpy=20.1074 Hz). Exact mass calcd for CiHisN,0,P; [M—H]=
480.9820; found 480.9811.

DNA polymerase reactions: Primers and templates were pur-
chased from Sigma-Aldrich. The sequences are given in Table 1.

3p_Labelling of the primer and hybridisation with template: Un-
labelled primer (100 pmol) was added to a reaction mixture con-
taining **P-y-ATP (2.5 uL of a 370 MBgmL™" (10 mCimL™") solution,
Perkin-Elmer), T4 polynucleotide kinase (45 U; Amersham Biosci-
ences, EC 2.7.1.78), T4 kinase buffer and water (total volume of
25 pL). After incubation of the mixture (37°C for 1 h), the kinase
was inactivated by heating the solution (95°C for 5 min). The
solution was loaded onto a prespun microspin G-25 column
(Amersham Biosciences) and centrifuged (2 min at 3000 rpm). A
5'-3p-labelled solution of primer (4 um) in water was obtained.

Annealing of the 5'-*P-y-labelled primer to the template (in a mole
ratio of 1:2.5 primer/template) was carried out by adding labelled
primer (27 pL of the 4 um solution) to a template strand (2.7 pL of
a 100 um solution) in a total volume of 72 pL and heating the mix-
ture (95°C for 10 min). The mixture was then allowed to slowly
cool to room temperature. The final concentration of the primer-
template hybrid was 1.5 um. When elongation reactions were car-
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ried out, this solution was mixed with water and a 10x concentrat-
ed solution of reaction buffer to obtain a hybrid mix with a con-
centration of 250 nm primer-template complex (5% concentrate).
The final concentration of the primer-template mix for the kinetic
experiments was 625nm (2.5 concentrate).

Elongation experiments: Therminator™ DNA polymerase
(EC 2.7.7.7), Vent(exo™) DNA polymerase (EC 2.7.7.7) and Taq DNA
polymerase (EC 2.7.7.7) were purchased from New England Bio-
Labs. HIVRT (EC 2.7.7.49) was purchased from Amersham Biosci-
ences and Tth Polymerase (EC 2.7.7.7) was purchased from Euro-
gentec.

Nucleotide building-block solution was added to a preheated re-
action mixture containing water, buffer (Thermopolbuffer 10x con-
centrate: 200 mm Tris-HCl, pH 8.8 at 25°C, 100 mm (NH,),SO,,
20 mm MgSO,, 100 mm KCl, 1% Triton X-100 for Therminator, Tth,
Vent(exo™), or Tag polymerizations and AMV RT reaction buffer 5x
concentrate: 250 mm Tris-HCI, pH 8.3, 40 mm MgCl,, 250 mm Nadl,
5 mwm DTT for reactions with HIV RT), DNA polymerase and primer-
template complex (final volume 10 pL). Nucleotide building blocks
were used in a final concentration of 1 mm, 100 pm or 10 um. Final
concentrations were 50 nm and 0.2 UpL ™" for the primer-template
complex and the DNA polymerases, respectively. The reactions
were performed at 75°C for Therminator, Tth, Taq and Vent(exo™)
DNA polymerase, and at 37 °C for HIV RT. Reactions were quenched
after one or two hours by mixing 1 puL with quenching buffer
(2 uL) containing formamide (80%), EDTA (2 mm) and TBE buffer
(1x). The samples were heated (95°C for 5 min) prior to analysis
by electrophoresis. Reactions carried out with Tth polymerase con-
tained Mn** ions (1 mm final concentration).

Kinetic experiments: To determine the kinetic parameters for the
incorporation of both the natural and modified building blocks
into a DNA duplex by DNA polymerase, the single completed hit
model was used.'®?" Pseudo-first-order conditions were created
by determining the constants for the nucleotide substrates in the
presence of excess primer-template complex. The experiments
were carried out with Vent(exo) DNA polymerase. The 5'-**P-y-la-
belled primer P,, which was annealed to the temple strand T, was
used to evaluate the natural and modified nucleotide as a sub-
strate of the polymerase. A range of building block concentrations
between 1 mm and 5 pum for the PMdN derivative, and between
50 um and 0.5 um for the natural building block were used for
extension. The final concentrations of primer-template complex
and DNA polymerase were 250 nm and 0.005 (for PMdA) or
0.001 UpL™" (for dATP), respectively. Thermopolbuffer (for the com-
position see above) was used as the reaction buffer. Reactions
were initiated by the addition of the preheated building block so-
lution to the assay mixtures preheated at 55°C. At various time in-
tervals (between 1 and 10 min) a sample (1 pL) was removed from
the reactions for analysis and mixed with quenching buffer (2 uL)
containing formamide (80%), EDTA (2 mm) and 1xTBE buffer. The
samples were heated (95°C for 5 min) prior to analysis by electro-
phoresis. Because of the use of shorter primers and templates in
this series, the reactions were carried out at 55°C to ensure
complete hybridisation of the primer and template strands during
polymerizations. The reactions were carried out at a suboptimal
temperature for the polymerase. Nevertheless, the results allowed
us to compare the kinetic parameters of the enzyme for both sub-
strates, as all experiments were carried out under the same condi-
tions.

Plots of the reaction time courses were analyzed for the various
concentrations to determine the initial reaction velocities. The plot-

ChemBioChem 2008, 9, 2883 - 2888

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

ting of these velocities against the substrate concentrations al-
lowed the fitting of a Michaelis-Menten curve. Data analysis was
carried out by regression analysis with the help of GraphPad
Prism 5 software. The kinetic values shown were determined as a
mean of three independent experiments. The k., was determined
from V., through normalization by the enzyme concentration.

Polyacrylamide gel electrophoresis: Quenched reactions were an-
alyzed and visualized by loading the reaction sample (2 pL) onto a
12% denaturing polyacrylamide gel (acrylamide/bisacrylamide
19:1, 7M urea, 0.4 mmx30cmx40cm) run in a 1xTBE buffer
(90 mm Tris-borate, 2 mm EDTA, pH 8.3) at 60 W. The products
were visualized by means of phosphorimaging. The relative intensi-
ty of the bands corresponding to the products of the enzymatic re-
actions was determined by means of the OptiQuant image analysis
software (Perkin-Elmer).
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