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The cover picture shows a 3D model, derived from molecular dynamics simulations, of
the trisaccharides that result from the mutual interaction in solution of the synthetically
prepared trisaccharide epitope of the marine sponge Microciona prolifera and gold gly-
conanoparticles, displaying the same sugar moiety, in the presence of calcium. As can
be seen, the trisaccharides are gathered together by bridged calcium atoms, thus pre-
cluding the dissociation of the complex. The different trisaccharide entities interact in a
parallel fashion and are layered in pairs. Thus, they show a segmental type of interac-
tion that could explain the actual interaction in Nature of the native g-200 acidic glycan
present in the MAFp3 glycoprotein, with the polysaccharide—polysaccharide interaction
taking place via the trisaccharide epitopes. For further details, see the article by J. Ka-
merling, J. Jiménez-Barbero et al. on p. 511 ff. The picture of Microciona prolifera was
taken from http://www.uniprot.org/taxonomy/27928
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Riboswitches as Promising Regulators

Newly discovered metabolite-sensing riboswitches have revealed
that cellular processes extensively make use of RNA structural
modulation to regulate gene expression in response to subtle
changes in metabolite concentrations. Riboswitches are involved
at various regulation levels of gene expression, such as transcrip-
tion attenuation, translation initiation, mRNA splicing and mRNA
processing. Riboswitches are found in the three kingdoms of life,
and in various cases, are involved in the regulation of essential
genes, which makes their regulation an essential part of cell sur-

1. Introduction

Only twenty-five years ago, RNA was mainly considered as a
cellular messenger that carries genetic information from the
genome to the ribosome for the production of proteins. Only
protein enzymes were then considered to be truly “molecular
effectors”, which were involved in essential biological catalytic
processes. The discovery of RNA enzymes, or ribozymes,"?
changed the way that scientists perceived the role of RNA as a
cellular component. Ribozymes, by playing both informational
and catalytic roles, inspired the RNA World hypothesis, which
was put forward to address the “chicken and egg” problem of
how a translation system could emerge without proteins al-
ready in place. Thus, if RNA or some RNA-related molecules
could encode information and perform catalytic reactions,
then protein-driven chemical reactions could have evolved
from those molecules to yield the complexity observed in
modern cellular processes. However, for such a primitive world
to be viable, the large collection of catalytic reactions would
require feedback regulatory loops as a way to regulate gene
expression. These mechanisms would need to be highly specif-
ic to prevent unwanted regulatory cofactors from perturbing/
altering metabolic regulation by acting on unrelated biochemi-
cal pathways. Because RNA has only a handful of functional
groups compared to proteins, it can be hard to imagine that
RNA can build tertiary structures complex enough to form spe-
cific ligand-binding sites. However, it was repeatedly shown by
using SELEX (Systematic Evolution of Ligands by EXponential
enrichment) that RNA can be a “good contortionist” at build-
ing complex architectures.”’ A large number of artificial RNA
aptamers have been isolated that respond to various small
molecules, such as theophylline, adenosine triphosphate,
amino acids and organic dyes (recently reviewed™). By taking
advantage of the fact that formation of the RNA-ligand com-
plex increases the stability of an RNA structure compared to
that of the RNA by itself, several gene regulation systems were
engineered in which Shine-Dalgarno (SD) and initiation codon
sequences were selectively sequestered depending on the
presence of an exogenously added ligand, which altered the
structure of the mRNA upon binding.” Such results strongly
suggested that the RNA World could have benefited from
feedback regulatory mechanisms to regulate gene expression.

Additional evidence for an RNA-based primitive world came
from recent work showing that naturally occurring RNA motifs
can act as specific regulatory switches. Strikingly, it was found
that these RNA switches were able to use feedback regulatory
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vival. Because riboswitches operate without the assistance of ac-
cessory proteins, they are believed to be remnants of an ancient
time, when gene regulation was strictly based on RNA, from
which are left numerous “living molecular fossils”, as exemplified
by ribozymes, and more spectacularly, by the ribosome. Due to
their nature, riboswitches hold high expectations for the manipu-
lation of gene expression and the detection of small metabolites,
and also offer an unprecedented potential for the discovery of
novel classes of antimicrobial agents.

loops to monitor and control their own expression, apparently
all of this in the absence of any helper protein. These RNA ele-
ments, called riboswitches, are literally “molecular switches”
that can sense the presence of small cellular metabolites and
fold into a different conformation to either promote or inhibit
expression of the protein encoded downstream. Given that a
number of excellent recent reviews have covered in great
detail riboswitch molecular structures,®?? this review will
mainly focus on riboswitch regulation mechanisms. We will
also explore the growing potential of riboswitches for use as
antibacterial cellular targets, molecular biosensors and as
ligand-inducible effectors. In a nutshell, this review will attempt
to show the current knowledge about riboswitches and the
vast possibilities that they offer as molecular tools.

2. Riboswitches as Novel Gene Control
Elements

Riboswitches are located in untranslated regions (UTRs) of
mRNA and are able to sense the concentration of a target cel-
lular metabolite, which is almost always related to the gene
product encoded by the riboswitch downstream sequence. To
be able to sense various types of cellular changes, riboswitches
use different molecular architectures that are highly adapted
to monitor biological cues. The variety of riboswitch architec-
tures spans from single temperature-responsive stem-loops to
complex structures able to specifically bind large metabolites,
such as coenzyme B;.. In all cases studied, this cis-acting mech-
anism enables a tight regulation control that allows the sens-
ing RNA molecule to be directly regulated. This is a different
strategy compared to RNAi-based trans-acting system, in
which a short interfering RNA molecule acts as a guide to
target complementary sequences within mRNAs, and leads to
the activation of the RNA-induced silencing complex (RISC),
and ultimately to mRNA silencing.” With the exception of the
glmsS ribozyme,*® all reported riboswitch representatives
control gene expression by modulating the formation of at
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least one helical domain. Surprisingly, only by performing such
a minimal structure alteration, riboswitches are able to modu-
late a large array of diverse biological processes, such as tran-
scription attenuation, translation initiation, mRNA splicing and
MRNA processing.

The term “riboswitch” was coined by Ronald Breaker in 2002
when he reported that mRNA-encoding enzymes involved in
vitamin B, and B,, biosynthesis in E. coli could bind associated
metabolites without helper proteins being involved.?>3% Simi-
lar findings were also obtained from other groups when they
observed that ligand-dependent feedback regulation mecha-
nisms could rely entirely on RNA structural changes.”'>* How-
ever, before the riboswitch concept was generally accepted,
several hints came from previous biochemical studies, which
paved the way to a significant conceptual progress, and ulti-
mately to the proposition that RNA structures can directly bind
cellular metabolites to modulate gene expression.®*>"! For in-
stance, based on mutational analyses, it was proposed that ele-
ments found in the 5" UTR of mRNA involved in the synthesis
of thiamine pyrophosphate (TPP), riboflavin and adenosylco-

Simon Blouin completed his MSc at the
Université de Sherbrooke in 2007. He re-
ceived a Graduate Scholarship from the
National Sciences and Engineering Re-
search Council of Canada (NSERC) to
pursue his research at the PhD level on
the structure—function of riboswitches in
the laboratory of Prof. Daniel Lafon-
taine. His current research interests in-
clude the structural and functional char-
acterization of the lysine riboswitch and
the influence of small RNA motifs on ri-
boswitch function.

Jérome Mulhbacher obtained a PhD in
biochemistry under the supervision of
Prof. Mircea-Alexandru Mateescu at the
Université du Québec a Montréal where
he worked on controlled-release drug
properties and mechanisms of starch
matrices for pharmaceutical applica-
tions. In 2005, he moved to the Univer-
sité de Sherbrooke where he obtained a
postdoctoral NSERC fellow in the labora-
tory of Prof. Daniel Lafontaine. His main
research interest is in the ligand recog-
nition determinants of guanine riboswitches and riboswitch thera-
peutical application.

402

www.chembiochem.org

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

D. A. Lafontaine et al.

balamin were required for gene regulation of downstream
gene products.®>**3% These studies provided a clear answer to
why several attempts to identify regulatory proteins involved
in gene regulation did not reveal expected protein cofactors.
After the riboswitch concept was put forward, a “minirevolu-
tion” took place among the RNA community, which led to the
discovery of many distinct classes of RNA switches. Natural cis-
acting riboswitches have been shown to respond to various
metabolites, such as adenine,* adenosylcobalamin (B;,),*”
flavin mononucleotide (FMN),2"*" guanine,*? 2'-deoxyguano-
sine, glucosamine-6-phosphate,”® glycine,*¥ lysine,***’ mo-
lybdenum,”?  7-aminomethyl-7-deazaguanine (preQ1),*” s-
adenosylmethionine  (SAM),B**-"  S-adenosylhomocysteine
(SAH)[SZ] and TPP.[29'3”

The sensing of target metabolites by riboswitches is per-
formed by the aptamer domain, which is responsible for the
high affinity and specificity of riboswitch-ligand complexes
(Figure 1).”) Where studied, it has been shown that the apta-
mer folds into a defined structure that produces specific con-
tacts with most of the atomic groups of the ligand, which en-
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OFF state ON state

The paradigm of riboswitch regulation is well rep-

Transcription

Adenine riboswitch

Translation

MiniROSE element

Figure 1. Riboswitch gene regulation mechanisms. The guanine riboswitch is shown as
an example of a negatively controlled riboswitch since premature transcription termina-
tion is favored in the presence of guanine. The adenine riboswitch positively controls
gene expression since the presence of adenine is associated with transcription elonga-
tion. The miniROSE element positively modulates translation initiation when temperature
is high enough. Guanine, adenine and transcription terminators are shown as G, A and T,

respectively; SD is the Shine-Dalgarno sequence.

sures a very high ligand-binding specificity. Importantly, the
formation of the ligand-aptamer complex has a direct influ-
ence on the folding of the downstream expression platform,
which is used to control gene expression. The binding site rec-
ognition properties appear to be highly adaptive as a large
spectrum of ligand-binding riboswitches has been found so
far® The expression platform also shows an important level of
plasticity since it can adopt a large array of secondary struc-
tures that can be used to regulate most of the important bio-
logical processes, and this either by up- or down-regulating
gene expression. The modularity of the aptamer and the ex-
pression platform makes riboswitches the “Swiss-army knife” of
cellular regulation, and even more remarkably, all of this with-
out the absolute requirement for protein cofactors. The genet-
ic decision relying on the folding status of the riboswitch is
dictated by the binding of the target metabolite to the apta-
mer domain. In most cases, when the concentration of the
target metabolite is high in the cell, its binding to the ribo-
switch aptamer results in the repression of its synthesis
(Figure 1). However, gene expression is stimulated by ligand
binding in cases in which it is involved either in metabolite cel-
lular transport,”” or as an energy source.””

ChemBioChem 2009, 10, 400-416
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resented by the purine riboswitch class, which con-
sists of guanine and adenine riboswitches that nega-
tively and positively regulate gene expression upon
ligand binding, respectively (Figure 1).1%*? In the
case of the guanine riboswitch, a transcription termi-
nator element is formed only in the presence of gua-
nine; this results in gene repression,“? which can
vary according to the riboswitch representative.”?
For the adenine riboswitch, presence of adenine is
associated with the disruption of the transcription
terminator; this allows gene expression to take place
(Figure 1). Crystal structures show that despite their
high structural similarities, both riboswitch aptamers
display very high specificity toward their respective
ligand;***? this is essentially achieved by the forma-
tion of a Watson-Crick base pair between the ligand
and a nucleobase located in the aptamer do-
main.****! The adenine riboswitch is also thought to
modulate at the translational level,***® which is an-
other common regulation mechanism used by bac-
terial riboswitches (see Section 4.2). Translational ri-
boswitch control has also been characterized in
detail in the case of the ROSE (repressor of heat-
shock gene expression) element, which controls
translation initiation by thermosensing; this makes
the miniROSE element one of the simplest ribo-
switch structures (Figure 1).°” This control mecha-
nism is achieved with only a simple helical domain
that sequesters the SD sequence and the AUG start
codon, both of which are exposed when the tem-
perature is increased to allow expression of heat-
shock gene products.”” A similar thermosensible
regulation mechanism is involved in infections
caused by the food-borne pathogen Listeria monocytogenes.®™
It has been shown that invasion proteins and phospholipases
involved in the infectious process are controlled by prfA, which
is not expressed below 30°C; this results in low expression of
virulence. However, when L. monocytogenes enters an animal
host, the temperature shifts to 37 °C; this results in prfA expres-
sion and production of proteins involved in the infectious pro-
cess. Interestingly, a thermosensor RNA structural element has
been shown to control prfA expression by masking the riboso-
mal-binding region at 30°C but allowing ribosome access at
37°CH¥

3. Riboswitch Structural Diversity

Riboswitches fold into diverse secondary structures that are
often organized around helical junctions with varying degrees
of complexity. For instance, in the case of purine riboswitches,
and most probably also for the recently discovered 2’-deoxy-
guanosine riboswitch (Figure 2), the aptamer folds around a
three-way junction and displays a loop-loop interaction, which
is important for folding and activity.*>*? The junction also con-
tains a helical-stacking interaction, which is frequently found in
three-way RNA junctions, between stems P1 and P3." The
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Guanine 2'-Deoxyguanosine

L

e e

Flavin mononucleotide
(FMN)

Coenzyme By,

Thiamine pyrophosphate
(TPP)

Glycine

Figure 2. Secondary structures of metabolite-binding riboswitch aptamers. The sensed metabolite is indicated for each riboswitch class. Aptamers sensing an
identical ligand are grouped in a rectangle. An additional P3 stem-loop located between P2 and P4 might be present in some adenosylhomocysteine (SAH)
natural representatives and is indicated in parentheses. A zero-length linker region is drawn for the SAH riboswitch by a dashed line and the strand polarity is
indicated by an arrow. Aptamer secondary structures should be considered only as artistic representations since known tertiary interactions are not represent-
ed and do not contain the exact number of base pairs. The gimS ribozyme is shown in Figure 3.

hammerhead ribozyme shows a highly similar global tertiary
fold as it also contains a loop-loop interaction as well as an
equivalent helical-stacking interaction. In the case of the ham-
merhead, the presence of the loop-loop interaction was only
recently appreciated when it was shown that this distal inter-
action is very important for the ribozyme function under phys-
iological conditions.”®%? The presence of the loop-loop inter-
action has been shown to be also important for purine ribo-
switches.P*%% As opposed to the hammerhead ribozyme, a
minimal adenine riboswitch aptamer lacking the loop-loop in-
teraction does not readily fold into a similar global tertiary
structure as compared to the wild type (Lemay and Lafontaine,
unpublished observations); this most probably indicates that
the aptamer core is less rigid than the hammerhead ribozyme
and cannot by itself drive the riboswitch to the active confor-
mation. A naturally occurring variant of the purine riboswitch
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has recently been reported in only one bacterial species that
exhibits selective and high-affinity binding of 2’-deoxyguano-
sine;®¥ this indicates that the ligand specificity of existing ri-
boswitches can be reprogrammed without significantly alter-
ing the global aptamer architecture.

Riboswitches have found different molecular solutions to
create ligand-binding aptamers for both preQ1 and SAM
(Figure 2). Whilst aptamers preQ1-l and preQ1-Il exhibit rela-
tively similar secondary structures, those specific to SAM dis-
play very different structures ranging from a simple stem-loop
to complex three- or four-way junctions; this suggests that
evolutionary distinct RNA aptamers can converge to the same
function (Figure 2). Crystal structures of SAM-I, SAM-II and
SAM-III aptamers show that although the ligand is bound in
distinct ways,”* high affinity and specificity is preserved in
both aptamers; this enables a strong discrimination against

ChemBioChem 2009, 10, 400-416
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most analogues of SAM, such as SAH.” For instance, to recog-
nize the positively charged sulfur group as well as the activat-
ed methyl group, the SAM-II aptamer makes use of carbonyl
oxygen groups from uracils—a very similar strategy to the one
employed by SAM-I, which employs two universally conserved
A-U pairs to provide the carbonyl oxygen atoms. Interestingly,
a particular SAH-binding aptamer, which shares structural simi-
larities with the SAM-II aptamer,®? suggests a common ligand-
binding site for both ligands as SAM and SAH only differ by
the presence of a single methyl group and a positive charge.
The existence of several different aptamers for preQ1 and SAM
is consistent with the idea that riboswitches exploit the struc-
tural versatility inherent to RNA molecules and suggests that
other RNA-binding aptamers sharing similar ligand binding
strategies are bound to be discovered.

The lysine riboswitch is centered on a unique five-way junc-
tion that is most probably important for lysine binding.®**>""
A long-range loop-loop interaction occurring between stems
P2 and P3 has been shown to be important for the aptamer
global folding, ligand binding and riboswitch transcriptional
control activity.”" This study also found that the correct folding
of a kink-turn (K-turn) element present in the P2 stem is cru-
cial for the loop-loop interaction to take place. The simultane-
ous presence of a K-turn element together with a long-range
tertiary interaction is not unique to the lysine riboswitch since
a similar architectural arrangement is also observed in the
SAM-I aptamer. From the SAM aptamer crystal structure, it is
clear that the presence of the K-turn is critical for the long-
range pseudoknot interaction to form, which in turn is vital for
the ligand-binding activity of the aptamer.” In addition, in the
23S ribosomal RNA, a three-way junction also exhibits a loop-
loop interaction in which one of the interacting arms contains
a K-turn motif.”>’¥ In the case of the ribosomal junction, the
crystal structure shows that ribosomal proteins L24 and L29 in-
teract with the contained K-turn (Kt-7); this suggests that their
presence could be important for the correct folding of the K-
turn motif and, consequently, for the loop-loop structure.

The glycine-specific riboswitch is unique among known ri-
boswitches since it is the only one that employs cooperative
binding to control gene expression.*¥ The secondary structure
of the aptamer encompasses two similar domains joined by a
linker sequence (Figure 2). Because these two domains are
interrelated, cooperative binding can be used to efficiently
respond to ligand within a small range of concentrations. A
recent study employing nucleotide analogue interference map-
ping (NAIM) has identified two sites that are involved in coop-
erative tertiary interactions.” In this study, Kwon and Strobel
have found that the minor groove of the P1 stem of the first
aptamer as well as the major groove of the P3 stem of both
aptamers are likely to be important for interdomain docking.
These findings suggest that the glycine riboswitch uses the P1
stem of the first aptamer not to modulate the expression plat-
form as done in other riboswitches, but to contribute to ter-
tiary interactions that are important for ligand-binding cooper-
ativity. This finding is a striking example that riboswitches can
exhibit complex regulation characteristics that were previously
thought to belong only to protein cofactors. As if the remark-

ChemBioChem 2009, 10, 400-416

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

able riboswitch versatility already discussed was not enough to
control gene expression, recently discovered riboswitches ex-
hibit a further degree of complexity.”**’%””! For instance, molec-
ular arrangements consisting of two independent TPP ribo-
switch units have been reported in Bacillus anthracis."” The ri-
boswitch duplication is most probably important to provide a
greater dynamic range for ligand binding and thus, a higher
sensitivity for the control of gene regulation. A further level of
complexity is shown by the SAM-B,,-dependent dimeric ribo-
switch,”®" which exhibits two aptamers that are dissimilar in
their ligand-binding specificity. Such a combination enables
gene expression to be controlled in a Boolean NOR logic gate
fashion, in which the binding of any ligand produces down-
regulation of gene expression. Similar dimeric riboswitches re-
sponding to different ligands are also very likely to exist since
a dimeric riboswitch containing a guanine aptamer as well as
an additional domain with unknown ligand specificity was
recently described.”® Riboswitch-mediated gene regulation is
not only performed by using metabolite-binding aptamer
since other cellular signals, such as temperature,”®’ magnesi-
um® and tRNA,"® have been shown to influence RNA struc-
ture and to modulate gene expression. For instance, it is inter-
esting to note that tandem arrangements are also observed on
a higher frequency for tRNA-sensing T-boxes, which are likely
to require tighter regulation control over tRNA charging.””#"

Lastly, it appears that riboswitches could show even more
diversity for ligand-binding effectors as compelling evidences
for this were recently obtained.®®¥ For instance, using a com-
putational pipeline, Weinberg et al. used bacterial comparative
genomics and identified 22 novel candidate RNA motifs, some
of which are apparently involved in transport, the citric acid
cycle, molybdenum cofactor biosynthesis and Vibrio cholerae
natural competence.®? Also, three other widespread candi-
dates, which exhibit a conserved secondary structure, are asso-
ciated with homologous genes, and thus share most character-
istics that are usually associated with typical riboswitches.
However, three other candidates show a narrower distribution
since they are only found in a single taxonomic order; this sug-
gests that many riboswitches remaining to be discovered
might exhibit narrower phylogenetic distribution than those
already known.®?

4. Biological Processes Regulated
4.1 Premature transcription termination

Bacteria primarily use two mechanisms for termination of tran-
scription. Some genes incorporate a termination signal that is
dependent upon Rho protein,® while others make use of
Rho-independent terminators (intrinsic terminators) to destabi-
lize the transcription elongation complex.®®"! These latter
RNA elements are composed of a GC-rich stem-loop followed
by a stretch of 6-9 uridyl residues. Intrinsic terminators are
widespread throughout bacterial genomes, and are typically
located at the 3’ termini of genes or operons. However, they
are also found in riboswitch expression platforms where ligand
binding can either produce the formation or disruption of the
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terminator; this results in abortive transcription or elongation,
respectively (Figure 1). The affinity of the aptamer-ligand com-
plex is presumably one of the most important factors in the
riboswitch gene regulation mechanism. Indeed, provided that
the ligand is present at sufficient concentration, it is predicted
that the aptamer-ligand complex is formed and gene regula-
tion ensued. As long as ligand binding is fast compared to the
transcription rate, riboswitches operate under a thermodynam-
ic regime with the equilibrium between the bound- and un-
bound-ligand aptamer, which dictates the outcome of the ge-
netic expression.

A further notion was discovered when it was observed that
for some riboswitches, the rate of ligand binding (k) is impor-
tant for the regulation process.®**” Indeed, compared to RNA
polymerase (RNAP) transcription rate, slow ligand-binding ki-
netics implies that formation of the aptamer-ligand complex
might not attain equilibrium before the expression platform is
transcribed. Thus, under conditions in which ligand binding is
slow compared to RNAP transcription rate, ligand binding to
the aptamer domain might not occur before the expression
platform is transcribed; this indicates that aptamer stabilization
might not be achieved by the time the genetic decision is
made, which corresponds to a kinetic regime regulation con-
trol. For riboswitches that are kinetically controlled, it is expect-
ed that the concentration of ligand required to trigger tran-
scription termination is higher than the apparent Kj value de-
termined for the riboswitch-ligand complex, which has been
observed in many cases.*****% However, it should be noted
that the apparent discrepancy between these values could
also result in part from the presence of alternative RNA struc-
tures that do not produce ligand-binding competent ribo-
switches. In addition, because the concentration of ribonucleo-
tide triphosphates (NTPs) modulate RNAP transcription rate, it
is expected that NTP concentration can affect the concentra-
tion of ligand required to mediate termination, which has
been observed for the ribD FMN®® and the gcvT glycine™ ri-
boswitches. These results are consistent with the idea that the
transcription rate can influence transcription termination by
allowing more or less time for ligand binding to occur. In addi-
tion, in the context of the pbuE adenine riboswitch, it was re-
cently shown® that the presence of the expression platform
negatively influences the ability of the aptamer to perform
ligand binding, which is consistent with kinetic control under
certain conditions.®

Under conditions in which a given riboswitch operates
under a kinetic regime, and therefore when the rate of RNAP
transcription is determining, pausing might be a significant
factor in riboswitch regulation. Because transcriptional pauses
are known to decrease transcription elongation rate by as
much as 10000-fold,®" it is very likely that they could be of
vital importance for kinetically driven riboswitches by provid-
ing additional “breathing time” for riboswitch-ligand complex
formation. For instance, in the case of the FMN riboswitch, it
has been found that two major pause sites present in the ri-
boswitch sequence are characterized by lifetimes of ~10 s and
~1 min® In agreement with the idea that pause sites provide
more time for ligand binding, the mutation of either pause site
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increased transcription termination, and an increase in the
ligand concentration was required to obtain 50% of the full
extent of transcription termination. Also, the addition to tran-
scription reactions of the RNA-binding protein, NusA, which is
known to alter transcription termination levels,®? resulted in
increased lifetimes at the pause sites whereas the increase in
NTP concentration resulted in the decrease of pause lifetimes,
as expected from their respective influences on transcription
rates. Together, these results suggest that rates of ligand bind-
ing as well as transcription are in some cases more important
than the affinity of the riboswitch-ligand complex.

4.2 Translation initiation

Whereas Gram-positive bacterial riboswitches mainly control
transcription attenuation, Gram-negative riboswitches tend to
modulate translation initiation levels."**¥ This functional differ-
ence can be explained by the relative prevalence of polycis-
tronic mRNA found in both bacterial types. For instance, given
that Gram-positive bacteria have larger gene clusters, they can
benefit from premature transcription attenuation control.'>%%
Among known riboswitch representatives, those responding to
TPP2? FMN,* coenzyme B,,*® and SAM® have been shown
to be involved in translational control. Translation initiation is
also controlled by making use of secondary-structure changes
by which access to the SD and AUG sequences is modulated
to control ribosome binding, and hence translation initiation.
The modulated structure can be considered as a sequestering
helix given that it is involved in the base pairing of the SD and
AUG sequence segments. In contrast to transcriptionally regu-
lated mRNA, translationally controlled transcripts allow the
mRNA molecule to be full length when ligand binding occurs.
Whether or not translation-controlling riboswitches operate
under various regulation modes (kinetic vs. thermodynamic) is
not readily apparent. In contrast to transcription-regulating
riboswitches, those involved at the translational level do not
appear to need to perform their regulation during the tran-
scription process. However, this will need to be further investi-
gated by using appropriate methods since those already devel-
oped for riboswitches regulating transcription might not be
readily transposable.

One of the first riboswitches identified in translational con-
trol is the TPP-responding riboswitch.” It was previously ob-
served that a conserved cis-acting element located in the
5" UTR of an mRNA associated with thiamine biosynthesis and
transport is important for TPP-dependent regulation.®> |m-
portantly, no protein regulatory factor was identified with ex-
perimental assays; this suggests that the E. coli thi box element
acts as a potential riboswitch motif. Its riboswitch-dependent
regulation was established by using the lacZ reporter gene,
which showed gene repression when bacteria were grown in
the presence of thiamine.” The repression mechanism was at-
tributed to direct binding of TPP onto the thi box element,
which caused structural alterations in the aptamer domain.
The apparent K; value obtained for the formation of the RNA-
TPP complex is ~500 nm, while other thiamine phosphorylated
forms lead to lower affinities; this shows that the TPP ribo-
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switch is highly specific for TPP. A)
This molecular specificity was

further supported by using in- -
line probing assays; these
showed that the RNA is able to
make specific contacts with two e
different regions of the ligand,
which consist of the purine and
phosphate moieties. More spe-
cifically, in-line probing also re- 5 p2 |~ v
vealed that the SD sequence
becomes more structured upon

- . . -
TPP addition; this is consistent p3 |
with the formation of a helical |
structure—involving the SD ele- v |-|Pp31

ment—that does not allow ribo- -
some binding and hence pre-
vents translation.

C)
4.3 mRNA processing

In addition to transcription and
translation mechanisms, ribo-
switches have also evolved to
control ligand-dependent mRNA
processing. The glmS gene,
which encodes the enzyme glu-
tamine-fructose-6-phosphate
synthetase, converts fructose-6-
phosphate and glutamine into
GIcN6P. Importantly, upon bind-
ing to GIcN6P, the gimS mRNA
undergoes autocatalytic cleav-
age that generates 5-OH and
2',3'-cyclic phosphate moiet-
ies;*® this suggests a catalytic
mechanism similar to that previ-
ously described for small nucle-
olytic ribozymes. The gimS sec-
ondary structure is quite differ-
ent from other ribozymes (Figure 3A) and shows a double
pseudoknot structure (P2.1 and P2.2)—a feature that is also
found in other ribozymes, such as the hepatitis delta virus and
Diels-Alderase ribozymes.”®®” It has been recently reported
that both pseudoknots are involved in the formation of the
ribozyme core as well as the ligand-binding site and that a
long-range tertiary interaction is formed between a GNRA tet-
raloop located in the P4.1 stem and the minor groove of the
P1 helix, all of which are important for the compact fold of the
ribozyme.?”?®

The ligand-binding specificity of the gimS ribozyme has re-
cently been studied in detail by using a variety of ligands.”® In
their work McCarthy et al. established that several functional
groups of the ligand are important for the cleavage reaction.
Among them, the amine group of the GIcN6P is crucial given
that although glucose-6-phosphate (GIc6P) does not support
catalytic activity, metabolites such as serinol, L-serine and etha-

o0
0_1 b’ 0_
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B)

GIcN6P

L.

Guanine 33 (N1)

Figure 3. The gImS ribozyme. A) The secondary structure arrangement of the gimS ribozyme is shown. The cleav-
age site is indicated by a large arrow and the key nucleobase, G33, is shown. Discontinuous lines represent zero-
length linker regions. B) The cleavage site of the gimS ribozyme. The 2'OH (2'-O), the phosphate (P) and the 5OH
(5’-0) leaving group are positioned for an in-line attack. The N1 functional group of G33 is shown very close to
the 2'OH as an activator of the catalytic reaction. The bound GIcN6P is shown to make interactions with the 5'OH
and the pro-Sp (O2P) oxygen groups. The C1—OH group of GIcN6P is also shown to interact with the phosphate
center to stabilize the charge developing on the scissile phosphate. C) The cleavage mechanism of the gimS ribo-
zyme. G33 acts as a general base by deprotonating the 2'OH nucleophile and GIcN6P plays the role of a general
acid by protonating the 5'OH leaving group. The cleavage reaction yields 2',3'-cyclic phosphate and 5'OH termini,
which is typical of other small nucleolytic ribozymes.

nolamine yield to catalysis. However, the presence of the phos-
phate group is not as important since efficient catalytic activity
is observed in the presence of p-glucosamine. By examining all
potent metabolites, common features were found, which con-
sist of an ethanolamine moiety as well as a vicinal hydroxyl
group,® and because GIc6P inhibits gimS activity this suggests
that the presence of the amine is dispensable for ribozyme
binding. The essential role of GIctN6P was recently highlighted
in an in vitro selection study,®” in which it was not possible to
alter the range of compounds supporting catalytic activity; this
is consistent with the hypothesis that GICN6P is used as a
coenzyme for gims self-cleavage.""”

By using a trans-acting form of the ribozyme, the role of
GIcN6P on the gImS structure was investigated with the aid of
fluorescence resonance energy transfer (FRET) analysis."®" In-
terestingly, the authors found that the complex formed be-
tween the ribozyme and the substrate does not undergo a
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global conformational change following GIcN6P binding,
which was confirmed by using terbium and enzymatic probing.
Another study that used hydroxyl radical protection and UV
cross-linking assays showed that the riboswitch binds the
ligand with a prefolded active-site pocket."® Together with
previous studies, this suggests that GIcN6P assists gImS cataly-
sis by directly participating at the chemical step. The role of
metal ions in the gimS catalytic activity was also recently stud-
ied."™ It was shown that significant levels of activity are sup-
ported in the presence either of the exchange-inert cobalt(lll)
complex or monovalent ion molar concentrations. These re-
sults suggest that metal ions are not directly involved in gimS
catalysis but instead are used for the correct folding of the
RNA structure. Supporting results were obtained from NAIM
experiments, which indicated that phosphate oxygens, 2'-hy-
droxyl and particular nucleobase functional groups are essen-
tial for ribozyme catalysis."® In this study, it was observed that
metal-ion contacts are found in the catalytic core when Co" is
used; this suggests that these metal ion-RNA interactions are
not directly involved in the g/ImS catalytic reaction.

Recent crystal structures have shed light on the gimS ribo-
switch catalytic activity and the role of GIcN6P in the cleavage
mechanism.??® Crystal structures obtained for a ribozyme
lacking a 2’-hydroxyl at the cleavage site in the presence or ab-
sence of the competitive inhibitor GIc6P, and for the cleaved
form, revealed that the ribozyme is a very rigid RNA molecule
that exhibits a preformed ligand-binding site.”™ A crystal struc-
ture solved for a trans-acting form of the ribozyme with a 2'0-
methyl substitution at the cleavage site, in the presence of
GIcN6P, confirmed previous findings as well as offered new in-
sights into the catalytic mechanism.?” For instance, as suggest-
ed by other structures,”” this study showed that GIcN6P direct-
ly participates in the reaction as a catalytic cofactor by using
the ethanolamine moiety on the glucosamine sugar moiety.
This work proposes that while the C1—OH group stabilizes de-
veloping charge on the scissile phosphate, the C2—NH, group
acts as a general acid to activate the 5-O-leaving group (Fig-
ure 3B). Moreover, because there is no functional group (and
no metal ion) other than the strongly conserved G33, which is
sufficiently close to the nucleophile to activate the 2’-hydroxyl
at the cleavage site, it was suggested that G33 could be in-
volved as a general base (Figures 3B and 3C).*”"® The gImS ri-
bozyme is thus not like a conventional riboswitch that experi-
ences structural reorganization upon ligand binding, but rather
uses ligand as cofactor to achieve catalytic activity, much like
protein enzymes.

So, what is the outcome of gimS processed mRNAs? Because
of the ribozyme self-cleavage reaction, the gimS downstream
transcript exhibits an unusual 5-hydroxyl terminus, which spe-
cifically targets the molecule for intracellular degradation."®
The degradation pathway makes use of the widespread
RNase J1, which has been proposed to be the functional ho-
mologue of RNase E found in E. coli. However, although
RNase E poorly degrades mRNA transcripts exhibiting a 5'-hy-
droxyl group, RNase J1 specifically processes mRNA carrying
5'0H molecules. Importantly, the presence of the 5'OH-specific
RNase J1 in B. subtilis strongly suggests that additional gene
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regulation mechanisms might use similar degradation strat-
egies.

4.4 mRNA splicing and stability

Thiamin pyrophosphate (TPP) is a coenzyme derived from thi-
amin, which is synthesized by most bacteria, fungus and
plants." [t is an important cofactor in amino acid and carbo-
hydrate metabolic routes.®” The TPP riboswitch is the most
widespread riboswitch known to date and it is so far the only
riboswitch found in archaea and eukaryotes."”” The TPP ribo-
switch is involved in different types of gene regulation mecha-
nisms ranging from transcription and translation control in
bacteria®*? to splicing modulation in fungi.'®%'% Notably, it
is also involved in the 3’-end processing of some plant
mRNA,M%" where its presence in ancient plant taxa has been
speculated to indicate that this riboswitch mechanism exists
since the emergence of vascular plants, some 400 million years
ago."?

The complexity and versatility that riboswitches are able to
achieve is well illustrated by the TPP-riboswitch-mediated alter-
native splicing of mRNA in Neurospora crassa.'® It has been
observed that the TPP riboswitch is flanked on one side by
two 5’ splice sites and on the other side by a single 3’ splice
site. When TPP concentration is low, the TPP aptamer masks
the proximal 5" splice site; this results in the use of the distal
5" splice site, which ultimately leads to the production of NMT1
mRNA. However, when TPP binds the aptamer, an mRNA con-
formational change takes place that sequesters both the distal
5" splice site and the splicing branch site. The net effect of the
conformational change is a reduction in splicing efficiency of
the former mRNA species as well as an increase in an alterna-
tively spliced mRNA that results from the use of the proximal
5 splice site. Importantly, this TPP-dependent mRNA contains
p-open reading frames (WORFs), which compete with the trans-
lation of the main ORF and thus repress NMT1 expression. In-
terestingly, Breaker and co-workers have also identified a TPP
riboswitch in an intron of another mRNA that interrupts the
main ORF."® They have observed that stop codons present in
the intron prevent mRNA translation. However, in the presence
of thiamine, the splicing of the intron is favored; this suggests
that the TPP riboswitch is also acting as a positively regulating
riboswitch.

TPP-dependent alternative splicing is also present in plants,
where it has been observed to differentially process the mRNA
3" end."®™ This post-transcriptional regulation mechanism
relies on the conditional presence of a poly A signal retained
in the absence of TPP and associated with the production of a
stable mRNA encoding the thiamin biosynthetic gene THIC.
However, when TPP is abundant in the cell, a splicing reaction
removes the poly A signal and produces a longer transcript
carrying various polyadenylation signals. This latter mRNA is
highly unstable and is associated with a reduction of THIC
expression. Together, these findings suggest that riboswitches
are clearly important players in eukaryotic gene expression
mechanisms.
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4.5 Increasing complexity of riboswitch genetic regulation

Most riboswitches have been found to control gene products
that are involved either in the biosynthesis or transport of the
associated metabolite. However, some riboswitches have also
been predicted to regulate genes that are not related to their
regulating metabolite."'? For instance, in some Alphaproteo-
bacteria, Actinobacteria, Bacillus species, B. fragilis and Thermo-
synechococcus elongatus, the isozymes methionine synthase
MetE and ribonucleotide reductases NrdDG and NrdAB have
B,,-specific riboswitches located in their upstream regions
(Figure 4). While these gene products operate in a B,,-inde-

Methionine biosynthesis related genes

metE i

metH

Ribonucleotide reduction related genes

nrdDG-nrdAB i

5’ e

nrdJ

Figure 4. Riboswitches act as gene regulation elements and favor particular
biochemical pathways. The MetE and NrdDG-NrdAB enzymes are regulated

by B,,-specific riboswitches, which are expected to inhibit the expression of
enzymes at an elevated intracellular B, concentration. However, the expres-
sion of MetH and NrdJ B,,-dependent enzymes should not be affected.

pendent fashion, a group of isozymes (MetH and NrdJ) mostly
found in the same organisms are not regulated by a ribos-
witch-based mechanism but employ vitamin B,, as coenzyme.
It was thus proposed that when vitamin B, is present at a suf-
ficient cellular concentration, the expression of B,,-independ-
ent isozymes MetE and NrdDG-NrdAB is repressed by a ribo-
switch regulation mechanism, and only the more efficient B;,-
dependent isozymes are used to perform the biological reac-
tions.""? In addition, a slightly different situation has recently
been described in B. clausii in which the expression of MetE
and MetH are also controlled in a riboswitch-dependent
manner.”® However, in this case, it has been observed that the
metH mRNA contains a SAM-specific riboswitch while the metE
mMRNA exhibits an unusual riboswitch tandem configuration
containing two complete riboswitch units that respond to
SAM and B,,. Because both enzymes are involved in the bio-
synthesis of SAM, it appears logical that both mRNA can be
regulated by SAM cellular concentration. The rationale for the
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presence of a B,, riboswitch element in metE stems from the
lower efficiency of the MetE enzyme to catalyze the formation
of homocysteine compared to MetH, which uses a derivative
of adenosylcobalamin, methylcobalamin, as a cofactor. Thus,
when adenosylcobalamin is available in cells, expression of
MetE is down-regulated to favor the use of the more efficient
MetH enzyme in SAM production.”®

Furthermore, the B,,-dependent riboswitch-driven regulation
is not restrained to SAM and B,, biochemical pathways. A
recent comparative genomic study in Treponema denticola has
predicted two alternative pathways of glutamate utilization
and identified B,,-specific riboswitches upstream of genes in-
volved in glutamate metabolism.!"'? It was reported that a B,,-
independent catabolic glutamate dehydrogenase, rocG, is con-
trolled by a B,, riboswitch. Interestingly, it was observed that
an orthologue of MutSL, which catalyzes the first step of the
B,,-dependent pathway of glutamate catabolism, is also pres-
ent in the same bacterium. These observations suggest that an
excess of vitamin B;, would repress the expression of rocG
while still allowing MutSL to catabolize glutamate. These find-
ings suggest that B,,-independent isozymes are regulated by
B,,-specific riboswitches in organisms containing both B,,-de-
pendent and B,,-independent isozymes. Although these obser-
vations need to be experimentally verified, they nevertheless
suggest that riboswitch elements can be used to add a further
level of regulation complexity by favoring more efficient bio-
chemical pathways under certain cellular conditions.

5. Naturally and Artificially Occurring
Aptamers

Thanks to their nucleic acid architecture, riboswitches exhibit a
surprisingly high capacity and plasticity to create binding sites
for targeted cellular ligands. Riboswitch plasticity, which is cen-
tral to the ligand-binding specificity, is best shown in the case
of the SAM riboswitches for which four different aptamers are
known.B**®1 However, the plasticity of the ligand-binding site
can also be evaluated for other riboswitch classes given that
related artificial aptamers have been selected by SELEX."™ In
general, natural riboswitches tend to be larger than their in
vitro evolved counterparts."*"" We refer the reader to a
recent review covering artificial aptamers that bind AMP, GTP,
vitamin B, and FMN,"™ and describes their structural basis for
ligand binding, which are not covered here. Instead, we will
focus on the XBA RNA aptamer selected by using affinity chro-
matography on a xanthine agarose column in which xanthine
was linked to the agarose through its C8 position."" The apta-
mer secondary structure is composed of a single stem-loop
structure containing an asymmetric internal loop (Figure 5A).
By comparing the different sequences obtained, Yokoyama
and co-workers observed that most of the internal loop is
highly conserved; this suggests that it is involved in the recog-
nition of the ligand."™® From a survey of various metabolites,
the authors found that xanthine, guanine and hypoxanthine
bind with similar affinities (K, ~um) but that adenine is strong-
ly discriminated (Figure 5B). Interestingly, such a molecular dis-
crimination is highly reminiscent of the guanine riboswitch
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Guanine riboswitch aptamer

Figure 5. The XBA RNA and the guanine riboswitch aptamers. A) The secon-
dary structure of the XBA RNA is shown and the numbering is according to
Kiga et al.""®¥ B) Dissociation constants are indicated for guanine, hypoxan-
thine, xanthine and adenine for both the XBA RNA™? and the guanine ri-
boswitch aptamer.*¥ The chemical structures of the ligands are also shown.
C) The ligand binding site of the xpt guanine riboswitch aptamer (PDB ID:
1Y27). The guanine aptamer and the ligand binding site (inset) are shown.
Nucleotides making direct H-bond interactions with the bound guanine are
indicated.

aptamer.*? While the asymmetric internal loop of the XBA
aptamer is likely to be involved in ligand binding,"™ the xpt ri-
boswitch achieves binding by using a series of stacking and
hydrogen-bonding interactions with guanine. Moreover, the
ligand specificity is achieved by the formation of a Watson-
Crick base pair between the guanine ligand and a conserved
cytosine (C74) located in the aptamer core (Figure 5C). Exten-
sive riboswitch-ligand interactions ensure that high affinity is
achieved for the formation of the complex; this leads to disso-
ciation constants in the low nanomolar range.”? However, typi-
cal in vitro selection methods that make use of a ligand bound
to a solid support represent a potential problem for the detec-
tion of high affinity aptamers since they do not allow the RNA
to interact with all ligand functional groups, which is not the
case for natural riboswitch aptamers.

Nevertheless, other ways that circumvent the use of a solid
support for aptamer selection have been put forward. For in-
stance, Nomura and Yokobayashi have developed a selection
scheme that allows the re-engineering of the TPP riboswitch
through an in vivo SELEX procedure."® In this work, the au-
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thors randomized a part of the expression platform of a nega-
tively regulating riboswitch and selected for a riboswitch that
allows gene expression in the presence of TPP. A very similar
approach was previously employed by Lynch et al. to select for
synthetic riboswitches that activate protein translation in the
presence of theophylline.""”’ Such approaches are very power-
ful in harnessing the huge possibilities offered by riboswitches
as gene-regulation elements and could represent an improved
way to develop artificial aptamers that mimic nature’s work
more efficiently.

The size of natural and artificial aptamers, which seems to
be the most obvious difference, can also be explained by their
respective aim. For instance, artificial aptamers are isolated
solely by their ability to bind a particular ligand. However, ri-
boswitches have a more complex role to play by achieving
gene regulation upon ligand binding. Riboswitch regulation is
possible through the global RNA reorganization and P1 stem
stabilization induced by ligand binding, which require essential
RNA-ligand interactions. This could explain the high variability
in size and structure of natural riboswitches, which evolved to
encompass their respective ligand. The extended conformation
of the TPP riboswitch represents well this ligand-riboswitch
coevolution: the RNA conformation allows two binding pock-
ets to be formed, which interact with the 4-amino-5-hydroxy-
methyl-2-methylpyrimidine and the pyrophosphate moieties of
the ligand.""® However, recently discovered preQ1“”? and
metal sensing"™” riboswitches seem to head off this generally
observed correlation that exists between the size of ribo-
switches and their cognate ligand. Whilst the modified purine
preQ1 binds to a single stem-loop riboswitch with great affini-
ty, the M-box is composed of a more complex structure that
binds a ligand as small as six magnesium ions; this suggests
that many unexpected metabolite-binding RNA structures wait
to be discovered and they most probably display higher affini-
ty than known in vitro evolved aptamers.

6. Riboswitch Differential in vivo Gene
Regulation

Each riboswitch class shows a high level of sequence and sec-
ondary structure conservation among its representatives. How-
ever, some differences are apparent in the aptamer regions,
which could be linked to a different ligand-dependent gene
regulation response as observed in two recent studies per-
formed in B. subtilis.”*'* In one of the studies aimed at analyz-
ing differences in gene regulation for SAM riboswitches, it was
shown that expression levels can vary for each riboswitch rep-
resentative as a function of concentration and time."” When
B. subtilis cells were put under starvation conditions, by using
quantitative RT-PCR it was observed that mRNA levels of most
riboswitches showed an increase after 30 min starvation
period. However, in the case of metK, it was observed that
gene expression initially increased during the first 30 min and
then returned to prestarvation levels after 60 min. In addition,
when gene expression was monitored by using lacZ transcrip-
tional fusions, it was found that all but two genes are positive-
ly regulated in starvation conditions. The two candidates that
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did not experience riboswitch regulation, metK and cysH,
showed no induction but one of them exhibited an increase in
gene expression during the first part of the methionine starva-
tion, followed by a return to its basal expression. This observa-
tion could also suggest that this particular gene might be con-
trolled at the transcriptional level by other mechanisms. From
this in vivo study, the authors conclude that ten of the eleven
SAM riboswitch variants found in B. subtilis, although function-
al, exhibit a high variability in gene expression levels, which is
probably related to the gene function itself.

An additional study was recently performed on guanine ri-
boswitches for which 89 aptamer representatives were ana-
lyzed by using sequence alignment and a representative
subset was also studied biochemically.*® By using in-line prob-
ing and 2-aminopurine fluorescence assays, it was shown that
guanine aptamers exhibit a large binding affinity spectrum for
which variations in affinity could be as much as 800-fold; this
suggests that although a high homology in secondary struc-
ture is present, subtle sequence differences in the aptamer
core domain have important consequences for the aptamer
ligand binding activity. More precisely, when examining bind-
ing affinities for xpt, purE and yxjA aptamers present in B. sub-
tilis, it was observed that whilst xpt and purE exhibit similar
binding affinities, yxjA shows a 13-fold higher binding affinity.
As a way to directly monitor the B. subtilis riboswitch gene reg-
ulation control in a biological context, a reverse transcript
quantitative PCR (RT-qPCR) strategy was employed in which
the ratio of the full-length mRNA versus the prematurely trun-
cated transcript was determined. The rationale behind these
experiments is that the riboswitch mRNA should be prema-
turely truncated when cells are grown in the presence of a suf-
ficiently high guanine concentration, and inversely, the pres-
ence of the full-length species should be favored when cells
are grown under conditions in which guanine is at low con-
centration. When growing cells are exposed to different con-
centrations of guanine, xpt, purE and yxjA representatives show
a unique gene expression profile. For instance, while the xpt ri-
boswitch does not inhibit gene expression in the presence of
0.25 mgmL™" guanine, the purE representative shows a signifi-
cant premature transcription termination (~20%), which is fur-
ther enhanced (~809%) when the cells are incubated under sat-
urating guanine conditions. Higher transcription termination
efficiencies were obtained with the yxjA variant, which yielded
~55 and ~98% efficiencies at 0.25 mgmL™' and saturating
conditions, respectively. This suggests that guanine riboswitch-
es show differential regulation in their gene control activity.

Since all three guanine riboswitch representatives are pres-
ent in the same cellular environment, it might be informative
to compare their thermodynamic properties and to correlate
them with their gene-regulation activity. When estimating the
relative free energies for both terminator and antiterminator
structures,® the tendency to adopt the terminator structure
(AG™™/AG™) can be established for each riboswitch (Figure 6).
In principle, this value is an indication of the propensity of pre-
mature transcription termination under conditions in which
the aptamer domain is fully bound, that is, when the intracellu-
lar concentration of guanine is high. It was observed that this
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2-aminopurine AG®™

Variants affinity AGanti
xpt 7.8 UM 14
Increasing
purE 8.2 um 2.4 regulation
efficiency
VXA 0.59 um 3.1

Terminator

Figure 6. Gene regulation activity of selected B. subtilis guanine riboswitches.
The ligand-binding affinity of the aptamer domain as well as the propensity
to terminate transcription, are shown for xpt, purE and yxjA representatives.
The increasing gene regulation control, as determined from the increase of
both the ligand-binding affinity and the propensity for premature transcrip-
tion termination, is shown by an arrow. A secondary structure representation
of a guanine riboswitch is shown and both the terminator and the antiter-
minator structures are indicated. The relative free energies were calculated
with the program mfold."**

propensity increases in the order xpt<purE <yxjA; this sug-
gests that yxjA is the riboswitch representative that should be
associated with the most efficient termination efficiency at sat-
urating guanine concentrations. RT-qPCR data are in excellent
agreement with this observation, which is consistent with the
idea that the gene regulation process is mainly controlled by
the RNA-ligand binding affinity. In addition, it appears that the
affinity is directly proportional to the transcription termination
propensity (Figure 6). Whether or not the ligand-binding affini-
ty is an indicator of the gene regulation efficiency remains to
be determined in other systems.

Lastly, of all guanine riboswitches found in B. subtilis, the
yXjA representative is the only one that is not under the con-
trol of the PurR repressor, which is involved in transcription ini-
tiation regulation of several genes involved in purine synthesis,
metabolism, transport and cofactor synthesis."”"'*? The affinity
of PurR for its DNA control region is influenced by 5-phosphor-
ibosyl-1-pyrophosphate (PRPP), which inhibits PurR-DNA bind-
ing in vitro and could thus be a transcription inducer in
vivo.'? Because yxjA gene regulation control does not rely on
PurR transcription initiation control, it is tempting to speculate
that a tighter riboswitch regulation control must be in place to
ensure proper expression.

411

www.chembiochem.org



www.chembiochem.org



BIO

7. Riboswitch-Based Applications

7.1 Riboswitches as biosensor molecular tools

In principle, because the riboswitch binding site and expres-
sion platform domains are modular, one could envisage genet-
ically altering one domain without affecting the function of
the other. Doing so could enable the alteration of the ligand-
binding specificity of the riboswitch while keeping the gene
regulation control unaltered. Thus, by combining the possibili-
ty to develop novel aptamers by SELEX and the ability of ribo-
switches to control gene expression in a ligand-dependent
manner, the generation of novel biosensors becomes readily
attainable. By exploiting biological reporters, such as the green
fluorescent protein, -galactosidase or luciferase, synthetic ri-
boswitches can be used to monitor the presence of virtually
any metabolites in solution and thus provide molecular tools
that can be tailored for very specific needs. One of the first ex-
amples for such a control in vivo was provided in an eukaryotic
system where a small molecule aptamer was developed
against the cell-permeable dye, Hoechst 33258."2* By inserting
the aptamer between the 5-m’G cap and the start codon, it
was shown that the formation of a stable complex between
the RNA and the dye precludes the ribosome-scanning process
required for protein translation. Since then, various studies
have explored the potential of synthetic riboswitches in bacte-
ria as well as in eukaryotes.['7/125-13¢!

A high-throughput compatible assay was recently devel-
oped with the gimS ribozyme,®® which is specifically acti-
vated in the presence of glucosamine-6-phosphate (GICN6P). In
this study, Mayer and Famulok performed a model screening
study using commercially available compounds to detect me-
tabolites able to support the ribozyme self-cleavage activity,
which would reveal to be a powerful approach against micro-
bial agents carrying the gImS ribozyme element. For this pur-
pose, the authors used a 5'-fluorescein labeled ribozyme and
measured the fluorescence polarization (FP) under various ex-
perimental conditions. The principle of fluorescence polariza-
tion relies on the fact that low molecular weight molecules
rotate and tumble at a faster rate than high molecular weight
molecules.™ It is expected that if the fluorescent ribozyme is
cleaved in the presence of a competent metabolite, the tetra-
mer reaction product carrying the fluorescence reporter will
exhibit a significant reduction in the observed FP. However, no
change in polarization should be detected in the presence of a
metabolite unable to support catalytic activity. Of all the 88
tested compounds, none was found to support catalytic cleav-
age; this indicates that none could replace GIcN6P as a gImS ri-
bozyme cofactor. Nevertheless, this study clearly demonstrates
that high-throughput screening assays can be successfully
adapted to identify novel antimicrobial drugs that target ribo-
switches, as well as any novel metabolites used for controlling
gene expression.

Gallivan and co-workers have also employed an automated
screening method to identify riboswitches exhibiting better
performances in the signal to noise ratio.""” They used a previ-
ously described theophylline aptamer,"*® which was fused to a
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[-galactosidase reporter gene in order to control the access of
the ribosomal binding site. In this study, theophylline ribo-
switch mutants were developed by high-throughput screening
in 96-well microplates by using randomized variants of theo-
phylline riboswitches coupled to lacZ reporter in an E. coli ex-
pression system. This mutational study focused on the seg-
ment located between the aptamer and the ribosome binding
site (RBS), and one mutant was found to increase the signal to
background ratio from eight- to 36-fold. One of the best
clones obtained, clone 8.1, displayed a predicted secondary
structure for the sequestered RBS that was more stable than
the clones in which the RBS was unpaired (AAG=
5.5 kcalmol™); this is consistent with the reduced background
riboswitch activity that the authors obtained in their study.
Moreover, when determining the free energy of theophylline
binding, it was found that the free energy was lowered by
9.2 kcalmol™, which supports the high activation ratio that the
riboswitch displays upon ligand binding. This study shows that
in vitro selected aptamers can be readily converted into effi-
cient riboswitches that perform gene regulation in a cellular
environment.

7.2 Riboswitches as antibacterial targets

Bacterial resistance to antibiotics has been a growing problem
during the last ten years, particularly in hospitals where the
excessive and prolonged use of antibiotics has allowed some
bacteria to acquire multiple drug resistance (MDR). A second
cause that can explain the dramatic increase of bacterial resist-
ance is that during the last 30 years, only one new antibiotic
chemical scaffold was produced;® this has given pathogenic
microorganisms an opportunity to circumvent the action
mechanism of antibiotics. As the pharmaceutical industry
chose to develop new antibiotics mostly by modifying existing
ones, bacteria became more resistant to new compounds
given their similarity to already existing ones. The limited
number of cellular processes targeted further promotes this
increase in bacterial survival.® ">

Riboswitches offer a tantalizing solution to the alarming and
fast growing MDR problem. Given the high specificity of ribo-
switches towards ligands that do not change significantly
during evolution, the aptamer domain to which they bind is
highly conserved. Therefore, it should be possible to design
ligand analogues that bacteria cannot metabolize, and thus
shut down the expression of a particular riboswitch’s regulated
gene. However, mutations could be acquired that might dis-
rupt the riboswitch gene expression control and therefore pro-
mote bacterial resistance. Precedents for this have been ob-
served in the past for the adenine riboswitch."?? B. subtilis
mutant strains found to be resistant to the mutagen 2-fluoroa-
denine exhibited mutations that caused over-expression of the
pbuE gene product. The over-expressing mutations were locat-
ed in the pbuE adenine riboswitch where portions of the termi-
nator stem were deleted, which prevented the OFF state of
the riboswitch to be adopted and favored the constitutive ex-
pression of pbuE.
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The compound S-(2-aminoethyl)-L-cysteine (AEC) has for a
long time been known as an antimicrobial agent.™” It was
also established that AEC is incorporated into proteins, which
could have toxic effects on the cell.""'*? Various E. coli and
B. subtilis mutant strains"*'*! resistant to AEC were found to
cause derepression of lysC expression. The mutations were lo-
cated in the lysine aptamer domain;*" this suggests that the
toxic effects might be due to the repression of aspartokinase
expression following binding of AEC to lysine riboswitch. A
lacZ reporter gene construct was used to monitor the lysine ri-
boswitch control on expression when B. subtilis is grown in the
absence or presence of lysine. Whilst -galactosidase expres-
sion was inhibited in the presence of lysine in wild-type bacte-
ria, no such inhibition was observed when experiments were
carried out with AEC resistant mutants.

In an attempt to target the lysine riboswitch for antibacterial
therapy, a recent study has explored the possibility to design
new compounds that bind the riboswitch and suppress lysine
biosynthesis and transport genes."* Four compounds were
found to exhibit high binding affinity: L-3-[(2-aminoethyl)-sul-
fonyll-alanine, L-4-oxalysine, L-homoarginine and b,L-trans-2,6-
diamino-4-hexenoic acid, for which the dissociation constants
of 2.5, 13, 7, 0.97 um were found, respectively. Compared to
values of 1 and 30 pm for lysine and AEC, respectively, these
high-binding-affinity molecules show a high potential to be
used as antibiotic compounds. Of these four compounds only
three were able to inhibit bacterial growth."* These com-
pounds were then tested for their ability to repress the expres-
sion of a [3-galactosidase reporter and were found to be as effi-
cient as lysine in inhibiting gene expression. To confirm that
the antibacterial effects are due to the inhibition of lysC by the
compounds, bacteria were selected for their resistance to L-4-
oxalysine by serial passage. The B. subtilis lysC and yvsH lysine
riboswitches present in L-4-oxalysine-resistant bacteria were se-
quenced and the observed mutations in the lysC riboswitch
domain suggest that the effects were caused by the specific
interaction between the antibiotic compound and the lysine ri-
boswitch. Moreover, two resistant clones were characterized
for their resistance to L-3-[(2-aminoethyl)-sulfonyl]-alanine and
D,L-trans-2,6-diamino-4-hexenoic acid and for their ability to
express [-gactosidase. As expected, clones were resistant to
both molecules as no significant inhibition of [3-galactosidase
production was observed either in the absence or presence of
ligands. Together, these results are consistent with the idea
that the toxic effects are due to the inhibition of aspartokinase
expression following the binding of the lysine analogues to
the lysine riboswitch.

A second example is the elucidation of the pyrithiamine (PT)
action mechanism."” PT is an isosteric pyrimidine analogue of
thiamine known to be toxic for fungi and bacteria,"**'*! and is
phosphorylated in cells to pyrithiamine pyrophosphate
(PTPP)."*® PT was known to be an inhibitor of thiamine pyro-
phosphorylase and PTPP to be an inhibitor of enzymes that
use TPP as coenzyme.'® Nevertheless, this knowledge cannot
explain the toxic effect of PT and its derivative on bacteria,
which are able to synthesize TPP de novo and might compen-
sate the inhibitory effect by up-regulating thiamine produc-
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tion."" The TPP riboswitch binds TPP with a dissociation con-
stant of 100 nm whereas thiamine phosphate (TP), which only
differs from TPP by one missing phosphate, exhibits a constant
of at least 100-fold higher.” The riboswitch was shown to be
able to prematurely stop transcription®" and to repress the ex-
pression of 3-galactosidase reporter under the control of TPP
riboswitch.”” It was also found that PT, and more efficiently
PTPP, were able to bind the TPP riboswitch with a dissociation
constant of 6 um and 100 nwm, respectively,"” the latter being
comparable to values obtained with TPP. The use of a 3-galac-
tosidase reporter has shown that PT is able to inhibit the
expression of a gene under the control of the TPP riboswitch;
this highlights its potential use as an antimicrobial compound.
The DNA sequences coding for TPP riboswitches in resistant
clones, which were obtained by serial passage, were se-
quenced and mutations were located. The introduction of
these mutations in the context of a wild-type riboswitch, ren-
dered the riboswitch inactive in response to elevated ligand
concentrations. ok?

Another example was found for roseoflavin, which is an anti-
biotic involved in the inhibition of riboflavin biosynthesis."*?
Because of its similarity in structure with FMN, roseoflavin
might potentially target the FMN riboswitch and control the
operon involved in riboflavin biosynthesis.®>*" It was recently
reported that roseoflavin is able to bind FMN riboswitch in
vitro.®! As found in the other cases, when the bacteria were
grown in the presence of analogues, mutations were found in
FMN riboswitch domains; this is again consistent with the idea
that riboswitches can be used as antimicrobial cellular targets.

8. Outlook

The fascinating discovery that certain structures found in
mRNAs can recognize small metabolites by using a spectrum
of biochemical interactions, and thus control gene regulation
at different stages, has greatly contributed to the placement of
RNA at the forefront of modern biology, and has highlighted
its active role in many cellular processes and further expanded
its apparently unlimited functional possibilities. Furthermore,
because riboswitches appear to strictly rely on RNA to regulate
gene expression, they have been proposed to be remnants of
an ancient biological environment where RNA was the pre-
dominant functional species, before proteins emerged as main
effectors. Several features of RNA switches, including their evo-
lutionary conserved architecture, which has probably derived
from the need to recognize metabolites that have remained
unchanged through evolution, together with the presence of
riboswitches in diverse organisms have led to a renaissance of
the RNA World hypothesis.

Regardless of whether these structures represent relics of an
ancient RNA-based world or are more recent additions to the
biochemical repertoire, riboswitches constitute an emerging
field with many exciting tasks to be accomplished in the
future. Among these, it is crucial to elucidate in detail the in-
terplay between RNA folding, ligand recognition and function
in existing and novel structures, both at the post- and cotran-
scriptional levels. It is vital to establish the mechanistic basis
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for riboswitch function and to determine how RNA polymerase
pausing sites and perhaps, DNA template and RNA secondary
structure features, can modulate whether a riboswitch is kineti-
cally or thermodynamic controlled. Comprehensive research in
this area would certainly enhance our understanding of RNA
folding and function in general and will pave the way to suc-
cessfully approach more complex RNA-containing structures,
such as the ribosome.

One of the most fundamental questions that must also be
addressed is whether or not additional riboswitches are pres-
ent in eukaryotes. The fact that few eukaryotic riboswitches
have been discovered should not be taken as a negative
answer, but rather as an indicator that they are most probably
involved in the control of different molecular processes than
those found in bacteria. Striking examples of this have already
been reported for splicing-controlling riboswitches; these sug-
gest that even more complex structures wait to be discovered
in eukaryotic organisms.

Given the increasing bacterial resistance to existing antibiot-
ics, it is also a priority to explore the feasibility of riboswitch-
based therapeutics. Because of their conservation, it might be
possible to use the presence of riboswitches in pathogenic
bacteria as a way to develop novel types of antibiotic com-
pounds aimed at disrupting riboswitch cellular activity, provid-
ed that these representatives are not found in humans. Lastly,
riboswitches can be viewed as promising gene-controlling ele-
ments that can be used to develop novel bimolecular tools or
modules that could trigger specific cellular mechanisms in re-
sponse to natural or artificial cellular metabolites.
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Damage Detection and Base Flipping in Direct DNA

Alkylation Repair

Cai-Guang Yang,® Kristel Garcia,” and Chuan He*™

To remove a few damaged bases efficiently from the context of
the entire genome, the DNA base repair proteins rely on remarka-
bly specific detection mechanisms to locate base lesions. This effi-
cient molecular recognition event inside cells has been extensively
studied with various structural and biochemical tools. These stud-
ies suggest that DNA base damage can be located by repair pro-
teins by using two mechanisms: a repair protein can probe and
detect a weakened base pair that results from mutagenic or cyto-
toxic base damage; alternatively, a protein can passively capture
and stabilize an extrahelical base lesion. Our chemical and struc-

Introduction

DNA base damage, the most common type of DNA damage,
occurs at the rate of “several thousand base pairs per cell per
day in humans”." Base damage repair is initiated by proteins
that recognize the damaged base and then carry out either
base excision repair (BER), or fix the damage through direct
damage reversal. These repair processes occur extrahelically
with the damaged base flipped out of the duplex DNA.*® To
minimize the mutagenic and/or cytotoxic consequences of al-
kylating agents from both environmental and endogenous
sources, evolution has provided human cells with two direct
DNA repair systems. These are O%-alkylguanine alkyltransferase
and the AlkB family oxidative demethylases; both directly elim-
inate alkylated DNA damage and restore their normal func-
tion.”? For base-specific DNA repair proteins to act promptly, it
is very important that they can locate the very few damaged
bases in the entire genome. Questions still remain about the
mechanism behind the search for damaged bases and the
strategy used to perform base flipping. This article focuses on
the structural biochemistry of proteins that enable direct rever-
sal of DNA base damage. This focus is on the initial DNA repair
step that is taken by these proteins and the two themes for
discussion are: 1) intrahelically or extrahelically damaged base
searching and 2) active or passive base flipping.

Overall View in Damaged Base Detection
Base-specific DNA repair proteins

As in many other cellular activities, the momentary interaction
that occurs between protein and nucleic acid is universal and
essential for DNA repair processes. The movement of a DNA
base from the base-stacked, hydrogen-bound, intrahelical posi-
tion to a solvent-exposed, extrahelical position is termed “base
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tural studies on the direct DNA repair proteins hAGT, C-Ada and
ABH?2 suggest that these proteins search for weakened base pairs
in their first step of damage searching. We have also discovered
a very unique base-flipping mechanism used by the DNA repair
protein AlkB. This protein distorts DNA and favors single stranded
DNA (ssDNA) substrates over double-stranded (dsDNA) ones.
Potentially, it locates base lesions in dsDNA by imposing a con-
straint that targets less rigid regions of the duplex DNA. The
exact mechanism of how AlkB and related proteins search for
damage in ssDNA and dsDNA still awaits further studies.

flipping”. Because flipped-out bases are more accessible to sol-
vents or other molecules and are more prone to form com-
plexes with proteins, it is logical that base flipping is involved
in many enzymatic DNA modification and repair reactions.
Structures of protein—-DNA complexes for several base repair
and modification proteins have shown that the proteins gain
access to their substrates by flipping out and inserting the
damaged bases into their active-site pockets; for example,
human alkyladenine glycosylase (hAAG), human O%-alkylgua-
nine alkyltransferase (hAGT), 8-oxoguanine DNA glycosylase
(hOGG), human uracil-DNA glycosylase (UDG or UNG), and the
recently solved oxidative DNA/RNA dealkylases, Escherichia coli
AlkB and its human homologue ABH2, which is bound to
double-stranded DNA (dsDNA), all use this repair mechanism
(Figure 1).512

Structural studies of human AAG®'® and other DNA glycosy-
lases'™ have established the base-flipping mechanism for
repair proteins as a means of recognizing and processing dam-
aged bases in the DNA helix. It is known that once the base is
flipped, it is tightly bound into an enzyme active site, but how
does the repair protein locate the lesioned base in the first
place? A base-repair protein could partially or completely un-
stack nucleotides from the DNA helix to find the damaged
bases. Once a nucleotide has been rotated into an extrahelical
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Figure 1. Cartoon representation of selected base-specific repair proteins bound to
dsDNA. Proteins are colored green, flipped-out bases are magenta, finger residues are

DNA damage-detection mechanisms

It is well accepted that most base-specific DNA repair
proteins, including AGT and perhaps AIkB proteins,
repair the lesioned bases extrahelically. The theoreti-
cal study of the energy required for undamaged DNA
bases to go through base flipping indicates that the
chances of undamaged bases flipping in free solution
is quite low and almost unlikely."® Thus, the base
flipping must be assisted by repair proteins.”” We

R ABH2 have proposed three mechanisms for how base-spe-

ISuUltk

cross-link @ cific proteins locate damaged DNA bases."® First, as
1 shown in Figure 2 A, every base could be flipped and

checked in an active searching mechanism. To locate
the damaged base, this mechanism requires that the
protein actually travels along the DNA flipping and
checking every base in the active site, which seems
to be unlikely considering recent experimental evi-
\ dence."™ Alternatively, the repair proteins do not ac-

; tively flip out every base. The protein could slide
through the duplex DNA and physically detect unsta-
ble or non-Watson-Crick base pairing in the intraheli-

blue, and DNA is bright orange. E. coli AIkB (PDB ID: 3BIE) is particularly unique in the cal conformation (Figure 2B). Base modifications in-
way that it flips out a 1-meA damaged base into the active pocket, which lacks a finger curred from damage could alter the structure of the

residue. Human AAG (PDB ID: 1TEWN), AGT (PDB ID: 1T738), OGG (PDB ID: 1EBM), UDG
(PDB ID: 4SKN), and ABH2 (PDB ID: 3BUC) proteins flip €A, O°-methylG, 8-oxoguanine,
uracil, and 1-methyladenine out of the DNA helix into specific recognition pockets by

base-pairing interface and prevent the damaged
base from forming a stable Watson-Crick base pair

intercalating a finger residue into the double helix, respectively. with the opposite base on the complementary

conformation, the local melting
of the DNA might facilitate the
subsequent flipping of neighbor-
ing nucleotides as the protein
slides along the DNA while
searching for damage.? In these
nucleotide-flipping protein-DNA
complexes, an enzyme amino
acid side chain, termed “finger”,
is inserted into the site that is
left empty by the flipped base. It
is thought that this might aid in
pushing the damaged base and
flipping the nucleotide." In con-
trast, an opposing mechanism
for enzymatic detection of dam-
aged bases has been provided
through the recent dynamic
study of human UDG. According
to this mechanism, the discrimi-
nation of the unwanted bases by

strand. Thus, the repair protein might test the stabili-

A) B) C)
Base-flipping protein Base-flipping protein Base-flipping protein
Intrahelical Intrahelical Extrahelical
| lesion lesion | lesion
| |
Actively flipping Detecting weakened Passively capturing
every base base pair extrahelical base

Figure 2. Proposed damage-searching and base-flipping mechanisms for DNA repair proteins. A) In this model,
the protein actively flips every base out and checks it in its active-site pocket until the lesion is located. B) Pro-
posed damage-searching model by detecting weakened or non-Watson-Crick base pairs. The repair protein
would distort the double-helical structure of DNA and selectively flip out an unstable base. C) DNA repair protein
passively captures a transiently extrahelical lesion.

UDG is started by thermally induced base-pair openings and ty of base pairs and assist in flipping the lesioned base in a
not through active participation of the enzyme."™ The detec- weak base pairing. Lastly, base-specific repair proteins can pas-
tion pathway by which the base-transient state is achieved is  sively capture the damaged base that is already “flipped-out”
of fundamental importance and great interest. and perform the repair function, as indicated in Figure 2C. In

this mechanism, the protein does not need to actively search
for a damaged base or sample the conformation because the
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base has already spontaneously rotated out of the DNA
double helix. It should be noted that the last mode could be
assisted by a base repair protein that destabilizes the double-
helical structure of DNA and stabilizes the flipped-out base. Be-
cause the majority of cytotoxic/mutagenic DNA base damage
causes weakened base pairing or non-Watson-Crick geometry
in duplex DNA, we tend to favor the mechanism in Figure 2B
as a more general pathway for repair proteins to locate the
corresponding damage, although other mechanisms could be
used by different proteins.

Valuable insight into the potential mechanisms of locating
damage has been provided by structural studies of glycosylas-
es that participate in the repair process. Verdine and co-work-
ers have solved a series of structures that capture protein-
DNA interactions at different stages of base-flipping on hOGG1
and its bacterial homologue.”>-?"" These proteins repair 8-oxo-
G that occurs in low numbers relative to the amount of un-
damaged bases. They use a fast sliding mechanism to sample
millions of base pairs before locating one damaged base."”
The active base-flipping mechanism shown in Figure 2A is un-
likely to be compatible with the low activation energy that is
used by the protein sliding along duplex DNA. Instead it was
found that these proteins probe the stability of intrahelical
base pairs to locate potentially weakened ones for flipping.
The flipped base is further interrogated during the flip inside
the active site for the final decision of base excision. The data
so far seems to agree with the
mechanism shown in Figure 2B.

A key mechanistic question in o y
damaged base recognition is 4 N*
whether the initiating event is

exposure of the base from dy- N MN N
namic breathing motions of the DNA~ O DNA
base pair, or whether the

enzyme actively quickens the Hoogsteen T-1-meA

base’s expulsion by direct inter-
action with the damaged site.
The third hypothesis—passive
capture of the base—is support-
ed by a kinetic NMR spectroscopy and X-ray crystallography
study, which revealed that UDG uses a passive trapping mech-
anism to catch thymine and uracil bases that emerge due to
the spontaneous breathing motion."” Recognition of a sponta-
neously flipped base requires a dynamic response from the
enzyme. This response allows trapping of the out state during
its extremely short extrahelical lifetime. In other words, effec-
tive trapping requires dynamic motions of the enzyme that
exceed 10’ per second.”® More detailed experimental ap-
proaches addressing both the dynamic and diffusion aspects
of the initial recognition step are anticipated to support this
observation. It will be very interesting to further investigate
this mechanism and observe other repair proteins that use
similar strategies. It is also interesting that UDG and hOGG1
appear to show distinct differences in their mechanisms to
access the corresponding damaged bases. Although, consider-
ing that various base lesions possess diverse properties in
base-pair stability and geometry, it is actually not surprisingly

0°meG-T.
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to see repair proteins evolve different tricks to best capture
particular types of damage from the genome.

Effect of base-pair geometry and stability on base flipping

DNA base-pair geometry and duplex kinetic and thermody-
namic stability play very important roles in facilitating base-
pair breathing to sample the extrahelical conformation sponta-
neously.®?¥ Deviation of such properties from the duplex
DNA background provides the most attractive signal for the
repair proteins to locate the corresponding lesioned base
pairs. It is easy to understand that damaged bases that induce
significant perturbations to the DNA structure, such as the thy-
mine dimer, can be readily identified extrahelically. The severe
distortion of the DNA duplex structure also lowers the energy
needed to undergo base flipping. Other base damage, such as
8-0x0-G, might not induce a structural disturbance, but can
still be identified within the helix, perhaps due to the weak-
ened base pair formed by the lesioned base. The energy of the
base pairing and the correct geometry of the alignment can
be the key detection criterion. Structural disturbance of target
bases might cause the differences in the recognition schemes.

The X-ray structural analysis of the duplex DNA that contains
0%-ethylG complexed with minor-groove-binding drugs has
provided important information on how carcinogen-modified
0%-alkylG pairs to cytosine (Figure 3).”*' Depending on the local

N \O (0]
r//\ >\>
N N-----H-N

DNA _

,,J%f§ N=( )N

N-H-----O  DNA
DNA H

Wobble 0°meG-C Watson-Crick 0°meG:T

Figure 3. DNA base pairing of Hoogsteen type T-1-meA, wobble-type 0°-meG-C, and the normal Watson-Crick

environment, either wobble pairing or bifurcated hydrogen-
bond pairing can occur. The bifurcated configuration is similar
to a normal Watson—Crick G:C base pair; however, there might
be a dynamic equilibrium between the two configurations of
the alkylated G:C base pair that presents an ambiguous signal
to the polymerase and subsequently causes it to be edited
out. The weakened base-pair stability of the O%-alkylG:C, com-
bined with the geometrical change from the normal Watson-
Crick base pair presents the damaged base for detection by
the AGT proteins. In contrast, thymine can pair with O%-alkylG
in only one manner with a configuration similar to a regular
Watson-Crick G:C base pair, albeit imperfectly. This is a plausi-
ble, though not a definite explanation as to why thymine is
found preferentially incorporated across the O°-alkylG lesion
site during replication.

Because the N1-methylation on adenine causes steric clashes
in the Watson-Crick base-pairing interface, there is a consider-
able decrease in the duplex thermal stability. This led to the
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proposal that AIkB proteins A) B) c)
might passively capture the le-
sions already in an extrahelical
conformation. However, a recent
high-resolution NMR spectro-
scopic study has shown that the
N1-methylation  of  adenine
causes a change in the TA
Watson-Crick base pair of DNA
double helices to a T:1-meA
Hoogsteen base pair
(Figure 3).%9 The methylation D) E)
does not disrupt base pairing; C-Ada(nmol) 02 02 02 02 02 - - - -
instead it switches the base-pair- C139A(mmol) - - - - - 02 02 02 02

. . DNA(0.5mtmol) - 1 2G 2A 2T 1 2G 2A 2T

ing mode. The formation of a

. . C-Ada-DNA
Hoogsteen base pair retains the

C. He et al.
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ks C-Ada
T:1-meA base pairing and stack-
ing within the double helix. This
might make the recognition, and
thus the repair of 1-meA lesions
in dsDNA by AIkB less efficient
than in single stranded DNA
(ssDNA). Furthermore, the local
structural distortion induced by
the Hoogsteen base pair could
be targeted by the AIkB proteins for damage searching in
duplex DNA.

1 2 3

Learning from Direct Reversal of Alkylated
DNA

For base-repair proteins, we believe that detecting and captur-
ing an unstable base pair is a simple, efficient, and thus gener-
al way to locate potential lesions. In our laboratory we have
been studying DNA repair proteins that perform direct reversal
of DNA alkylation damage. We have recently proposed that
AGT detects DNA lesions by first searching for weakened and/
or distorted base pairing. We used an active-site-based disul-
fide cross-linking strategy with a chemically modified cytosine
to study base-flipping by the AGT and AIkB proteins."® The
active-site-based disulfide cross-linking method also allowed us
to stabilize protein-DNA complexes of the AlkB family pro-
teins. Structural characterization of these complexes provided
new insight into damage searching by these proteins.

Disulfide cross-linking of C-Ada and dsDNA

E.coli C-Ada and human AGT use a reactive Cys residue
(Cys139 in truncated C-Ada and Cys145 in hAGT) to remove
the alkyl groups on either the O°-position of guanine or the
O*-position of thymine. These AGT proteins are quite flexible
and can accommodate both purine and pyrimidine substrates.
We proposed that this flexibility might allow other modified
bases, for example disulfide-tethered cytosine (C*¥), to access
the same substrate-binding pocket and react with the Cys resi-
due to form a disulfide cross-link between the protein and the
modified DNA (Figure 4 A, B). It should be noted that the disul-
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4 5 6 7 8 9 1 2 3 4

Figure 4. A disulfide cross-linking strategy of C-Ada protein with different dsDNA molecules to investigate
damage detection and base flipping. A) C-Ada uses a reactive Cys139 residue to selectively transfer the alkyl
modification from O°-alkylatedguanine to itself, which represents a suicidal direct repair. B) A thiol-tethered cy-
tosine was introduced in a cross-linking reaction between protein and DNA. C) Various DNA probes, including
ssDNA and dsDNA, were used in this study. D) The cross-linking results were shown by nonreduced SDS-PAGE.
E) Effect of external thiol (DTT) on the cross-linking reactions.

fide exchange chemistry used for cross-linking is a mechanism-
based equilibrium process, and can reach very high yield.””!
We found by surprise that only when mismatched bases were
introduced opposite to the disulfide-tethered C* (C*:A or C*T
base pair) can C* be flipped into the active pocket of C-Ada
for the covalent cross-linking reaction to occur (Figure 4).'® No
cross-linking was observed when a perfectly matched C*:G was
used in the same DNA sequence. Therefore, C-Ada appears to
locate potential base damage by recognizing a weakened base
pair. The protein cannot flip out normal bases that are stabi-
lized by Watson-Crick base pairing in duplex DNA. The exact
mechanism still awaits further investigation, but this result in-
dicates that capturing an unstable base pair might be a
common damage-searching mechanism for repair proteins.

Disulfide cross-linking of hAGT and dsDNA

Subtle differences were observed between hAGT and C-Ada in
their damage-searching modes and offer opportunities to use
these two proteins as models to understand the very impor-
tant mechanism of base-damage detection and flipping. Al-
though it is structurally homologous to the E. coli C-Ada pro-
tein, human AGT shows some differences. To our knowledge,
human AGT can remove alkyl adducts on the O°-position of
guanine when the alkylated guanine is paired with thymine;
such an activity has not been reported for C-Ada.”® The O%-al-
kylG:T base pair is fairly stable and can adopt a geometry simi-
lar to Watson-Crick base pairs (Figure 3). To detect and remove
the alkyl group in this base pair, hAGT might need to use a
damage-searching mechanism different from that of C-Ada.
The results from our cross-linking experiments show that, like
C-Ada, hAGT can efficiently detect damaged bases that form
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unstable base pairs; however, this protein also extrudes base
lesions that are intrahelically stabilized in duplex DNA, albeit in
a less-efficient process."® It is inconceivable that hAGT actively
flips every base for damage detection. It might possess addi-
tional properties compared with C-Ada to find subtle differen-
ces between O%-alkylG:T and undamaged base pairs. It should
be noted that hAGT is very efficient at identifying unstable
base pairs, which allows it to quickly find the major target O°-
alkylG:C. The result is in agreement with the previously report-
ed fluorescence and kinetic experiments of repair by human
AGT™

AGT-DNA complex structure analysis

Recently, X-ray structures of human AGT bound to dsDNA
were solved by Tainer’s and our groups independently.®*® An
O°-methylguanine base and a cross-linkage to a mechanistic
inhibitor were used in Tainer’s work, and a p-xylylenediamine
modification of a cytosine was used in our study to stabilize
the hAGT-DNA complex. The two structures showed the same
base-flipping feature of hAGT to recognize the modified base.
Minor-groove binding of dsDNA by AGT was observed. Inter-
estingly, a second hAGT present in our structure binds at the
ends of the two neighboring duplex DNA strands and partially
inserts an overhang thymine into its active-site pocket
(Figure 5). This unique feature suggests that the protein binds

A) B)

Finger &
.
residue ®

Figure 5. A structure of the human AGT-DNA complex. A) A monomer AGT protein
binds at the junction of the two DNA fragments, and recognizes a terminal overhanging
thymine. This base is inserted into the active-site pocket only partially rather than form-
ing a base pair with the adenine overhang from the adjacent DNA. B) Cartoon represen-
tation of the AGT protein binding the junction of duplex DNA. The finger residue,
Arg128, that intercalates inside the duplex and fills the gap left by base flipping, is

shown in green.

preferentially to less-rigid regions on DNA. Most likely, the pro-
tein exerts a small tension on duplex DNA and finds regions
that can best relax this tension due to the presence of dam-
aged, unstable base pairs. It will be very interesting to capture
and characterize both hAGT and C-Ada on undamaged duplex
DNA. Detailed structural analysis should lead to further insight
into the damage-locating mechanism of these proteins.

E. coli AlkB and human ABH2

E. coli AIkB was known to protect against the cytotoxic effects
of Sy2-methylating agents, however, the explicit function of

ChemBioChem 2009, 10, 417 -423
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AlkB continued to remain unidentified for nearly two de-
cades.®” An important lead was provided by a bioinformatic
study in 2001. The AlkB protein was predicted to be a mono-
nuclear iron-containing monooxygenase that might perform
an oxidative dealkylation function.® The hypothesis was ap-
proved experimentally by two independent groups in 2002.5%
I The E. coli AlkB protein was shown to be a direct dealkyla-
tion DNA repair protein by using an unprecedented oxidative
dealkylation mechanism.®**® |n addition to the main sub-
strates (1-meA and 3-meC), 1-meG, 3-meT, and different
etheno-adducts can be repaired by members of the AIkB
family by using a similar oxidation mechanism. There are nine
potential human homologues of AlkB. Two of these, ABH2 and
ABH3, can repair a similar spectrum of base lesions as AlkB,
and a third one, FTO, is an important factor involved in obesi-
ty.? FTO has been recently shown to repair 3-meT in ssDNA
and 3-meU in ssRNA,*Y but how it affects human obesity is
still unclear. Interestingly, AlkB and ABH3 display a preference
for ssDNA and also quite efficiently demethylates related RNA
substrates. In contrast, ABH2 acts as the primary house-keep-
ing enzyme in mammals and repairs endogenously formed 1-
meA and €A lesions in duplex DNA.H'-#2

The structures of AlkB (with dT-(1-medA)-dT)** and ABH3 (in
the absence of DNA or RNA)“? were solved recently, and pro-
vided important insight into the overall architecture of this
family of protein. We solved the first structures of AlkB-dsDNA
and ABH2-dsDNA complexes stabilized by chemical
cross-linking (Figure 1). The mechanisms of base-flip-
ping and damage recognition in dsDNA were re-
vealed from these structures.'”? The AIkB protein,
which lacks a finger residue, uses a unique strategy
to recognize dsDNA in an unusual manner. It squeez-
es together the two bases that flank the flipped out
one so that they stack with each other (Figure 6).
This distortion is induced by the protein kinking the
DNA backbone to invert one of the sugar rings,
along with its base, by ~180°. The distortion of the
DNA duplex induced by AlkB eliminates the need for
a finger residue to fill the space left by base flipping
(Figure 6). Thus, no finger is present in the AlkB-
dsDNA complex structure. The passive capture mech-
anism shown in Figure 2C cannot work for AlkB be-
cause the protein has to kink the DNA backbone and
open the double helix. The abnormal base stacking
and extensive AIkB-DNA backbone interactions sug-
gest that the base flipping is promoted by backbone compres-
sion and 180° sugar pucker rotation. Biochemical results sup-
port such an enzyme-assisted nucleotide-flipping mode."? The
extensive distortion of the dsDNA by AIkB provides an explana-
tion of its preference for ssDNA: these distortions exact an en-
ergetic penalty on relatively rigid dsDNA, which should lead to
AlkB’s preference for more flexible ssDNA. The exact mecha-
nism of damage location by this very unique base-flipping pro-
tein needs further studies. In addition, because AlkB has a low
affinity to dsDNA, it might be associated with other DNA-pro-
cessing factors during the damage search. The 1-meA and €A
damage that are repaired by AlkB could block replication and
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A) A dsDNA containing
1-meA:T base pair

B) After E.coli AlkB binding

I J\ﬂ

| | I/\J_J_
Disordered s

base

D) Close view of AIkB-DNA

The inverted

sugar ring 1-meA

Figure 6. Cartoons for dsDNA conformations in the presence and absence of bound AlkB or ABH2; A) 1-meA can

C) After human ABH2 binding
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human repair protein. ABH2 po-
od ssesses a more complex residue
I {-meA arrangement than AIkB to specif-

ically recognize a 1-meA lesion
u in the active site'"? The tight

E) Close view of ABH2-DNA

lesion recognition might help
Finger ABH2 to discriminate 1-meA
residue * against other alkylated bases. It

is still interesting to see how €A
fits in the active-site pocket of
ABH2. The active site of AIkB is
more flexible, which perhaps
helps E. coli to recognize and
repair a range of different base
lesions. The crystal structures of
ABH2 complexed with dsDNA
are currently unable to offer in-
sight into how the alkylated
bases are detected by the pro-
tein. Further studies on how
ABH2 and normal dsDNA se-
quences make contact are of
fundamental interest and biolog-
ical importance.

c7*

Ser125

Conclusions

Nucleotide flipping is a common
feature in DNA/RNA base repair
as well as base-modification pro-
teins. Mechanisms of damage
recognition have been estab-
lished through numerous struc-
tural characterizations of the

adopt an intrahelical configuration in the double helix by forming a Hoogsteen-type base pair with thymine from

the complementary strand. B) E. coli AIkB squeezes dsDNA and induces severe distortion of the DNA duplex to fa-
cilitate base flipping. C) ABH2 is a standard dsDNA damage repair protein that uses a finger residue (Phe102) to
stabilize the duplex structure after base flipping. D) A close view of the structure of how AIkB binds dsDNA. E) A

close view of how ABH2 binds dsDNA.

transcription. Perhaps the AIkB protein is recruited when these
happen inside cells.

ABH2 works as the main house-keeping enzyme for repair-
ing internally formed 1-meA lesions in mammalian genomes.”"
The ABH2-DNA structure (Figure 1)'? clearly showed ABH2 as
a dsDNA repair protein. It interacts extensively with both
strands of dsDNA and uses an HTH motif that bears a finger
residue to fill the gap left by the flipped-out base. This motif is
widespread for base-flipping by base repair proteins. The ca-
pacity to interact with the other strand of DNA allows ABH2 to
preferentially repair dsDNA lesions, which correlates well with
its primary role as a 1-meA damage repair enzyme in mamma-
lian genomes. Based on the active-site cross-linked ABH2-DNA
structure we further designed and solved a structure of 1-meA
in complex with ABH2. This was aided by a chemical cross-link
installed away from the protein active site. The structure pro-
vided additional information on lesion recognition by this
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base-specific DNA repair pro-
teins. However, how these repair
proteins locate the very few
damaged bases among the vast
amount of undamaged bases in
a genome presents an intriguing
biochemical question. Through recent structural and biochemi-
cal studies, several themes start to emerge on the damage-lo-
cating mechanisms of these proteins. Many of these proteins
seem to detect unstable base pairs in the first step of damage
searching. Either by using a probing residue or through small
tensions generated on the duplex DNA structure these pro-
teins probe and preferentially recognize “soft” spots on DNA.
Then, the located base can be flipped and further checked by
the protein. Alternatively, the repair proteins could capture
and stabilize a flipped-out base by a more passive mechanism.
This mechanism proposed for UDG starts by thermally induc-
ing a base pair opening as opposed to the more active partici-
pation of the protein. The protein does stabilize the flipped-
out base to facilitate capture of the damaged base. Even
within the same repair protein family, there can be subtle dif-
ferences in mechanisms used for locating damage as we
showed with the AGT proteins. Detailed characterization of in-
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teractions of these proteins with damaged and undamaged
DNA will offer more insight into this intriguing question.

Notably, AlkB recognizes alkylated base damage by using a
unique strategy that is distinct from other known base repair
proteins. This enables E. coli AIkB to recognize and repair alky-
lated DNA base damage in both flexible ssDNA and relatively
rigid dsDNA. How this protein actively searches for base le-
sions in dsDNA s still unknown. More intriguingly, how this
enzyme selectively locates the alkylated DNA bases in ssDNA
remains an open question. Are cofactor proteins involved or
not in the searching process? Future studies, of both the crys-
tal structures of AlkB and its homologues bound to long
ssDNA and additional NMR spectroscopic dynamic experi-
ments, are required to answer these questions. These further
efforts might enhance our understanding of how these en-
zymes initially recognize damaged bases in both ssDNA and
dsDNA sequences during DNA repair.
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Formylglycine Aldehyde Tag—Protein Engineering
through a Novel Post-translational Modification

Marc-André Frese and Thomas Dierks*™

Site-specific labeling and conjugation of
proteins are central aims in protein engi-
neering. To avoid perturbation of protein
function, localization or interactions, the
reactive attachment site needs to be
defined, physiologically compatible and
small in size. Recently, the application of
a genetically encoded aldehyde tag was
reported.? It makes use of a short, six-
amino-acid recognition motif, which in
vivo directs the post-translational oxida-
tion of a specific cysteine to Ca-formyl-
glycine (FGly). FGly is the essential
active-site residue found in sulfatase en-
zymes.

The discovery of FGly as a novel
amino acid, generated post-synthetical-
ly® was prompted by the finding that,
in patients suffering from multiple sulfa-
tase deficiency, all sulfatases are pro-
duced as inactive polypeptides. FGly
turned out to be the key catalytic resi-
due of sulfatases that acts as an alde-
hyde hydrate in a novel hydrolytic reac-
tion mechanism.™ Patient sulfatases lack
FGly and carry cysteine instead, because
primary translation products remain un-
modified. The defective FGly modifica-
tion step occurs in the endoplasmic re-
ticulum (ER) at a stage when newly syn-
thesized sulfatases have not yet folded
into their native structure.”” The modifi-
cation is directed by the short linear
motif CxPxR™ An auxiliary motif
(xxxLTGR), immediately downstream, was
shown to improve FGly formation signifi-
cantly. The arylsulfatase A-derived 16-
mer sequence PVSLCTPSRAALLTGR was
able to direct FGly generation when
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transplanted
teins.>®

The 16-mer peptide and modifications
thereof served as affinity ligands that al-
lowed the FGly-generation enzyme (FGE)
to be purified from the soluble content
of ER membranes.” The FGE-encoding
gene was discovered simultaneously
through a sophisticated genetic ap-
proach.® FGE turned out to be the first
functionally characterized member of a
large enzyme family found in both pro-
and eukaryotes. In fact, FGly in bacterial
sulfatases had been discovered earlier
and, surprisingly, could be generated
from both cysteine and serine resi-
dues.”' Thus, bacteria are much more
versatile and have evolved three differ-
ent systems to generate FGly, namely
1) the cysteine-specific FGE, 2)the
serine- and cysteine-specific AtsB, also
termed anaerobic sulfatase maturating
enzyme (anSME),"'? and 3) a system X,
unknown as yet, that efficiently modifies
cysteine in certain sulfatases when ex-
pressed in E. coli®"

The FGE- and AtsB/anSME-mediated
mechanisms of FGly generation differ
profoundly. On the one hand FGE cata-
lyzes a metal-independent oxygenase re-
action involving cysteine sulfenic acid as
the reactive species."™ On the other
hand, the AtsB/anSME family consists of
radical S-adenosylmethionine proteins
that initiate catalysis through Fe-depen-
dent generation of an adenosyl radi-
cal.''® These entirely different FGE and
AtsB mechanisms and the third unidenti-
fied E. coli system provide three enzy-
matic tools with divergent substrate spe-
cificities and reactive conditions for gen-
erating FGly.

When attempting to generate the
FGly aldehyde tag in engineered pro-
teins, bacterial expression systems are
advantageous. Due to the small size of
the tag, the DNA sequence encoding the

into  heterologous pro-
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recognition motif is easily incorporated
into the target protein ¢cDNA by stan-
dard molecular biology techniques.
Based on this strategy, Carrico etal.”
expressed different model proteins,
equipped with a LCTPSR recognition
motif at either the N or C terminus, in
E. coli together with FGE from Mycobac-
terium tuberculosis. Regardless of the
position of the tag, the modification of
the target cysteine residue to FGly was
highly efficient (90-999%). A significant
conversion of cysteine to FGly was ob-
served even without coexpression of
FGE due to the endogenous FGly-gener-
ating activity (system X) of E. coli. Sur-
prisingly, mutations in which the con-
served proline or arginine residues of
the LCTPSR motif were replaced by ala-
nine were well tolerated by the E. coli
system;" this raises questions as to
which minimal motif is required and
how the specificity is restricted to target
cysteine residues.

Using an alanine-scanning peptide
substrate library, Rush et al™ investigat-
ed in detail the specificities of the FGEs
from M. tuberculosis and Streptomyces
coelicolor”™ to identify minimal sequence
requirements. Interestingly, the two en-
zymes showed clearly divergent toler-
ance towards substitutions within the
recognition motifs. The much broader
spectrum of substrates accepted by
M. tuberculosis FGE was explained by a
reduced surface complementarity to-
wards the sulfatase CxPxR peptide and,
as a consequence, increased accessibility
of the active site, as supported by ho-
mology modeling.”” It could thus be pos-
sible, when applying such less-specific
FGEs, to design motifs that are tailored
for each recombinant protein in order to
show minimum interference with protein
structure and function.

Coexpression of the target protein to-
gether with a prokaryotic FGE is proba-
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bly the most convenient way to obtain
aldehyde-tagged proteins. In vivo condi-
tions enable post-translational FGly for-
mation within the partially folded pro-
tein, while making use of the endoge-
nous folding machinery in order to reach
the native structure. However, in vitro
generation of FGly by incubation of sub-
strate peptides with purified FGE has
also been reported."”® |n the case of
completely folded proteins, the accessi-
bility of the recognition motif to FGE is
critical, thus suggesting that this ap-
proach is probably restricted to peptides
and, possibly, denatured proteins. In
vitro FGly generation under defined con-
ditions might have the advantage of
minimizing side reactions of the alde-
hyde that possibly lead to adducts with
endogenous cellular compounds.
Because the recognition motif can be
placed either at the N or C terminus or
at internal positions, the chemically re-
active aldehyde group can be used for
site-specific modifications, depending on
the desired applications. Therefore, the
FGly aldehyde tag opens up a broad
range of new possibilities for bioorthog-
onal protein conjugation, labeling and
immobilization. Based on standard alde-
hyde chemistry, other molecules can be
covalently linked to the aldehyde-tagged
protein. For example, aminooxy or hy-

‘ T" O

surface immobilization

drug targeting

L J
G

7
l H.__2zN

purification tags %N

drazide reagents specifically react with
the aldehyde group of the protein, yield-
ing the corresponding oxime or hydra-
zone products.”” An overview of possible
applications of the aldehyde tag is given
in Figure 1.

Beside the conjugation of the tagged
protein with fluorescent dyes or biotin,
which allows the specific detection of
the protein in localization and interac-
tion studies, conjugation with aminooxy-
PEG (poly(ethylene glycol)) has been de-
scribed.”*" PEGylation or conjugation to
other water-soluble polymers can im-
prove the therapeutic index of many
pharmacologically relevant proteins and
increase their serum half-life and proteo-
lytic stability.”? In contrast to the unspe-
cific PEGylation of lysine or cysteine resi-
dues, the use of the FGly aldehyde tag
enables the generation of homogenous,
defined products, as desired for thera-
peutic approaches. Furthermore, the al-
dehyde function also allows the attach-
ment of carbohydrates. By replacing en-
dogenous glycosylation sites with the
recognition motif, mammalian proteins
could be produced in E. coli and subse-
quently linked to chemically synthesized
glycans, thereby obtaining glycoproteins
similar to those produced by eukaryotic
cells.?" A further promising therapeutic
application is the directed conjugation

o
%OH

waler-soluble
polymers

glycoconjugation

e

n

H o

Figure 1. Possible applications of genetically encoded formylglycine aldehyde tags in protein engineer-

ing.

426

www.chembiochem.org

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

T. Dierks and M.-A. Frese

of drugs to protein ligands such as anti-
bodies, which could be used in tumor
targeting.

Technical applications of the FGly al-
dehyde tag are also conceivable. The
specific and oriented immobilization of
tagged proteins to surfaces or beads will
be useful in the context of protein mi-
croarrays and biosensors. Interestingly, it
has also been shown that the aldehyde
modifications can be reversed or even
replaced. Due to the differences in ther-
modynamic stability, a biotin residue
linked across an N-acylhydrazone to a
FGly-containing protein was successfully
replaced with either methoxyamine to
remove the label or with an aminooxy-
modified FLAG peptide.? In both cases,
the more stable oximes were formed,
thus enabling sequential reactions at the
reactive position. The same strategy
might also allow application of the alde-
hyde tag in protein purification, for ex-
ample, by using an immobilized hydra-
zide as an affinity matrix and methoxy-
amine as an eluent.

In summary, the FGly aldehyde tag
represents an easy way to specifically
equip proteins with a genetically en-
coded aldehyde function. This method
expands the molecular toolbox for pro-
tein engineering with promising possibil-
ities in basic research, biotechnology
and pharmacology.
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Capsaicin: Tailored Chemical Defence Against Unwanted

“Frugivores”

Birgit Schulze® and Dieter Spiteller*

Chilli peppers (Capsicum spp.) have been
used by humans for centuries, probably
initially due to their antimicrobial prop-
erties, making them useful for preserving
food, and only secondly because of their
spiciness.”” In 1910, Nelson characterised
the pungency of chilli peppers as result-
ing from the presence of vanillyl amides,
the major component of which is capsai-
cin (1; Scheme 1) Subsequently the
physiological and pharmaceutical prop-
erties of capsaicinoid alkaloids—for ex-
ample, their anti-inflammatory or anti-
cancer activities—have attracted consid-
erable attention.”

Scheme 1. Capsaicin (1), dihydrocapsaicin (2) and
the structurally related endogenous N-arachido-
noyl-dopamine (NADA, 3) and anandamide (4).
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In 1997 Caterina et al. identified the
vanilloid receptor (VR1) that is responsi-
ble for the recognition of the pungent
sensation caused by capsaicinoids in
mammals.” This receptor reacts not only
to capsaicinoids but also to protons and
heat. Huang et al. demonstrated that the
vanilloid receptor responds to endoge-
nous metabolites such as N-arachido-
noyldopamine (NADA, 3) and ananda-
mide (4), which are structurally closely
related to capsaicin (1).” Interestingly,
whereas mammals are sensitive to cap-
saicin (1), many birds are not” The
reason for this is a variation of the VR1.”

Despite such detailed knowledge
about capsaicinoids, a major question
has long remained unanswered: Why are
chilli pepper fruits pungent?

In contrast to hot chillies, many fruits
rely on sweetness to attract animals (fru-
givores). By rewarding frugivores with
nutritious, delicious fruits, plants ensure
that their seeds are dispersed.” Interest-
ed in the ecology of fruits, Tewksbury
et al. addressed the ecological role of
capsaicinoids for chillies.

Capsaicinoids are localised particularly
in the tissue directly around the seeds;
this suggests that they might serve to
protect the seeds. The concentration of
capsaicin (1) in wild peppers can vary
enormously, and some plants are not
pungent at all. Molecular analysis re-
vealed a genetic basis for this discrepan-
cy® For example, Garcés-Claver et al.
identified a single nucleotide poly-
morphism (SNP) that is associated with
pungency.'” In their studies, Tewksbury
et al. discovered a polymorphic wild spe-
cies (Capsicum chacoense) that produces
both pungent and nonpungent fruits,""
thus indicating that capsaicin (1) might
not be necessary or beneficial under all
conditions. In order to study the ecologi-
cal role of capsaicinoids, Tewksbury et al.
conducted a series of field studies using

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

the polymorphic C. chacoense, an ideal
tool for comparing the effects of pun-
gent and nonpungent fruits.

Monitoring chillies in their natural en-
vironment revealed that certain birds
(mainly elaenias and thrashers) feed on
the fruits and efficiently disperse the
seeds. In contrast, mammals such as rats
did not feed on pungent chillies. Those
mammals were identified as unsuitable
seed dispersers, since, as feeding experi-
ments with the nonpungent fruit re-
vealed, the chilli pepper seeds were de-
stroyed during the passage of the seeds
through the gut."? Tewksbury's field ob-
servations perfectly match the structural
data for the vanilloid receptors, which
showed that many birds were insensitive
to capsaicinoids and many mammals
highly sensitive.®” Thus capsaicinoids
serve chillies by discouraging those con-
sumers that do not disperse the seeds
(directed deterrence).'? The attraction of
suitable frugivores and deterrence of un-
suitable frugivores by chilli peppers is a
good example of how major differences
in the perception between organisms
induce different behaviour. A fact that is
often ignored by humans, being too
much focused on their own senses.

However, microbial pathogens, in par-
ticular Fusarium fungi, are the major
threat to chilli pepper seeds. The fungus
appears to make its way into the fruit
with the help of hemipteran insects (Ac-
roleucus coxalis) that poke small holes in
the chilli fruit's flesh. But capsaicinoids
efficiently protect the seeds against
infection by Fusarium,"® as Tewksbury
etal. observed for the polymorphic
C. chacoense. In comparison to nonpun-
gent chillies, those containing capsaici-
noids were much less affected by the
fungus (41-80%) and thus remained
viable.

Why then do nonpungent peppers
exist? Nonpungent chillies were found
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to produce harder seed coats than pun-
gent fruits. Obviously, this constitutes an
alternative protection mechanism. As
Tewksbury et al. have shown, seeds with
harder seed coats are better adapted to
withstanding the gut passage of seed-
dispensing birds than are less robust
seeds."™ A strong geographical correla-
tion was found: places with high hemi-
pteran/Fusarium pressure had more cap-
saicinoid-producing peppers, whereas
sites with a low risk of pathogenic infec-
tion had more nonpungent fruits. Seed
loss caused by fungal infection was
shown to be more severe than seed loss
caused during the gut passage because
of the less robust seed coats of seeds
from pungent fruits."” Apparently, the
polymorphic C. chacoense allocate their
resources responding to environmental
challenges by investing either in physical
protection (seed coat) or in chemical
protection (capsaicinoids).

Because Tewksbury's studies attribute
diverse biological roles (deterrence of
unsuitable frugivores and antimicrobial
defence) to capsaicinoids in their natural
context, they raise many more ques-
tions:

e Why do capsaicinoids occur mainly
around the seeds but not in the fruit
shell, where they could prevent infec-
tions and attack of susceptible insects
and microbes at an earlier stage?

@ Is there a genetic link between the
occurrence of capsaicinoids and the
formation of harder seed shells in
plants with fewer capsaicinoids?
What are the roles of environmental
factors or inducible defence traits?

e What is the mode of action of capsai-
cinoids against Fusarium?

® Do insects such as A. coxalis actively
introduce the fungus? Do the insects

ChemBioChem 2009, 10, 428 - 429

benefit from the infection, for exam-
ple, by an improved acquisition of
nutrients?

e How do fungi such as Fusarium cope
with the challenge from capsaici-
noids? Furthermore, do plants react
to adaptations on the part of the
fungus? Answers to these questions
may reveal counterdefence strategies
of the fruit-frugivore interactions and
constitute a unique example of co-
evolution.

e Can multifaceted biological roles,
such as have been found for capsaici-
noids, also be found for secondary
metabolites in other fruits? Do
common principles exist?

Matching information on the chemis-
try and physiology of capsaicinoids with
that from detailed biological field stud-
ies, Tewksbury et al. have revealed excit-
ing details on how capsaicinoids shape a
complex ecosystem. Only by considering
multiple viewpoints can the sometimes
unexpected facets of natural products in
their ecological context be discovered.
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Synthesis of a Potent G-Quadruplex-Binding Macrocyclic Heptaoxazole

Masayuki Tera,” Keisuke lida,”’ Hiromichi Ishizuka,™ Motoki Takagi,”™ Masami Suganuma,”” Takayuki Doi,

Kazuo Shin-ya,” and Kazuo Nagasawa*®

Human telomeres are located at the ends of chromosomes
and contain repeating (TTAGGG), sequences, the 3’ ends of
which exist as a single-stranded overhang.!" This single G-rich
strand forms a characteristic four-stranded helical conforma-
tion, called a G-quadruplex in the presence of high concentra-
tions of monovalent cations such as potassium or sodium
ions.? The G-quadruplex structure has recently been found
not only in telomeres, but also in promoter regions of certain
genes such as c-kit, c-myc, and bcl-2, and these G-quadruplexes
have their own specific structures.>™ For example, telomere
DNA sequences form parallel or antiparallel/parallel mixed-type
G-quadruplex structures in the presence of potassium cat-
ions,>® whereas antiparallel-type structures are formed in the
presence of sodium cations.?” In the case of the c-myc promot-
er region, the four-looped parallel-type structure is found.” In
contrast, the G-quadruplex of the c-kit promoter region is com-
posed of three stacked G-tetrads and four connecting loops.”
The bcl-2 promoter region forms an antiparallel/parallel mixed
structure.” These DNA sequences and characteristic structures
are involved in many important biological activities. For in-
stance, telomeric G-quadruplex formation shortens the telo-
mere drastically following the dissociation of TRF2 and/or Pot1,
which bind at the end of the telomere, thereby inducing apop-
tosis in cancer cells.*” Moreover, it was reported that the tran-
scription of various oncogenes was directly suppressed by G-
quadruplex formation in the gene promoter regions in vitro.®
Because potent and sequence-selective G-quadruplex binders
are candidate anticancer agents as well as useful biological
tools, a number of studies have been aimed at the develop-
ment of potent G-quadruplex binding compounds.”
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Telomestatin (TMS; 1), which has a macrocyclic structure
containing five oxazoles, two methyloxazoles, and a thiazoline
ring, is a natural product that was isolated from Streptomyces
anulatus 3533-SV4 by screening with the telomeric repeat am-
plification protocol (TRAP) assay."” The macrocyclic polyoxa-
zole structure of TMS (1) was reported to interact with telo-
meres, strongly stabilizing the G-quadruplex structure.''>
Therefore, 1 is widely used as a standard G-quadruplex binder
for exploring various functions.®” " However, TMS is not avail-
able in great quantity, and many synthetic approaches have
been explored™ We recently synthesized 60TDs 2-5
(Figure 1), which have a C,-symmetrical macrocyclic hexaoxa-

<N
O/?Al/”zs,\l\{\
/O

S§2A2-60TD (2): R1 OAc L1H1-70TD (6): R=H

L2H2-60TD (3): R' = CH,CH,CH,NH,
L2A2-80TD (4): R' = CH,CH,CH,NHAC
L2G2-60TD (5): R* CH,CH,CH,NHC(=NH)NH,

Figure 1. Structures of TMS (1), 60TDs 2-5, and L1H1-70TD (6).

zole structure with various functional groups, as analogues of
1.3 Structure-activity relationship (SAR) studies with 60TDs
indicate that the functional groups play a critical role in the
stabilization of G-quadruplex structure. L2H2-60TD (3), with an
aminopropyl group as R', strongly interacts with G-quadruplex-
es, and was observed by circular dichroism (CD) analysis to
induce the randomly structured single stranded d[TTAGGG],
24-mer (ss-telo24) into the antiparallel form efficiently, whereas
the N-acetylaminopropyl derivative, L2A2-60TD (4), does
not."¥ With our focus on increasing the planarity of 60TDs, we
designed LTH1-70TD (6), which is a macrocyclic heptaoxazole
with an amino group side chain. We anticipated that the in-
creased planarity of the macrocyclic structure relative to the
60TDs would allow strong intercalation with G-quadruplexes
through s interactions.”) The amino group in 6 was also
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Scheme 1. Synthesis of L1H1-70TD (6) and L1A1-70TD (14):

TFA =trifluoroacetic acid.

expected to stabilize the G-quadruplex structure efficiently
through interaction with phosphate groups in the G-quadru-
plex.”'™ Herein we describe the synthesis of L1H1-70TD (6)
and our evaluation of its biological activities.

L1H1-70TD (6) was synthesized as shown in Scheme 1. The
trioxazoles 7"'* and 8" were prepared as previously reported,
and the corresponding macrocyclic bisamide 9 was synthe-
sized in six steps (see the Supporting Information). The TBS
group of 9 was deprotected with HF-pyridine to give the alco-
hol 10. Insertion of the seventh oxazole ring in proceeding
from 10 to 13 was problematic because of the strained struc-
ture of the B-hydroxyamide moiety."? After many attempts, it
was achieved by modifying the protocol described by Patten-
den and colleagues.">'® Thus, alcohol 10 was converted into
enamide 11 by mesylation, followed by treatment with DBU.
The resulting enamide 11 was converted into heptaoxazole 13
via oxazoline 12""*"! by reaction with NBS and Cs,CO; in aceto-
nitrile. Finally, the Boc group was deprotected with TFA to give
L1H1-70TD (6) in 30% vyield from 11. To evaluate the role of
the amino group in the biological activities of 6, the N-acetyl
derivative of L1A1-70TD (14) was synthesized for comparison,
in 64% yield from 6 (Scheme 1).

With the macrocyclic heptaoxazole derivative L1H1-70TD (6)
in hand, we examined the interaction of 6 with telomeric DNA
by CD analysis with ss-telo24. The ss-telo24 oligonucleotide
has a random structure (Figure 2 A), which is known to adopt
a G-quadruplex conformation in the presence of monovalent
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a) HF-pyridine, THF; b) MsCl, Et;N, CH,Cl, then DBU,
96 % from 9; c) NBS, Cs,CO;, MeCN, 65 °C, 31%; d) TFA, CHCl;, 96 %; e) Ac,0, CH,Cl,, 64%. MsCl=
chloride; DBU = 1,8-diazabicyclo[5,4,0lundec-7-ene; NBS = N-bromosuccinimide; DMAP = 4-dimethylaminopyridine;
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O ((7 " NHBoc cations or G-quadruplex bind-
/%Hk Qo ers2"  Telomestatin (1) s
G ” | known to induce an intramolec-
ular antiparallel G-quadruplex
structure in ss-telo24; this has
a characteristic CD spectrum
including a positive signal at
292 nm and a negative signal at
262 nm."™ Upon treatment of
ss-telo24 with 6, the CD spec-
trum changed, and a positive
b)J peak at 292 nm and a negative
peak at 262 nm were observed.
These characteristic  spectral
changes clearly showed that
L1H1-70TD  (6) induced a
change in the conformation of
ss-telo24 to an antiparallel G-
quadruplex (Figure 2A, 0)."” In-
0 terestingly, LTH1-70TD (6) was
found to convert the parallel/
antiparallel mixed-type structure
of ss-telo24, induced by potassi-
um cations (Figure 2A m), into
an antiparallel G-quadruplex
structure  (Figure2A )"
Therefore, L1H1-70TD (6) was
revealed to strongly induce an
antiparallel G-quadruplex struc-
ture in ss-telo24. These confor-
mational changes were also observed with L1A1-70TD (14), al-
though the efficacy was weaker than that of 6 (Figure 2B)."”
These results show that the planar heptaoxazole skeleton of
70TD is more favorable than 60TD" for stabilizing the G-
quadruplex structure of ss-telo24. To quantify the binding affin-
ity of 70TDs 6 and 14 toward ss-telo24, K, values were exam-
ined by CD titration experiments (Figures S1 and S2; Support-
ing Information), and respective binding constants for 6 and
14 of 5.9x 10*m and 3.3x 10*m were obtained.

To verify that this antiparallel G-quadruplex structural
change is “intramolecular”, an electrophoresis mobility shift
assay (EMSA) was carried out between ss-telo24 and com-
pounds 6 and 14. At the higher concentrations, the new band
with high mobility which corresponds to the “intramolecular”
G-quadruplex structure was significantly increased with both 6
and 14 (Figure 3). ECs, values of 6 and 14 were determined,
and were found to be 151+16 um and 459 422 um, respec-
tively, with an ss-telo24 concentration of 50 um (Figure S4,
Supporting Information).

Next, selective interactions between L1H1-70TD (6) and the
telomere DNA sequence were examined by a polymerase
chain reaction (PCR) stop assay with ss-telo24 and its mutant
sequence, ss-telo24 mut."">'¥ In this protocol, the selectivity of
6 was evaluated by PCR inhibitory activity, and 6 showed
strong inhibition of the extension of ss-telo24, with an ICg,
value of 0.6740.01 uM. In contrast, weak inhibition of ss-
telo24 mut extension by 6 was observed (IC;,=5.240.8 um),

methanesulfonyl

ChemBioChem 2009, 10, 431-435
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Figure 2. CD spectra of ss-telo24 (10 pum) in Tris-HCl buffer (50 mm pH 7.6)
with 50 um 70TDs and/or 100 mm K*. A) A: ss-telo24 (no salt added); o: ss-
telo24+ L1H1-70TD (6) (no salt added); m: ss-telo24 + KCl; o: ss-telo24 +
KCl+L1H1-70TD (6). B) A: ss-telo24 (no salt added); o: ss-telo24 +L1A1-
70TD (14) (no salt added); m: ss-telo24 + KCl; o: ss-telo24 + KCl+L1A1-70TD
(14).[17]

A o B)

Fo O OSSO
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nEnLa

Figure 3. Effects of LIH1-70TD (6) and L1A1-70TD (14) on the formation of
intramolecular G-quadruplexes. A) ss-telo24 (50 um) was incubated for

60 min with various concentrations (indicated in pm) of LIH1-70TD (6) in
50 mm Tris-HCI buffer (no salt added). After incubation, samples were mixed
with Ficoll 400 and separated by 12% native PAGE in 1xTBE buffer at 4°C.
All oligonucleotides were stained by Stains-All. B) L1A1-70TD (14) was used
as G-quadruplex ligand (concentrations indicated in um). The oligonucleo-
tides were quantified with ImageQuant 5.1 (Molecular Dynamics).

indicating that compound 6 selectively interacts with ss-telo24
(Figure 4). Supporting the results of the CD experiments dis-
cussed above, L1A1-70TD (14) showed weaker activity in the
PCR protocol, with ICs, values of 2.24+0.1 um for ss-telo24 and
>80 uMm toward ss-telo24 mut (Table 1).

Next, the selectivity of the interaction between 70TDs and
single- and double-stranded DNA was examined using ds-
telo24 (the double-stranded telomeric DNA 24-mer) under the
same EMSA conditions. An interaction between 6 and ds-
telo24 was not observed even under the higher concentrations
(Figure 5). These results clearly suggest that L1H1-70TD (6)

ChemBioChem 2009, 10, 431-435
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Figure 4. Effects of L1H1-70TD (6) in the PCR stop assay at the concentra-
tions indicated (um) with G-quadruplex-forming A) ss-telo24 and B) control
mutated ss-telo24 mut. The corresponding PCR products were mixed with
Ficoll 400 and separated by 12% native PAGE in 0.5 x TBE buffer. All oligo-
nucleotides were stained by ethidium bromide. The oligonucleotides were
quantified with ImageQuant 5.1 (Molecular Dynamics).

Table 1. PCR stop assays for L1H1-70TD and L1A1-70TD.

70TD ICso [um]®
ss-telo24 ss-telo24 mut
L1H1-70TD (6) 0.67 £0.01 52+0.38
L1A1-70TD (14) 2.2+0.1 >80

[a] Values represent the means =+ SD of triplicate assays.
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Figure 5. Evaluation of the interaction between ds-telo24 and L1H1-70TD
(6). EMSA of ds-telo24 (25 pm) in the presence of 70TDs by native PAGE was
performed; ds-telo24 was incubated in the presence of various concentra-
tions (indicated in pum) of LTH1-70TD (6) for 60 min in 50 mm Tris-HCI buffer
(no salt added). After incubation, samples were mixed with Ficoll 400 and
separated by 12% native PAGE in 1 xTBE buffer at 4°C. All oligonucleotides
were stained by ethidium bromide.

selectively interacts with “single”-stranded telomeric DNA se-
quences.l'®

Because L1H1-70TD (6) potently interacts with telomeric
DNA and induces intramolecular antiparallel G-quadruplex for-
mation, we next examined the cytotoxicity of 6 toward Hela
cells, a telomerase-positive cell line, and Saos-2 cells, a telomer-
ase-negative cell line."™ Compound 6 exhibited cytotoxicity
with an 1Cs, value of 2.2+0.5 um in Hela cells. In contrast, no
cytotoxicity was observed with Saos-2 cells up to concentra-
tions of 30 um and incubation for six days. On the other hand,
doxorubicin, used as a telomerase-independent cytotoxic
agent, showed potent cytotoxicity in both HelLa and Saos-2
cells, with 1C,, values of 0.03+0.001 and 0.07 +0.005 pm, re-
spectively. These results suggest that the cytotoxicity of L1H1-
70TD (6) is related to its telomerase inhibitory activity.?”

In conclusion, we have developed macrocyclic heptaoxa-
zoles as G-quadruplex binders, with LTH1-70TD being especial-
ly potent. This planar G-quadruplex binder strongly and selec-
tively interacts with ss-telo24 and induces a conformational
change to an intramolecular antiparallel G-quadruplex struc-
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ture. The macrocyclic heptaoxazole appears to be a powerful
scaffold for stabilizing telomeric antiparallel G-quadruplexes.
The amino group in the planar 70TD scaffold also plays a
significant role in stabilizing G-quadruplex structure. Results of
the cell-based assays suggest that the cytotoxicity of L1H1-
70TD (6) can be attributed to its interaction with telomeres.

Experimental Section

PCR stop assays: PCR stop assays were performed as previously
reported.” Oligonucleotides ss-telo24 and ss-telo24 mut d[TTA
GAG TTA GAG TTA GAG TTA GGG], the complementary sequence
of telo24 d[TCT CGT CTT CCC TAA] (telo24 rev), were used. The
chain-extension reaction was performed in 1xPCR buffer contain-
ing 0.2 mm dNTP, 5U Taq polymerase, 7.5 pmol oligonucleotides
and various concentrations of 6 and 14. The mixtures were incu-
bated in a thermocycler under the following conditions: 94°C for
2 min, followed by 30 cycles of 94°C for 30s, 47°C for 30s, and
72°C for 30s. Amplified PCR products were resolved on 12%
native polyacrylamide gels in 0.5xTBE buffer and stained with
ethidium bromide. The ICs, values were calculated based on the
fluorescence intensity scanned with a phosphorimager (Typhoon
8600, Molecular Dynamics).

CD experiments: CD was carried out according to published pro-
cedures.""™" The ss-telo24 oligonucleotide was dissolved in Tris
buffer (50 mm, pH 7.6), and the solution was heated at 90°C for
5 min, then slowly cooled to 25°C. L1H1-70TD (6) and L1A1-70TD
(14) was diluted from a 10 mm stock solution to a concentration of
1mm with H,O and added to the oligonucleotide samples at
50 um. The final DNA concentration was 10 um, and the CD spectra
are representative of three averaged scans taken at 25°C.

EMSA: EMSAs were performed by using a modified protocol of the
reported procedure.’™ The ss-telo24 oligonucleotide was dis-
solved in Tris buffer (50 mm, pH 7.6), and the solution was heated
at 95°C for 3 min, then slowly cooled to 25°C. Various concentra-
tions of L1H1-70TD (6) and L1A1-70TD (14) with 10% DMSO were
prepared from 10 mm stock solutions and added to the ss-telo24
(50 uMm) sample. After incubation, samples were mixed with
Ficoll 400 and resolved on 12% native polyacrylamide gels in 1x
TBE buffer at 4°C and stained with Stains-All (3,3"-diethyl-9-methyl-
4,5,4',5'-dibenzothiacarbocyanine bromide). The ECs, values were
calculated based on the fluorescence intensity scanned with a
phosphorimager (Typhoon 8600, Molecular Dynamics). The EMSA
of ds-telo24 was also performed according to the above proce-
dure.

Cell culture: Hela and Saos-2 cells were cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum,
50 ugmL™" streptomycin, and 5UmL™" penicillin. Cells (2x10® per
well) were seeded 96-well plates and then treated with various
concentrations of compounds (6 and doxorubicin) for six days. Cell
viability was examined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) assay. ICs, values are defined as the
concentration resulting in 50% cell viability after incubation for six
days (Figure S7, Supporting Information).

Keywords: G-quadruplexes - macrocycles
telomerase inhibitors - telomeres

polyoxazoles

[1] For recent reviews, see: a) L. Oganesian, T. M. Bryan, BioEssays 2007, 29,
155; b) L. R. Kelland, Eur. J. Cancer 2005, 41, 971.

434

www.chembiochem.org

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

[2] In the presence of K, telomeric G-quadruplexes form parallel or anti-
parallel/parallel mixed-type structures; see: a) G. N. Parkinson, M. P. Lee,
S. Neidle, Nature 2002, 417, 876; b) D. J. Patel, A. T. Phan, V. Kuryavyi,
Nucleic Acids Res. 2007, 35, 7429; c)Y. Xu, Y. Noguchi, H. Sugiyama,
Bioorg. Med. Chem. 2006, 14, 5584; d) A. Ambrus, D. Cheng, J. Dai, T.
Bialis, R. A. Jones, D. Yang, Nucleic Acids Res. 2006, 34, 2723; e) J. Dai, C.
Punchihewa, A. Ambrus, D. Chen, R. A. Jones, D. Yang, Nucleic Acids Res.
2007, 35, 2440; In the presence of Na*, telomeric G-quadruplexes
adopt an antiparallel structure; see: f)Y. Wang, D.J. Patel, Structure
1993, 1, 263; For folding models of telomeric DNA, see: g) R. D. Gray,
J. B. Chaires, Nucleic Acids Res. 2008, 36, 4191.

[3]1 A.T. Phan, V. Kuryavyi, H.Y. Gaw, D.J. Patel, Nat. Chem. Biol. 2005, 1,
167.

[4] a) A.T. Phan, V. Kuryavyi, S. Burge, S. Neidle, D. J. Patel, J. Am. Chem.
Soc. 2007, 129, 4386; b) P.S. Shirude, B. Okumus, L. Ying, T. Ha, S. Bala-
subramanian, J. Am. Chem. Soc. 2007, 129, 7484; c) A.K. Todd, S. M.
Haider, G. N. Parkinson, S. Neidle, Nucleic Acids Res. 2007, 35, 5799.

[5] a)J. Dai, T. S. Dexheimer, D. Chen, M. Carver, A. Ambrus, R. A. Jones, D.
Yang, J. Am. Chem. Soc. 2006, 128, 1096; b) T. S. Dexheimer, D. Sun, L. H.
Hurley, J. Am. Chem. Soc. 2006, 128, 5404.

[6] H. Tahara, K. Shin-ya, H. Seimiya, H. Yamada, T. Tsuruo, T. Ide, Oncogene
2006, 25, 1955.

[71 D. Gomez, T. Wenner, B. Brassart, C. Douarre, M.-F. O'Donohue, V. E.
Khoury, K. Shin-ya, H. Morjani, C. Trantesaux, J. F. Riou, J. Biol. Chem.
2006, 281, 38721.

[8] For a review, see: a) D. J. Patel, A. T. Phan, V. Kuryavyi, Nucleic Acids Res.
2007, 35, 7429; for c-kit transcription, see: b) M. Bejugam, S. Sewitz, P.S.
Shirude, R. Rodriguez, R. Shahid, S. Balasubramanian, J. Am. Chem. Soc.
2007, 129, 12926; for c-myc transcription, see: c) A. Siddiqui-Jain, C. L.
Grand, D.J. Bearss, L.H. Hurley, Proc. Natl. Acad. Sci. USA 2002, 99,
11593; for c-myb transcription, see: d)S. L. Palumbo, R. M. Memmott,
D. J. Uribe, Y. Krotova-Khan, L. H. Hurley, S. W. Ebbinghaus, Nucleic Acids
Res. 2008, 36, 1755; for KRAS transcription, see: e) S. Cogoi, L. E. Xodo,
Nucleic Acids Res. 2006, 34, 2536.

[9] Recent reviews of G-quadruplex binders: a) T. Ou, Y. Lu, J. Tan, Z. Huang,
K. Y. Wong, L. Gu, ChemMedChem 2008, 3, 690; b) D. Monchaud, M. P.
Teulade-Fichou, Org. Biomol. Chem. 2008, 6, 627.

[10] a) K. Shin-ya, K. Wierzba, K-I. Matsuo, T. Ohtani, Y. Yamada, K. Furihata,
Y. Hayakawa, H. Seto, J. Am. Chem. Soc. 2001, 123, 1262; b) N. W. Kim,
M. A. Piatyszek, K. R. Prowse, C. B. Harley, M. D. Weat, P.L.C. Ho, G. M.
Coviello, W. E. Wright, S. L. Weinrich, J. W. Shay, Science 1994, 266, 2011;
TMS (1) was recently re-evaluated by direct TRAP and TRAP-LIG assays;
see: ¢) A. De Cian, G. Cristofari, P. Reichenbach, E. De Lemos, D. Mon-
chaud, M. Teulade-Fichou, K. Shin-ya, L. Lacroix, J. Lingner, J. L. Mergny,
Proc. Natl. Acad. Sci. USA 2007, 104, 17347; d) J. Reed, M. Gunaratnam,
M. Beltran, A. P. Reszka, R. Vilar, S. Neidle, Anal. Biochem. 2008, 380, 99.

[11] a) M. Y. Kim, H. Vankayalapati, K. Shin-ya, K. Wierzba, L. H. Hurley, J. Am.
Chem. Soc. 2002, 124, 2098; b) T. Tauchi, K. Shin-ya, G. Sashida, M. Sumi,
A. Nakajima, T. Shimamoto, J.H. Ohyashiki, K. Ohyashiki, Oncogene
2003, 22, 5338; c) D. Gomez, N. Aouali, A. Renaud, C. Douarre, K. Shin-
ya, J. Tazi, S. Martinez, C. Trentesaux, H. Morjani, J.-F. Riou, Cancer Res.
2003, 63, 6149; d)F. Rosu, V. Gabelica, K. Shin-ya, E. De Pauw, Chem.
Commun. 2003, 2702; e) M. Sumi, T. Tauchi, G. Sashida, A. Nakajima, A.
Gotoh, K. Shin-ya, J. H. Ohyashiki, K. Ohyashiki, Int. J. Oncol. 2004, 24,
1481; f) D. Gomez, R. Paterski, T. Lemartleur, K. Shin-ya, J. L. Mergny, J. F.
Riou, J. Biol. Chem. 2004, 279, 41487; g) J. Seenisamy, S. Bashyam, V. Go-
khale, H. Vankayalapati, D. Sun, A. Siddiqui-Jain, N. Streiner, K. Shin-ya,
E. White, W. D. Wilson, L. H. Hurley, J. Am. Chem. Soc. 2005, 127, 2944;
h) K. Shin-ya, Biosci. Biotechnol. Biochem. 2005, 69, 867; i) N. Binz, T. Sha-
laby, P. Rivera, K. Shin-ya, M. A. Grotzer, Eur. J. Cancer 2005, 41, 2873;
j) L. Zhang, K. Tamura, K. Shin-ya, H. Takahashi, Biochim. Biophys. Acta,
Mol. Cell Res. 2006, 1763, 39; k) T. Tauchi, K. Shin-ya, G. Sashida, M. Sumi,
S. Okabe, J. H. Ohyashiki, K. Ohyashiki, Oncogene 2006, 25, 5719; I) D.
Gomez, M. F. O'Donohue, T. Wenner, C. Douarre, J. Macadre, P. Koebel,
M. J. Giraud-Panis, H. Kaplan, A. Kolkes, K. Shin-ya, J. F. Riou, Cancer Res.
2006, 66, 6908; m) A. Cheng, K. Shin-ya, R. Wan, S. C. Tang, T. Miura, H.
Tang, R. Khatri, M. Gleichman, X. Ouyang, D. Liu, H.R. Park, J. Y. Chiang,
M. P. Mattson, J. Neurosci. 2007, 27, 3722; n) E. M. Rezler, J. Seenisamy, S.
Bashyam, M.Y. Kim, E. White, W. D. Wilson, L. H. Hurley, J. Am. Chem.
Soc. 2005, 127, 9439; o) T. Lemarteleur, D. Gomez, R. Paterski, E. Man-

ChemBioChem 2009, 10, 431-435



http://dx.doi.org/10.1002/bies.20523

http://dx.doi.org/10.1002/bies.20523

http://dx.doi.org/10.1016/j.ejca.2004.11.024

http://dx.doi.org/10.1038/nature755

http://dx.doi.org/10.1093/nar/gkm711

http://dx.doi.org/10.1016/j.bmc.2006.04.033

http://dx.doi.org/10.1093/nar/gkl348

http://dx.doi.org/10.1093/nar/gkm009

http://dx.doi.org/10.1093/nar/gkm009

http://dx.doi.org/10.1016/0969-2126(93)90015-9

http://dx.doi.org/10.1016/0969-2126(93)90015-9

http://dx.doi.org/10.1093/nar/gkn379

http://dx.doi.org/10.1038/nchembio723

http://dx.doi.org/10.1038/nchembio723

http://dx.doi.org/10.1021/ja068739h

http://dx.doi.org/10.1021/ja068739h

http://dx.doi.org/10.1021/ja070497d

http://dx.doi.org/10.1093/nar/gkm609

http://dx.doi.org/10.1021/ja055636a

http://dx.doi.org/10.1021/ja0563861

http://dx.doi.org/10.1038/sj.onc.1209217

http://dx.doi.org/10.1038/sj.onc.1209217

http://dx.doi.org/10.1074/jbc.M605828200

http://dx.doi.org/10.1074/jbc.M605828200

http://dx.doi.org/10.1093/nar/gkm711

http://dx.doi.org/10.1093/nar/gkm711

http://dx.doi.org/10.1021/ja075881p

http://dx.doi.org/10.1021/ja075881p

http://dx.doi.org/10.1073/pnas.182256799

http://dx.doi.org/10.1073/pnas.182256799

http://dx.doi.org/10.1093/nar/gkm1069

http://dx.doi.org/10.1093/nar/gkm1069

http://dx.doi.org/10.1093/nar/gkl286

http://dx.doi.org/10.1002/cmdc.200700300

http://dx.doi.org/10.1039/b714772b

http://dx.doi.org/10.1021/ja005780q

http://dx.doi.org/10.1126/science.7605428

http://dx.doi.org/10.1073/pnas.0707365104

http://dx.doi.org/10.1016/j.ab.2008.05.013

http://dx.doi.org/10.1021/ja017308q

http://dx.doi.org/10.1021/ja017308q

http://dx.doi.org/10.1038/sj.onc.1206833

http://dx.doi.org/10.1038/sj.onc.1206833

http://dx.doi.org/10.1039/b309394h

http://dx.doi.org/10.1039/b309394h

http://dx.doi.org/10.1074/jbc.M406123200

http://dx.doi.org/10.1021/ja0444482

http://dx.doi.org/10.1271/bbb.69.867

http://dx.doi.org/10.1016/j.ejca.2005.08.025

http://dx.doi.org/10.1016/j.bbamcr.2005.12.002

http://dx.doi.org/10.1016/j.bbamcr.2005.12.002

http://dx.doi.org/10.1038/sj.onc.1209577

http://dx.doi.org/10.1158/0008-5472.CAN-06-1581

http://dx.doi.org/10.1158/0008-5472.CAN-06-1581

http://dx.doi.org/10.1523/JNEUROSCI.0590-07.2007

http://dx.doi.org/10.1021/ja0505088

http://dx.doi.org/10.1021/ja0505088

www.chembiochem.org



[12]

[13]

[14]

[15]

[16]

ChemBioChem 2009, 10, 431-435

dine, P. Mailliet, J. F. Riou, Biochem. Biophys. Res. Commun. 2004, 323,
802.

a)S. G. Rzuczek, D.S. Pilch, E.J. LaVoie, J. E. Rice, Bioorg. Med. Chem.
Lett. 2008, 18, 913; b) G. S. Minhas, D.S. Pilch, J. E. Kerrigan, E. J. LaVoie,
J. E. Rice, Bioorg. Med. Chem. Lett. 2006, 16, 3891; c) C. M. Barbieri, A. R.
Srinivasan, S. G. Rzuczek, J. E. Rice, E. J. LaVoie, D. S. Pilch, Nucleic Acids
Res. 2007, 35, 3272; d) N. Endoh, K. Tsuboi, R. Kim, Y. Yonezawa, C. Shin,
Heterocycles 2003, 60, 1567; e) J. Deeley, A. Bertram G. Pattenden, Org.
Biomol. Chem. 2008, 6, 1994; for total synthesis of telomestatin, see:
f) T. Doi, M. Yoshida, K. Shin-ya, T. Takahashi, Org. Lett. 2006, 8, 4165.

M. Tera, H. Ishizuka, M. Takagi, M. Suganuma, K. Shin-ya, K. Nagasawa,
Angew. Chem. 2008, 120, 5639; Angew. Chem. Int. Ed. 2008, 47, 5557.
M. Tera, Y. Sohtome, H. Ishizuka, T. Doi, M. Takagi, K. Shin-ya, K. Naga-
sawa, Heterocycles 2006, 69, 505.

S. K. Chattopadhyay, J. Kempson, A. McNeil, G. Pattenden, M. Reader,
D. E. Rippon, D. Waite, J. Chem. Soc. Perkin Trans. 1 2000, 2415.

a) According to the original procedure reported by Pattenden and co-
workers," vinyl bromide was generated from enamide 12 by using
NBS and Et;N in dioxane. The cyclization reaction of the resulting vinyl
bromide with Cs,CO; gave a complex mixture, and the desired hep-
taoxazole 14 was obtained in only 12% yield; b) The intermediate oxa-

[17]

[18]

[19]

[20]

[21]

zoline 12, which was generated by the nucleophilic addition of succini-
mide to innamide, could be isolated, and the structure was determined
by "H NMR and MS analysis (see the Supporting Information).

The intensity (CD/mdeg) of the positive 292 nm and negative 262 nm
signals reflects the ratio of the antiparallel G-quadruplexes."™

a) Interaction of L1A1-70TD (14) with ds-telo24 was not observed (Fig-
ures S3 and S4); b) The difference in AT, values of ds-telo24 (10 um) in
the absence or presence of L1H1-70TD (6; 50 pm) was not observed
(see the Supporting Information and Ref. [21]).

T. Terasaki, S. Kyo, M. Takakura, Y. Maida, H. Tsuchiya, K. Tomita, M.
Inoue, Oncol. Rep. 2004, 11, 1307.

It has been reported that telomeric G-quadruplex binders induce col-
lapse of the telomeric structure in addition to inhibition of telomerase
activity. Therefore, we think that L1H1-70TD (6) induces both biological
effects in Hela cells, resulting in potent cytotoxicity, and might induce
collapse of telomeric structure in Saos-2 cells at high concentration.

J. Kypr, M. Vorlickova, Biopolymers 2002, 67, 275.

Received: August 20, 2008
Published online on January 12, 2009

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

435

www.chembiochem.org



http://dx.doi.org/10.1016/j.bbrc.2004.08.150

http://dx.doi.org/10.1016/j.bbrc.2004.08.150

http://dx.doi.org/10.1016/j.bmcl.2007.12.048

http://dx.doi.org/10.1016/j.bmcl.2007.12.048

http://dx.doi.org/10.1016/j.bmcl.2006.05.038

http://dx.doi.org/10.1093/nar/gkm188

http://dx.doi.org/10.1093/nar/gkm188

http://dx.doi.org/10.1039/b802477d

http://dx.doi.org/10.1039/b802477d

http://dx.doi.org/10.1021/ol061793i

http://dx.doi.org/10.1002/ange.200801235

http://dx.doi.org/10.1002/anie.200801235

http://dx.doi.org/10.1039/b000750l

http://dx.doi.org/10.1039/b000750l

http://dx.doi.org/10.1002/bip.10112

www.chembiochem.org




BIO

DOI: 10.1002/cbic.200800644

Single-Molecule FRET Reveals Structural Heterogeneity of SDS-Bound

a-Synuclein

Gertjan Veldhuis, Ine Segers-Nolten, Eva Ferlemann, and Vinod Subramaniam*

The intrinsically disordered protein a-synuclein (aSyn), in-
volved in the etiology of Parkinson’s disease, adopts multiple
conformations depending on the environment, binding to tar-
gets, and aggregation state. Free in solution, it has random-
coil-like conformations,” but adopts a-helical structures upon
binding to negatively charged membranes.”¥ When bound to
SDS micelles, aSyn folds into a horseshoe conformation with
two antiparallel helices,™ a conformation that has been con-
firmed in the vesicle-bound state.”® In the fibrillar state, a
rigid cross-p-structure is prominent,” likely lining up the fibril
core. The versatility of conformational plasticity might reflect
an important biological role. Although its exact function re-
mains obscure, aSyn has been associated with dopamine neu-
rotransmission and regulation of the synaptic vesicular pool.”
Furthermore, it has been suggested that it acts at the presy-
naptic membrane interface.”’ Recently, it has been shown that
aSyn can adopt multiple folded states with different fractions
of a-helical content upon interaction with SDS molecules of
either a monomeric or micellar nature."”

We have used single-molecule Forster resonance energy
transfer (SM-FRET) to investigate the structural architecture of
aSyn along the trajectory of SDS-induced partially folded con-
formational species. The FRET-efficiency distributions obtained
reflect the conformational heterogeneity of the resulting spe-
cies. Analysis of the SM-FRET data reveals the existence of two
distinct subpopulations within the range of SDS-induced con-
formations, suggesting an all-or-none folding transition. The N-
terminal domain of aSyn, containing several imperfect repeats,
is involved in the membrane binding process.”’ We therefore
engineered a variant of aSyn with two cysteines in the puta-
tive membrane-binding domain (amino acids 9 and 69). The
cysteines were labeled with donor and acceptor dyes suitable
for SM-FRET (see the Supporting Information). FRET-efficiency
(Esps) histograms of 100 pm Alexa Fluor 488- and Alexa Fluor
568-labeled aSyn-9C/69C at increasing concentrations of SDS
are presented in Figure 1. Initially, without SDS, aSyn adopts
conformers that result in an E_,, centered at 0.54 (first panel,
Figure 1). At low SDS concentrations (up to ~0.5 mm) no ap-
parent changes in the histograms were observed. However,
upon increasing the SDS concentration from 0.5 to 1.0 mm, a
clear second distribution centered at E,,,~0.82 and of smaller
width appeared (peak 2). The higher E value is indicative of a
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population in which positions 9 and 69 are closer together.
The area of the first peak decreased concomitantly with the
rease in area of the second. This observation suggests that
SDS-induced structural changes in aSyn result in one or other
of the conformers, at least within the 1 ms timeframe of the
experiment. At even higher SDS concentrations (1.5-10.0 mwm),
the first distribution completely disappeared. Remarkably,
above 1.5 mm SDS, although the mean value of the peak did
not alter significantly, the width decreased further by ~15%
(with an error in the FWHM below 59%; Figure 2A); this sug-
gests a further stabilization of the structure resembling the
horseshoe conformation that has been structurally resolved
with NMR¥ (see Figure 3).

The peak positions and relative areas obtained with SM-
FRET (Figure 2) corresponded very well with the increase in o-
helix content, as judged from CD measurements with a protein
concentration 5 orders of magnitude higher (Figures 4A and
S3), thus confirming the findings for SDS-induced structural al-
terations in wild-type aSyn."

Taking into account the reported value (62 A) for the Férster
distance of the dye-pair used and the E,, value at [SDS]>
1.5 mm, the most frequently found distance between the two
dyes in the SDS-bound state can be estimated at 45 A, as ob-
tained from the mean E, value for peak 2 in the histogram.
This value is higher than the 32 A distance between amino
acid positions 9 and 69 obtained from either NMR™ or EPR.”
One should keep in mind, however, that the labels have ~10 A
linkers between the maleimide and fluorophore moieties
(Figure 3), and that the observed distance is the distance be-
tween the centers of the two fluorophores. Since the exact ori-
entation of the dyes with respect to aSyn bound to the SDS
micelle is not known, it is in this case not possible to translate
the observed distance to topological distance information
within the aSyn molecule.

It has been shown that aSyn in solution does not behave as
a fully random-coil protein, that is, residual structure appears
to be present in the polypeptide chain.*'" Considering the
histograms of aSyn free in solution without SDS, one would
perhaps expect a more narrow distribution for an unfolded,
random-coil-like protein with very fast folding transitions.'?
The width of the histograms in the case of aSyn could point
to the presence of some residual structure within aSyn, with a
limited set of conformers. However, as has been remarked,
care should be taken in interpreting the distribution widths as
they are highly dependent on the timescale of chain motions
relative to the observation time of each molecule.*"'” A simi-
lar explanation might hold for the apparent broadening of the
first peak in the histograms at lower SDS concentrations. The
overall trend in broadening (an increase in the FWHM of 35 %)
holds up to at least 0.8 mm SDS, at which point a significant
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Figure 1. FRET-efficiency histograms of aSyn-9C/69C as a function of SDS concentration. Solid lines represent Gaussian fits; where applicable individual Gaus-
sians are shown for peaks 1 and 2.

portion of the data points still originate from peak 1, and the  concentrations, the errors in FWHM of peak 1 were too high to
errors in the FWHM of peak 1 are below 16%. (For higher SDS  allow a statistically valid conclusion about peak broadening.)
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Figure 3. Representation of AF488- and AF568-labeled aSyn-9C/69C bound
to a SDS micelle. The two putative membrane-binding helices are shown to-
gether with the unstructured C-terminal tail.

Furthermore, the average E,,, values did not shift significantly
in this SDS concentration regime. Thus, broadening could
point to an increased heterogeneity and/or altered flexibility
within this population by binding of SDS monomers to the
polypeptide chain. However, the broadening could also arise
from slower conformer interconversion or chain stiffening
caused by SDS binding, especially since the average E,,, value
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Figure 4. CD and tryptophan fluorescence emission as functions of SDS con-
centration. A) Ellipticity of aSyn-9C/69C at 198 (¥) and 222 nm (4). B) Fluo-
rescence emission maxima, A, of single-Trp mutants aSyn-9W (e) and
aSyn-69W (e).

did not shift. Although techniques that can resolve faster time-
scales will be necessary to elucidate the detailed mechanism,
the observed broadening does indicate dynamic structural al-
terations within aSyn induced by selective SDS binding.

Although SDS is not a chaotropic salt, it is well known for its
ability to disrupt structure within globular proteins by the
addition of negative charges to the polypeptide that induce
unfolding by electrostatic repulsion. aSyn, on the other hand,
with its amphipathic motif in the N-terminal region,”" adopts a
horseshoe-like structure upon binding to SDS micelles® and
large unilamellar vesicles.” Closer inspection of the data in Fig-
ures 2 and 4 suggests that the appearance of peak 2 in SM-
FRET occurs just at the onset of a-helix formation measured
with CD. This is a strong indication that peak 2 contains the
conformers with high a-helical content, while peak 1 repre-
sents largely unstructured conformers. Furthermore, peak 2
very likely represents the horseshoe conformation,” as judged
from the high mean E,, and the width corresponding to the
state bound to fully formed micelles at much higher SDS con-
centrations.

The existence of two peaks within the narrow SDS-concen-
tration regime (~0.5-1.0 mm) suggests that aSyn is able to
adopt metastable structures through some sort of all-or-none
mechanism for structural rearrangement (on the timescale of
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the experiment). Even more surprising is that these transitions
occur below the critical micelle concentration (CMC) of SDS
(6.5 mm, as determined with isothermal titration calorimetry
(ITC), Figure S4), as has been reported before." Although ITC
indicated that the CMC is unaffected by small additions of the
protein,'” we hypothesize that aSyn may still locally induce
micelle formation at such low amounts that it is not obvious
from the ITC measurements. Interestingly, tryptophan residues
engineered at positions 9 and 69, probing local polarity, also
displayed a dependence on the SDS concentration. However,
the blue-shifts of the Trp fluorescence approached their
maxima at ~0.6 mm SDS (Figure 4B), just at the onset of a-
helix formation measured with CD and the appearance of
peak 2 in SM-FRET (dashed vertical lines). Thus, below the ap-
parent CMC of SDS, Trp residues report apolar environments
very likely arising from the apolar hydrocarbon tails of SDS and
suggesting either micelle formation or at least some sort of
SDS encapsulation or binding around the Trp. It is interesting
to speculate whether this putative micelle formation is induced
by aSyn. Once SDS monomers were bound (blue-shift) and
when a-helical structure formation was induced (increase in el-
lipticity), the second distribution became prominent (SM-FRET).
Although analysis of more double-cysteine and single-Trp mu-
tants will be necessary to probe if these transitions occur
along the whole peptide, it is interesting to speculate whether
these apparent sharp transitions also occur in vivo and what
their role may be.

In conclusion, the SM-FRET approach in combination with
ensemble CD and Trp fluorescence spectroscopy enabled us to
discriminate two apparent states of aSyn and to analyze these
conformers in terms of distribution and heterogeneity, infor-
mation that is otherwise difficult, if not impossible, to extract
solely from ensemble measurements.
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Residual Dipolar Couplings in Short Peptidic Foldamers: Combined
Analyses of Backbone and Side-Chain Conformations and Evaluation of
Structure Coordinates of Rigid Unnatural Amino Acids

Markus B. Schmid,” Matthias Fleischmann,® Valerio D’Elia,” Oliver Reiser,™ Wolfram Gronwald,™ and

Ruth M. Gschwind*®!

Although residual dipolar cou- 1
plings (RDCs) have been estab-
lished in the NMR structure de-
termination of biomacromole-
cules in solution for several
years,l"? their potential for the
investigation of small molecules
has not been fully explored due
to difficulties in the evaluation
of internal dynamics and con-
formational averaging. Thus, RDCs have been mostly employed
for the determination of configurations in rigid or cyclic com-
pounds®™® or for the structure refinement of cyclic peptides.”®
Only very recently could configurations in more flexible open-
chain systems be elucidated.”'” To our knowledge, RDC appli-
cations addressing short linear peptides, however, have been
restricted to the systematic elucidation of the conformational
preferences of individual natural amino acids;"'? neither the
conformations of short linear peptides nor the influence or the
structure of cyclic unnatural amino acids have been analyzed
in detail by RDCs. Since certain unnatural amino acids, for ex-
ample, B-amino acids, are known to induce strong conforma-
tional preferences in peptides, foldamers containiing -amino
acids are promising targets for structural investigations sup-
ported by RDCs. In particular, the rigid cis-B-aminocyclopro-
panecarboxylic acid™ (cis-3-ACC) stabilizes even short peptide
sequences,”"” and high activities and selectivities have been
found in medicinal chemistry™'® and asymmetric organocatal-
ysisl'”! for cis-B-ACC containing peptides. However, the struc-
tural analysis of these peptides by NMR and CD methods es-
tablished for peptides comprised of natural amino acids has
been problematic due to difficulties in assigning parameters
for the unnatural building blocks and due to a missing body of
reference compounds.

To fill this gap, NMR solution studies on tripeptides 1 and 2
(Scheme 1) are presented here. RDCs were applied as a quality
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Scheme 1. H-(L)-Pro-¥-(L)-Pro-OBn 1, H-(L)-Pro-(L)-Pro-¥-OBn 2 (for conformational analysis) and Ac-¥-NEt, 3 (for

the parameterization of cis-3-ACC); ¥ =(—)-cis-3-ACC.

check for the different cis-3-ACC parameterizations for molecu-
lar dynamics (MD) simulations and to detect preferences in
proline side-chain conformations. Furthermore, the use of cis-
B-ACC as an alignment probe allowed for the analysis of the
peptide backbone.

In structural studies of small molecules and nonstandard
amino acids, the appropriate parameterization of these com-
pounds is essential for reliable MD simulations. The hydrogen
positions, which are addressed by various NMR-derived re-
straints, especially influence the results of MD calculations.
Since a crystal structure of the enantiomer of 3 (Scheme 1) was
available,"® 3 was used as a model compound for 1 and 2 in
order to generate a parameterization of cis-3-ACC. For this pur-
pose, two sets of coordinates for 3 were prepared, one with
the Dundee PRODRG2 Server™ and the second one from the
crystal structure™ by a subsequent DFT equilibrium geometry
calculation resulting in significantly different hydrogen posi-
tions (see the structures in Figure 1). As RDCs provide in princi-
ple the potential to check the quality of coordinates in rigid
molecules, both (-ACC structures were fitted to a set of six
experimental RDCs of the rigid -ACC moiety with the PALES
software;?*?"! these RDCs had been determined from the well-
resolved 1D 'H and "H-">C PE.HSQC spectra® of samples of 2
in CDCl; and in a strained polydimethylsiloxane (PDMS)/CDCl;,
gel” A comparison of the experimental and the back-calculat-
ed RDCs of the two coordinate sets is presented in Figure 1.

Besides demonstrating that the set of experimental data is
accurate and the configuration of cis-B-ACC is correct, the sig-
nificantly better Q factor of the X-ray-derived coordinates (Fig-
ure 1B) indicates their congruence with the actual structure in
solution. The coordinate file generated by PRODRG2, on the
other hand, can be rejected; in addition to a poor Q factor, a
significantly different alignment tensor was calculated, which
would lead to the erroneous evaluation of further RDCs. How-
ever, the PRODRG2 structure can be improved by an energy
minimization calculation, leading to results similar to the crys-
tal structure (see the Supporting Information).
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Figure 1. Experimental and back-calculated RDCs for cis-3-ACC with struc-
ture coordinates A) according to the Dundee PRODRG2 server' or B) de-
rived from a crystal structure."® The Q factors allow for the identification of
the correct amino acid structure.

The impact of such small differences in hydrogen positions
on the conformational analyses of short peptides is illustrated
by MD calculations on 2 (Scheme 2). The slightly changed

v, = 335°

Scheme 2. Conformational changes of 2 caused by different $-ACC parame-
terizations derived from A) PRODRG2 or B) an X-ray structure of 3. In both
cases, the 50 structures with the lowest NOE energies are displayed, fitted
on the N, C, and CO of Pro 2. The C-terminal benzyl protecting group is
omitted for the sake of clarity.

proton coordinates in the two different parameterizations not
only lead to an erroneous peptide backbone but also to differ-
ent proline side-chain conformations. Upon applying the cor-
rect parameterization, the most obvious changes occur in the
backbone angles ¥, and 8 (from 57° to 335° and from 243° to
221°, respectively) and in the flip of the side-chain conforma-
tion of Pro2 from down to up. The overall conformational al-
teration affects significantly the relative position of Pro1 and f3-
ACC, which is essential for the structural interpretation of the
organocatalytic properties of unprotected 2.'” In the structural
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studies of small molecules such as 2, it is essential to check
whether the experimental NMR parameters originate from one
prevalent conformation or are averaged over several coexisting
or interconverting conformations. As criteria for the predomi-
nant adoption of a well-folded form of short linear peptides, it
has been proposed that no NOE restraints are violated and all
interproton distances below 3.5 A that occur in more than half
of the calculated structures give rise to observable NOEs.'"" In
addition, the dominant population of a particular conformation
can be evidenced experimentally by unusual large or small
*Jun values.”? Interestingly, in both structures shown in
Scheme 2, the two NOE criteria are fulfilled; this indicates one
conformation for 2. But only with the correct parameterization,
does the experimental § angle derived from 3JHN,Hﬁ agree with
the calculated structure (Supporting Information). This example
shows impressively that RDCs can be used as a tool to evalu-
ate the correctness of the coordinates of rigid unnatural amino
acids in solution, which is a crucial prerequisite for reliable
restrained MD simulations, especially for short peptidic foldam-
ers.

Inspired by the excellent performance of cis-f-ACC in the
RDC back-calculation, we used cis-B-ACC as a probe for molec-
ular alignment, and thus exploited the potential of RDCs as a
source of conformational information for the structure refine-
ment of short peptidic foldamers. In principle, the reported ap-
plications of (3-ACC-containing foldamers in medicinal chemis-
try and organocatalysis suggest conformational investigations
should be performed at room temperature. Since the degrada-
tion of 2 into the Pro-Pro-diketopiperazine is observed even at
273 K, 1 was selected for structural investigations with RDCs.
At 300 K, the NOE interpretation of 1 was severely hampered
by exchange processes involving the amide proton of 3-ACC,
which impeded NOE interpretation at this prominent position
in the NOE network. In this case, RDC data are expected to be
particularly valuable, because they allow for the determination
of the orientation of vectors in the different amino acids rela-
tive to the alignment tensor.

Even in foldamers, linear tripeptides are very likely to show
remaining internal dynamics or, even more seriously, several
interconverting conformations; these situations would lead to
a complex averaging of the experimental NMR parameters, in-
cluding RDCs. In order to find out if parts of 2 were conforma-
tionally restricted enough to reduce the influence of conforma-
tional averaging to a minimum, and thus, to allow for RDC in-
terpretation, the conformational stability of 1 was investigated
at 240 K, and the resulting structure analyzed according to the
NOE and Jcriteria discussed above. The NOE-restrained MD
simulations indicated a surprisingly limited conformational flex-
ibility as far as rotations around the backbone angles a and 3
are concerned (see Figure 2A for nomenclature and Figure S3
for the calculated structure ensemble). The predominance of
the conformation shown in Figure S3 at 240 K was revealed by
the fulfillment of all the NOE restraints and by observable
NOEs for all interproton distances below 3.5 A. The unexpected
stability of the f angle was experimentally confirmed by the
unusual *Jy.5°" of 9.69 Hz (Supporting Information). At 300 K,
small changes in the chemical shifts (<0.07 ppm, except for
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Figure 2. A) Conformational information on the angles o and 3 in 1 derived from B) NOEs, C) 3JHN—H[3 and D) RDCs.
The black bars mark angle regions in agreement with the experimental parameters.

the amide proton), a qualitatively identical NOE intensity pat-
tern and the slight decrease in the 3JHN,H3 (from 9.69 Hz to
8.89 Hz) showed that this conformation was still preferred and
only slightly loosened at higher temperatures. The formation
of an intraresidual hydrogen bond, which is hinted at by IR
spectroscopy at room temperature,"® corroborates this confor-
mation. On the other hand, the orientations of Pro1 and the
benzyl protecting group are less defined. Therefore, only those
RDCs solely affected by rotations around the angles o and 3
(with respect to the alignment probe cis-B-ACC) can be inter-
preted without significant conformational averaging, and thus,
were used for a structural refinement of the backbone confor-
mation of 1.

Based on this structural model of 1 and cis-3-ACC as an
alignment probe, RDC information was gathered on the angles
a and P, which describe the orientation of the adjacent parts
of the peptide relative to the probe (Figure 2A). For the angle
B, *Dunwp was determined from 1D 'H spectra, and 'Dcquq
within Pro3 (from PEHSQC spectra) was chosen as the sensor
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360 tails). Order parameters, which
al take remaining internal dynam-
ics into account, had not been
included in the RDC interpreta-
tion so far. Therefore, the good
agreement of the RDC data
with other NMR parameters, which are each dynamically aver-
aged in different ways, can be interpreted as further proof of a
considerably stable core conformation of 1 in CDCl; at room
temperature.

Focusing on the backbone rotations around o and 3, we
applied the RDC data in MD simulations with the software
system CNS (Crystallography & NMR System).” Our set of
eight RDCs (supplemented by the a-relevant 'Dessa 'Deoos
and 2Dys,.ne3) Were used as the restraints on the basis of the
alignment tensor determined for cis-f-ACC. For comparison,
we quantified the a- and p-relevant NOE contacts, as far as
this was possible, for the exchange-affected NOEs and applied
them as distance restraints in separate calculations. The result-
ing structures (presented in Figure 3) show similar o and f
values and a remarkable correspondence of the entire confor-
mation for both parameter sets. The reduced conformational
flexibility of the RDC-derived structures compared to that of
the NOE-derived structures can be explained by the limited
precision with which the NOEs could be obtained due to ex-
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Figure 3. Comparison of A) NOE- and B) RDC-derived structures of 1 at room
temperature. In both cases, the 40 structures with the lowest energies are
presented, which are based on a/f-relevant NOEs or RDCs only.

change contributions; this required the use of relatively large
error bounds for NOEs. In contrast, the RDCs could be deter-
mined very precisely. This example shows that, even in short
linear peptides at natural abundance, conformational informa-
tion can be derived from RDCs in the case of a conformational-
ly stable compound and the presence of a reliable probe for
molecular alignment.

Besides providing information on the peptide backbone, in
principle, RDCs can also be used to gain insight into proline
side-chain conformations. In order to cancel the influence of
variable backbone conformations on the proline RDCs, sepa-
rate alignment tensors were calculated for Pro1 and Pro3. As a
result, the RDC analysis reflects the averaging of the proline
side-chain conformations only and should allow for the detec-
tion of preferences. Based on a two-state model assumption
for proline conformations (“up”=“down”, Figure 4A),??”
structures of 1 were calculated in which J coupling restraints
forced the proline residues into one of the two conformations.
These structures were used to establish the conformation-

dependent correlations of experimental and back-calculated
proline RDCs (10 for Pro 1 and six for Pro 3) displayed in Fig-
ure 4B and C.

For Pro3, the excellent match of the down conformation
and the experimental RDCs (Figure 4C) indicates a distinct
preference of this conformation, which is supported by an
analysis of scalar coupling constants.”® For Pro1 on the other
hand, the Q factors are poor for both the up and down confor-
mations (0.686 and 0.747, respectively, Figure 4B). It can be
optimized to 0.363 by assuming an equilibrium up/down pop-
ulation of 53:47, which is in agreement with the J analysis of
Pro1.”® The significantly larger Q factor of Pro1 compared to
that of Pro3 can be explained by the presence of fast internal
motion at single sites in Pro1 or the population of other con-
formations beside up and down.

In summary, we have presented an RDC-based approach to
select appropriate structures for the force-field parameteriza-
tion of rigid nonstandard amino acids. Conformational analyses
of H-(L)-Pro-(L)-Pro-W¥-OBn show that even slight alterations in
the proton positions of unnatural amino acids can lead to sig-
nificant deviations in backbone and side-chain conformations.
In the presence of cis-B-ACC as a probe for molecular align-
ment, RDCs allowed us to obtain conformational information
on the backbone of the short linear peptide H-(L)-Pro-W-(L)-
Pro-OBn, being especially valuable if the NOE analysis is affect-
ed by chemical exchange. In addition, RDCs were employed to
detect the preferences of proline side-chain conformations.

This study shows that even in the case of short linear pep-
tides with unnatural amino acids, RDCs at natural abundance
can provide essential structural information. This example
demonstrates that the RDC approach can be expanded to
open-chain structures not only in the case of configuration de-
termination, but also in the field of conformational analyses. In
the context of B-ACC, RDC-supported conformational studies
are expected to help establish the structure activity/selectivity
relationships of neuropeptide Y (NPY) analogues, integrin li-
gands and organocatalysts that have been developed with this

A) amino acid.
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Inhibiting Islet Amyloid Polypeptide Fibril Formation by the Red Wine

Compound Resveratrol

Rajesh Mishra, Daniel Sellin, Diana Radovan, Andrea Gohlke, and Roland Winter*?

Cellular systems keep a balance between protein synthesis and
degradation with the help of molecular chaperones and the
proteasome, and the quality-control mechanisms in the cell
prevent deposition of partially folded, misfolded, or degraded
protein."" When the balance between protein synthesis and
protein degradation is disturbed, pathological conditions can
appear in the form of amyloids. In pathological conditions,
such amyloids are found in different organs, such as the brain,
liver, spleen and pancreas. One of the characteristics of the
amyloids is that, in spite of their precursor proteins, they form
cross B-sheet-rich structures and a largely similar fibril mor-
phology. A number of diseases like Alzheimer’s, Parkinson’s,
type Il diabetes mellitus, and prion-related diseases are charac-
terized by the presence of such amyloids.”

In type Il diabetes, amyloid deposition occurs near pancreat-
ic P-cells. Biochemical analysis of the amyloid plaques led to
the identification of the 37-residue islet amyloid polypeptide
(IAPP) as a major constituent.” IAPP is synthesized and secret-
ed from pancreatic B-cells along with insulin, and during the
post-translational modifications it acquires a disulfide bond
between cysteine residues 2 and 7 and an amidation at the
C terminus of the 37th residue tyrosine. In its native state,
IAPP controls hyperglycemia by controlling the blood glucose
level.® It is still not known what triggers IAPP to convert from
a soluble monomer into insoluble amyloid fibrils. Recent stud-
ies have demonstrated that the interaction with membranes
might play an important role in the IAPP amyloid fibril forma-
tion.®” Despite inherent problems like honhomogeneity, poly-
morphism and insolubility, our understanding of IAPP amyloid
fibril formation is gradually increasing. Efforts have been made
towards a biophysical and structural characterization of the
monomeric, oligomeric and fibrillar states of IAPP%' and the
amino acid sequence and environmental factors, such as the
presence of membranes and cosecreted proteins, have been
under scrutiny concerning their role in IAPP fibril formation."~'*!
Results from recent studies indicate that it might not be the
fibrils but precursors of the fibrils, such as particular oligomers,
that are the most toxic species."®

Preventing IAPP amyloid fibril formation is a rational ap-
proach in the direction of drug discovery for type Il diabetes. It
has been difficult to rationally design drugs due to the lack of
structural information about the prefibrillar and fibrillar states
of IAPP and of amyloidogenic peptides in general. Despite the
limited knowledge about the structure of the amyloid fibrils,
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screening of inhibitors, in particular, small-molecule inhibitors,
might prove promising. Many small molecules have the ad-
vantage of crossing the blood-brain barrier, they are stable in
biological fluid and can avoid immunological response. Amy-
loid fibrils generally share the overall basic features at a molec-
ular level, like cross [-sheet-rich hydrogen-bonded fibrils.
Hence, corresponding studies on other amyloid, like Af or T,
the Alzheimer peptides, might help us explore strategies for in-
hibition of IAPP amyloid formation. Based on this assumption
we have recently shown that rhodanine-based small-molecule
inhibitors, which are active against t-fibril formation,!'” are also
effective against IAPP amyloid fibril formation."® Heparin-in-
duced t-filament assembly has also been inhibited by different
classes of compounds like phenothiazines, porphyrins and pol-
yphenols, and, interestingly, these compounds also inhibit Ap-
(1-40) fibril formation." In another approach, which is based
on peptide inhibitors, small fragments of the peptide have
been methylated to prevent IAPP fibril formation, but crossing
of the lipid membrane by these peptides remains a chal-
lenge.

A group of compounds, called polyphenols, with more than
one aromatic phenolic rings has emerged as inhibitors of Af,
a-synuclein, and prion amyloids.?" In a recent study, a poly-
phenol, (—)-epigallochatechin gallate (EGCG), has been shown
to divert aggregation-prone proteins like AB and a-synuclein
into an off-pathway, and they are able to prevent fibril forma-
tion.”? Another phenolic compound from grapes, resveratrol,
has been shown to be effective against AP(25-35) amyloid
fibril formation.” It has been shown to reduce the secreted
and intracellular Ap level.? In fact, IAPP shares amino acid
sequence similarity with Ap in the presumably ordered region
and shows a similar secondary structure in the fibrillar state.”™
Hence, it may be speculated that small molecules that are
effective inhibitors of AP amyloid formation could also be
effective against IAPP fibrillation.

In this work, we describe the inhibitory effect of resveratrol
(trans-3,5,4-trinydroxystilbene, Figure 1), a polyphenol that is
found in significant amounts (130-220 um) in red wine, on
IAPP fibril formation. We have used different biophysical meth-
ods like ThT fluorescence, atomic force microscopy (AFM), atte-
nuated total reflection (ATR) FTIR spectroscopy, and a cytotox-
icity assay on a pancreatic cell line to show the inhibitory
effect of resveratrol on IAPP amyloid formation. Moreover, the
effect of resveratrol is also investigated in the presence of
aggregation-fostering lipid membranes.

IAPP fibril formation was started by dissolving the peptide in
amyloid-forming buffer (10 mm sodium phosphate, pH 7.5) to
a final IAPP concentration of 10 um at 25°C for 96 h. To reveal
the effect of resveratrol on the IAPP fibrillation reaction, 0.01
to 100 um of the compound was added to the fibril-forming
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Figure 1. Effect of different concentrations of resveratrol on 10 um IAPP

amyloid fibril formation. Fibril formation was carried out in 10 mm phos-
phate buffer, pH 7.5, 25°C for 96 h. The chemical structure of resveratrol
is shown inside the plot.

buffer. ThT, an extrinsic fluorescence dye, binds to
amyloid fibrils, and upon binding its fluorescence in-
tensity increases. The fibril formation was quantified
by measuring the fluorescence intensity of ThT at
480 nm after excitation at 440 nm. The fluorescence
intensity of IAPP without resveratrol was taken as
100%. The effect of resveratrol was monitored by
measuring the ThT fluorescence intensity of samples
containing different resveratrol concentrations. As is
evident from Figure 1, at low concentrations (0.01
and 0.1 um) almost no inhibitory effect of resveratrol
was observed. Upon increasing the resveratrol con-
centration, the ThT fluorescence started to decrease
drastically, with an ICy, for amyloid fibril inhibition of
3.3 um.

As the ThT assay might be prone to error because
of an interaction between ThT and resveratrol, addi-
tional techniques were employed. We used AFM to
study the fibril morphology. A 10 um IAPP solution
was incubated with and without resveratrol in amy-
loid-forming buffer (10 mm sodium phosphate,
pH7.5) at 25°C for 96 h. IAPP forms long un-
branched fibrils with heights of 3-5 nm, which is typ-
ical of IAPP amyloid fibrils (Figure 2A). Conversely, in
the presence of 10 um resveratrol, spherical struc-
tures with heights of typically only 3-4nm are
formed (Figure 2B). These results thus support the ThT data
and indicate that resveratrol inhibits IAPP amyloid fibril forma-
tion.

After successfully demonstrating the role of resveratrol in
IAPP fibril inhibition, we wanted to know whether this com-
pound is also effective against membrane-induced IAPP fibril
formation. To this end, a surface-sensitive technique, ATR-FTIR
spectroscopy, was used. Lipid bilayers formed from large unila-
mellar vesicles of dioleoyl-phosphatidylcholine (DOPC) and the
anionic dioleoyl-phosphatidylglycerine (DOPG) in a 7:3 ratio
were spread out on the ATR crystal. Then, 10 um IAPP solutions
with and without resveratrol were injected into the ATR cell,
and the evolution of the IR bands was followed for 20 h. In

446

www.chembiochem.org

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

ATR-FTIR spectroscopy, accumulation of fibrils and oligomers
adsorbed at the lipid interface can be detected, while protein
molecules distant from the membrane surface (evanescent
wave depth <1 um), that is, in the bulk solution, do not con-
tribute significantly to the ATR-FTIR signal. IAPP forms amyloid
fibrils in the presence of DOPC/DOPG lipid bilayers. This is
clearly visible by the strong amyloid-specific amide | band at
around 1620 cm™', which is characteristic of formation of inter-
molecular parallel B-sheets. In the presence of resveratrol, how-
ever, no specific bands are observed; this clearly demonstrates
that the IAPP molecules are not in contact with the lipid bi-
layer (Figure 3). We also analyzed the effect of resveratrol on
IAPP fibril formation in the absence of membrane. As shown in
Figure 3 as well, no amyloid-specific bands could be seen.

It is evident from the in vitro studies shown above that re-
sveratrol is a strong inhibitor of IAPP amyloid fibril formation.
To reveal whether this compound is also an effective inhibitor
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Figure 2. Effect of resveratrol on IAPP amyloid fibril morphology as revealed by atomic
force microscopy. A) IAPP without resveratrol and B) IAPP in the presence of 10 pm re-
sveratrol. Right: height profiles corresponding to the lines on the left.

of IAPP fibril formation in vivo, a cytotoxicity assay was carried
out. The effect of resveratrol on IAPP fibril inhibition was stud-
ied by using the pancreatic cell line INS-1E. In a control experi-
ment, only 60% cells survived in the presence of 10 um IAPP
(Figure 4). In the presence of 10 um resveratrol, the survival of
the cells increased to about 90%. As depicted in Figure 4, re-
sveratrol itself is nontoxic to the cells at 10 um concentrations.
This shows that resveratrol is not only an effective in vitro
inhibitor, it can be considered to be a potent inhibitor in the
cellular model system as well.

Inhibiting the formation of oligomeric and fibrillar species
during amyloid formation is a promising approach to prevent
amyloid-related diseases. One of the synthetic compounds,

ChemBioChem 2009, 10, 445 - 449



www.chembiochem.org



0.05

0.04 -

0.03

Absorbance

0.02

0.01

0.00 4

1700 1680 1660 1640 1620 1600 1580
Wavenumber / cm™

Figure 3. ATR-FTIR-spectra of 10 um IAPP in the presence of a phospholipid
bilayer made up from a mixture of DOPC and DOPG in a 7:3 (w/w) ratio
(—), 10 um IAPP mixed with 10 pm resveratrol in the absence of mem-
brane (-----), 10 um hIAPP mixed with 10 um resveratrol in the presence of
a DOPC/DOPG (7:3, w/w) bilayer (). All spectra were collected at 25 °C
after 20 h incubation in the ATR-FTIR cell.

% Survival INS-1E cells

T - T
IAPP |APP+resveratrol resveratrol

Figure 4. Cell viability of pancreatic $-cells (cell line INS-1E) after exposure
to 10 um IAPP (white), 10 um of both IAPP and resveratrol (light grey), and
10 um resveratrol, only (dark gray).

phenolsulfonphthalein, has been shown to inhibit IAPP fibril
formation also.”® Still, with the synthetic compounds, cell tox-
icity remains an issue for drug development. Naturally occur-
ring polyphenolic compounds have an advantage over syn-
thetic ones because of their nontoxicity as well as their bio-
compatibility. These characteristics of naturally occurring poly-
phenolic compounds have been exploited for the discovery of
AP and other amyloid inhibitors. In an elegant study, Wanker’s
group has shown that EGCG, a naturally occurring polyphenol-
ic compound, can inhibit amyloid formation of Af and a-synu-
clein.”? One other important polyphenolic compound, resvera-
trol, which is found in grapes and red wine, has been shown
to inhibit the cytotoxicity of AB(25-35) and to prevent its fibril
formation.®%7: %

We report here the inhibitory activity of resveratrol in IAPP
amyloid formation. Although resveratrol is a slightly less-
potent inhibitor (IC;,=3.3 um) than the recently described rho-
danine-based inhibitors (with ICs, values of 0.45 and 1.23 um),
its 1Cs, value is lower for IAPP than value for the AP (25-35)
amyloid fibrils that were determined recently, which is
5.6 um.?¥ The differences in the ICs, of different compounds

ChemBioChem 2009, 10, 445 - 449
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reflect the fact that these compounds interact at different
stages and/or at different interaction sites. It is generally be-
lieved that polyphenols interfere by interacting with the hydro-
phobic pockets in the amyloid fibril formation pathway. Work
on the AP amyloid inhibitors leads to the assumption that pol-
yphenols do not interact with the monomers of the amyloid-
forming proteins, but rather with prefibrillar structures."*?" A
substoichiometric concentration of resveratrol is required for
IAPP fibril inhibition. This indicates that it is interacting and
preventing the fibril formation during the early stages of the
fibrillogenesis. This is evident from the AFM studies in which
only small spherical structures have been observed. However,
such inhibition products might not always be desirable. If they
are toxic to the cells, then the purpose is defeated. Recently, it
has been shown that epigallochatechin promotes the forma-
tion of off-pathway oligomers, which are nontoxic to cells.””

One of the important aspects of IAPP fibrillation is the ability
of negatively charged membranes to induce IAPP fibril forma-
tion.®”"3! So far, amyloid inhibition studies have mostly not
focused on the role of membranes in amyloid fibril formation.
Recently, we have included this aspect as well."® We clearly
show that resveratrol can inhibit IAPP fibril formation even in
the presence of anionic lipid bilayers, such as DOPC-DOPG
model membranes. The amyloid-specific IR band (at about
1620 cm™') band is absent in the sample that contains resvera-
trol (Figure 3). This clearly demonstrates that resveratrol is able
to interact with IAPP and can prevent IAPP fibril formation
even in the presence of anionic lipid membranes, which are
known to drastically induce and foster fibrillation of IAPP.

Small-molecule inhibitors like resveratrol have the potential
to be developed as drug candidate for type Il diabetes. There-
fore it is necessary to extend these in vitro studies to the cellu-
lar system. Resveratrol has already been shown to reduce the
AB level in cell culture studies.® In this study, resveratrol has
been shown to have pronounced effects on the survival of the
INS-1E cell line treated with IAPP as well (Figure 4). An earlier
role of resveratrol in cell survival has been attributed to its
antioxidant activity.” Our in vitro inhibition results do not
depend on the antioxidant activity and are in line with the cell
culture studies. The markedly enhanced cell survival in the
presence of resveratrol also indicates that the small oligomeric
structures that have been observed in the AFM study are not
toxic and could very well be off-pathway assembly products.
Because resveratrol is nontoxic to the pancreatic cells, this nat-
ural polyphenol has the potential to be developed as drug
candidate for type Il diabetes.

Experimental Section

Materials: Synthetic human IAPP was obtained from Calbiochem
(Darmstadt, Germany), hexafluoroisopropanol (HFIP) from Riedel-
de Haen (Seelze, Germany), resveratrol from Sigma. Di-oleoyl-sn-
glycero-3-[phospho-rac-(1-glycerol)] (DOPG) and di-oleoyl-sn-gly-
cero-3-phosphocholine (DOPC) were from Avanti Polar lipids
(Alabaster, AL, USA). INS-1E rat insulinoma cells were a gift from Dr.
Pierre Maechler (Department of Cell Physiology and Metabolism,
University Medical Centre, Geneva, Switzerland). RPMI 1640
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medium (with 2 mm glutamine) was purchased from Gibco-Invitro-
gen and fetal calf serum (FCS) from Brunschwig (Basel, Switzer-
land). The WST-1 was purchased from Roche Diagnostics. HEPES, 2-
mercaptoethanol, sodium pyruvate, penicillin, streptomycin and
the trypsins were bought from AppliChem (Darmstadt, Germany).
All the other chemicals were of highest purity grade available.

Fibril formation and ThT fluorescence spectroscopy: Fibril forma-
tion was carried out essentially as described earlier."® Briefly, the
peptide was dissolved in hexafluoroisopropanol (HFIP) to disaggre-
gate the protein, and the solvent was removed by lyophilization.
The lyophilized peptide was dissolved in sodium phosphate buffer
(10 mm, pH 7.5) to a final cocentration of 10 pum. A stock of resvera-
trol (10 mm) was prepared in DMSO, and further substocks were
made from this. All the reactions were carried out at room temper-
ature for 96 h. Amyloid fibrils were detected by staining with thio-
flavin T (ThT; 10 um) after 96 h. Amyloid fibrils were detected by
using an ISS K2 multifrequency phase fluorometer (ISS Inc., Cham-
paign, IL) coupled with a water-circulating bath to keep the
chosen temperature constant. The fluorescence signal (excitation
at 440 nm) was recorded between 450 and 600 nm by using 1 nm
slits both for the emission and excitation measurements. The data
shown in Figure 1 are the average (+standard deviation) of at
least two independent measurements. To guide the eye, a curve
was fitted by using Origin (version 7.0) software, and the IC;, value
(half maximal (50%) inhibitory concentration) was calculated from
the fitted curve.

Atomic force microscopy: For the atomic force microscopy (AFM)
measurements, samples were diluted with deionized H,0 to yield a
final concentration of 1 um. Then the sample (20 uL) was applied
onto freshly cleaved muscovite mica and allowed to dry. Data were
acquired in the tapping mode on a Multi Mode TM SPM AFM mi-
croscope that was equipped with a Nanoscope llla controller from
Digital Instruments. As AFM probes, Silicon SPM Sensors “NCHR”
(force constant, 42 Nm™"; length, 125 mm; resonance frequency,
300 kHz) from Nanosensors were used.?”

ATR-FTIR spectroscopy: The peptide was dissolved in hexafluoro-
isopropanol (HFIP) to disaggregate the protein, followed by the re-
moval of solvent by lyophilization. Reconstitution in buffer (1 mL)
and shaking (Vortexer) yielded a 10 um solution. A stock of resvera-
trol (10 mm) was added to the reaction mixture to a final concen-
tration of 10 um. This mixture was shaken for 3 h. Stock solutions
of the lipids were prepared by dissolving a mixture DOPC (7 mg)
and DOPG (3 mg) in CHCl; up to a concentration of 10 mgmL™".
This solution (50 uL), which contained 0.5 mg of lipids was dried
under a stream of N,. When all CHCl, was evaporated, the samples
were placed in a Speed-Vac for 3 h to remove residual solvent. The
DOPC/DOPG (7:3; 0.5 mg) mixture was dissolved in buffer (1 mL)
and ultrasonicated for 10 min. After five freeze-thaw cycles, a ho-
mogeneous solution of multilamellar vesicles (MLV) was obtained.
For obtaining large, unilamellar vesicles (LUV), the solution was
passed through an extruder with a membrane filter made of poly-
carbonate (11 x; pore diameter: 0.1 um). For all FTIR spectroscopic
experiments, a phosphate buffer (10 mm, pD 7.4) in D,0, which
contained 100 mm NaCl, was used.

ATR-FTIR spectra were recorded by using a Nicolet 6700 infrared
spectrometer at a spectral resolution of 2cm™'. The ATR out-of-
compartment accessory consists of a liquid jacketed Piketech ATR
flow-through cell with a trapezoidal Ge-Crystal (Piketech, Madison,
WI, USA, 80x10x4 mm, angle of incidence: 45°). The freshly pre-
pared solution of large unilamellar vesicles was injected into the
ATR-flow-cell, which was held at 25 °C; this led to the spontaneous
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formation of supported lipid bilayers. Adsorption of the membrane
was controlled by following the increase of the CH, lipid band in-
tensities over time. After adsorption overnight, the membrane was
washed with buffer over 6 h. To ensure integrity of the membrane,
the IAPP and IAPP-inhibitor solutions were injected into the ATR
cell by means of a peristaltic pump at 1.4 mLmin~". Spectra were
processed by using GRAMS software (Thermo Electron).

Cell culture: The INS-1E®Y cells were cultured in RPMI 1640
medium that was supplemented with 5% fetal bovine serum,
10 mm HEPES, 1 mm sodium pyruvate, 50 pm 2-mercaptoethanol,
penicillin (100 UmL™") and streptomycin (0.1 mgmL™"), and then
incubated at 37°C under 5% CO,, pH 7.4. The viability of the cells
was determined by a cell proliferation assay by using WST-1 re-
agent. The cells were seeded into 96-well plates at 10000 cells per
well, grown for 24 h prior to exposure to the agent to be tested
(IAPP, mixture of IAPP and inhibitor, or inhibitor, respectively), and
then exposed for 48 h. The supernatant was replaced with a water-
soluble tetrazolium salt, 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1, 3-benzene disulfonate sodium salt (WST-1) solution
(1:4 diluted with phosphate buffered saline (PBS) and further dilut-
ed 1:10 with growth medium) and incubated for 24 h. The absorb-
ance was read at 450 nm (reference at 630 nm). Percentage cell vi-
ability was calculated based on the absorbance measured relative
to that of cells exposed to culture medium alone.
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"H{"°F} NOE NMR Structural Signatures of the Insulin R, Hexamer: Evidence
of a Capped HisB10 Site in Aryl- and Arylacryloyl-carboxylate Complexes

Donald Keidel,”™ Maria Bonaccio,” Nima Ghaderi,'” Dimitri Niks,” Dan Borchardt,'” and Michael F. Dunn*®

Although transplantation and stem cell therapies look promis-
ing, at present, type 1 (insulin-dependent) diabetics can be
treated only with insulin or insulin analogues."? Hexameric in-
sulin is widely used in pharmaceutical formulations for treat-
ment of insulin-dependent diabetes mellitus.®>* The stability
and dynamic properties of human insulin (HI) zinc hexamer for-
mulations are critically influenced by allosteric effectors.>™"”
Therefore, the discovery of ligands with enhanced allosteric
and/or pharmacological properties is important for the design
of improved formulations.®*

Insulin hexamers exhibit positive and negative cooperativity
and half-of-the-sites reactivity in ligand binding.®"’ The HI
hexamer undergoes allosteric transitions among three well-
characterized protein conformations, which are designated T,
T;R,, and R Crystalline and precipitated T;R; and Ry hex-
amers are formulated as slow-release forms,”* and are stabi-
lized by the binding of allosteric
ligands at two loci, the “phenolic
pockets” (3 in T3R; and 6 in Ry),
and the “HisB10 zinc sites” (1 in
TiR; and, 2 in Rg).B*'3% The R-
state HisB10 sites (Figure 1) bind

monovalent anions (halides,
pseudo halides, and carboxy-
lates).®>#'3-'¢)  Binding interac-

tions are structurally well charac-
terized at the phenolic pockets®'?
but not at the HisB10 sites. Each
HisB10 site is formed by a three-
helix bundle consisting of B-
chain residues 1-9 situated
around the hexamer three-fold
symmetry axis, to create 12 A
deep amphipathic cavities.**'2
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These cavities extend from the protein surface to the HisB10
Zn" (Figure 1). Monoanions bind in these cavities and coordi-
nate to Zn" and give pseudotetrahedral Zn"-(His);-X~ com-
plexes (X~=Cl~ or SCN"),®'6821 (Figure 1) or 5-coordinate
complexes with carboxylates.">"*'*2" This 'H{"°F} NOE study
was undertaken to identify weak bonding interactions be-
tween the ligand and the cavity residues that stabilize the
binding of organic carboxylates to the HisB10 zinc sites.

The binding of carboxylates to the HisB10 site has been ex-
tensively investigated in solution, and it is unambiguously es-
tablished that binding involves coordination to the HisB10 zinc
ions; 81618211 however, no X-ray structures of R-state carbox-
ylate complexes have been published. Aromatic carboxylates
make contacts with the HisB10 cavity walls that contribute
substantially to the binding free energy.*®'*" The T;R; and R
ClI~ or SCN™ complexes (Figure 1) give HisB10 sites with the

Figure 1. Stereoview of the HisB10 R; site with SCN~ coordinated to Zn" (green). The hexamer three-fold symme-
try axis (not shown) passes through Zn" and the S, C, and N atoms of SCN™. The surface depicts the HisB10 anion
binding site. SCN™ (van der Waals spheres) AsnB3, LeuB6, CysB7, and HisB10 (sticks) are shown with CPK colors.

(o]

anion positioned on the hexamer three-fold symmetry axis and
coordinated to Zn"*'22224 The structure most relevant to this
work, 1ZNJ,%*? has one HisB10 cavity of HI-R, that is occupied
both by a CI~ coordinated to Zn" and by a phenol. The phenol
ring makes contact with CI~ and with the AsnB3, and LeuB6
sidechains in each 3-helix bundle. One PheB1 ring is within 5 A
of the phenol ring, one points away, and the third is disor-
dered. The resorcinol-stabilized ClI~ complex (1EVR) is similar.*”
A structure with a phenolate ion coordinated to a HisB10 site
was reported,”>?? but no coordinates were deposited. The ab-
sence of X-ray structures that show details of an aromatic car-
boxylate bound to the HisB10 cavity of an HI complex likely is
due to disorder arising from the loss of the three-fold molecu-
lar symmetry from placement of a planar ligand into the site.
The planar ligand would be expected to randomly take up any

ChemBioChem 2009, 10, 450 - 453





one of three symmetry-related positions™®?" throughout the
crystal lattice.

F NMR spectroscopy of fluorinated ligands complexed to
protein sites can be useful for investigating protein structure-
function relationships.®?"! Four ligands were investigated
herein, 3-trifluoromethylbenzoate (1), 4-trifluoromethylben-
zoate (2), 3-trifluoromethylcinnamate (3), and 4-trifluoro-meth-
ylcinnamate (4). 1D 'H NMR spectra and 'H{'°F} NOE difference
spectra of Ry HI and the Ry HI variant with B-chain PhelGlu
and Thr27Glu were measured at pH8.0 in D,08%% at
500 MHz (viz., Figures 2 and 3). The 1D 'H NMR spectra (Fig-
ure 2A) and the "H{"°F} NOE difference experiment (Figures 2B
and 3) characterize the complexes of compound 1 formed
with the [D¢lphenol-stabilized Ry hexamers of HI (blue traces)
and the Hl variant (red traces). The assigned 'H{'°F} NOE differ-
ence spectra for the aromatic and aliphatic regions are shown
in Figures 2B and 3, respectively. Chemical shifts of protein res-
onances for HI-R; complexes with ligand 1 gave excellent
agreement (+0.05 ppm) for most residues with the values that
were reported for the R, complex with the HisB10 ligand, 3-
nitro-4-hydroxybenzoate (5).2" Except for differences due to
the amino acid substitutions, the resonances of the HI variant
complex gave similar agreement.

Ligand,
free and bound | TyrB16, H3
M : "
i HisB5, H& CysAB, Ho.
CVSAT, Hao CVSAZO, Ho
PheB24, Ho

s[o' " 75 70 65 60 55 50
e W Vo B o s

i Y o

& (ppm)
B)

Ligand NOEs,
free and bound He

Figure 2. A) 'H NMR spectra comparing Rs complexes of 1 with human in-
sulin (blue) and with the human insulin variant with B-chain Phe1Glu and
Thr27Glu (red). B) Aromatic region of the 'H{19F} NOE difference spectra for
Rs human wild-type (blue) and R4 variant (red) complexes with 1.

AsnBs LeuB6é
AsnB3, H '
S [t H[Sa&HBb Hﬁa&Hﬁb
e . : : e —
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Figure 3. Aliphatic region of the 'H{'°F} NOE difference spectra for R, human
insulin (blue) and the human insulin variant (red) complexes with 1. Spectra:
average of 16000 scans, mixing time =0.9 s, acquisition time =2.047 s, relax-
ation delay=1.5s.
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The 1D 'HNMR spectra (Figure 2A) include peaks in
the 7.3 ppm to 8.3 ppm region for free ligand (sharp) and
bound ligand (broad, slightly shifted); this is consistent
with moderately slow to slow exchange.®*" The signature
protein peaks at 5.0 ppm to 6.6 ppm (Figure 2 A) establish that
both the HI and the variant complexes have the Ry conforma-
tion.131%18-21.28301 Tha complexes with compounds 2-4 gave
similar results (data not shown).

The H{'F} NOE difference spectra (Figures 2B and 3) al-
lowed us to identify protein residues within ~5 A of the CF,
fluorine atoms of bound 1. By comparison of chemical shift
values with the assigned resonances of the HI-R; complex
with 5,%" assignments of the strong peaks were made for the
complex of HI-Rs with 1. The ring protons of PheB1 give reso-
nances at 7.31 and 7.34 ppm in the complex with 5, and the
corresponding complex with CI~ gives PheB1 resonances at
7.30 and 7.34 ppm.”" The NOEs in Figure 2B at 7.13 and
7.20 ppm in HI are completely missing in the HI variant R, dif-
ference spectrum, whereas there is a good correspondence be-
tween NOEs observed in HI and in the HI variant elsewhere in
the spectrum. Because the variant has PheB1 replaced by Glu,
the absence of NOEs between 7.0 and 7.28 ppm in the variant
must be due to the substitution of Glu for Phe; this confirms
that the 7.13 and 7.20 ppm signals in the HI complex arise
from NOEs between the fluorine atoms of the CF; group of 1
and the PheB1 HS and He atoms (slightly shifted by ligand
ring current effects). The HI-R, complexes with compounds 2-
4 also show strong NOE interactions at 7.28 ppm that are simi-
lar to the 7.20 ppm peak in the complex with 1.

In the aliphatic region, the HI variant and HI-R; complexes
with 1 give similar NOEs with chemical shifts assigned to the
protons of LeuB6 and AsnB3 (Figure 3) based on the assign-
ments for the HI complex with 5.2" Because the binding locus
is not in question,®'>'¢121 3 more rigorous assignment
method was not needed. Control experiments demonstrated
that spin diffusion was not responsible for any of the observed
NOEs (see Figures S1-S3 in the Supporting Information).

The NOEs observed between the CF; fluorine atoms of com-
pounds 1-4 and the PheB1 rings were unexpected. In most X-
ray structures of HI-Rg, the PheB1 rings extend out into solu-
tion >6 A away from the opening to the HisB10 site. Because
there are no published structures of aromatic carboxylates
bound to the HisB10 site, we decided to explore the binding
of ligands 1-4 by modeling their structures into the HisB10
site of the HI-R, hexamer, 1ZNJ.”? Figure 4 shows a structural
model based on the coordinates for 1ZNJ that is consistent
with the observed NOEs for the HI complex with 1. This model
was generated as follows: the coordinates for CI~ and phenol
at the HisB10 site in 1ZNJ were replaced by 1, hydrogen atoms
were added to the protein, and crystallographic water, and
disordered protein residues were replaced prior to simulation.
Minimization was performed by using the Discover (CVFF force
field) and Discover_3 (ESFF force field) modules present in the
molecular modeling 3D graphical interface, Insight [1.5'34
Both water and protein objects were minimized in turn by
using a Cell-Multipole summation, then the “steepest descents”
minimization algorithm, and finally the Polak-Ribiere Conju-
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Increasing the Antigenicity of Synthetic Tumor-Associated
Carbohydrate Antigens by Targeting Toll-Like Receptors

Sampat Ingale, Margreet A. Wolfert, Therese Buskas, and Geert-Jan Boons*®

Epithelial cancer cells often overexpress mucins that are aber-
rantly glycosylated. Although it has been realized that these com-
pounds offer exciting opportunities for the development of immu-
notherapy for cancer, their use is hampered by the low antigenic-
ity of classical immunogens composed of a glycopeptide derived
from a mucin conjugated to a foreign carrier protein. We have
designed, chemically synthesized, and immunologically evaluated
a number of fully synthetic vaccine candidates to establish a
strategy to overcome the poor immunogenicity of tumor-associ-
ated carbohydrates and glycopeptides. The compounds were also
designed to allow study of the importance of Toll-like receptor
(TLR) engagement for these antigenic responses in detail. We
have found that covalent attachment of a TLR2 agonist, a pro-
miscuous peptide T-helper epitope, and a tumor-associated glyco-
peptide gives a compound (1) that elicits in mice exceptionally

Introduction

The overexpression of oligosaccharides, such as Globo-H,
Lewis", and Tn antigens, is a common feature of oncogenically
transformed cells."™' Numerous studies have shown that this
abnormal glycosylation can promote metastasis,’”’ and hence
the expression of these compounds is strongly correlated with
poor survival rates of cancer patients. A broad and expanding
body of preclinical and clinical studies demonstrates that natu-
rally acquired, passively administered, or actively induced anti-
bodies against carbohydrate-associated tumor antigens are
able to eliminate circulating tumor cells and micro-metastases
in cancer patients."®

Traditional cancer vaccine candidates composed of a tumor-
associated carbohydrate (Globo-H, Lewis”, or Tn) conjugated to
a foreign carrier protein such as keyhole limpet hemocyanin
(KLH) or bovine serum albumin (BSA) have failed to elicit suffi-
ciently high titers of IgG antibodies in most patients. It appears
that the induction of IgG antibodies against tumor-associated
carbohydrates is much more difficult than eliciting similar anti-
bodies against viral and bacterial carbohydrates. This observa-
tion is not surprising, because tumor-associated saccharides
are self-antigens and are consequently tolerated by the
immune system. The shedding of antigens by the growing
tumor reinforces this tolerance. In addition, a foreign carrier
protein such as KLH can elicit a strong B-cell response, which
may lead to the suppression of an antibody response against
the carbohydrate epitope. This is a greater problem when self-
antigens such as tumor-associated carbohydrates are em-
ployed. In addition, linkers that are utilized for the conjugation
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high titers of IgG antibodies that recognize MCF7 cancer cells ex-
pressing the tumor-associated carbohydrate. Inmunizations with
glycolipopeptide 2, which contains lipidated amino acids instead
of a TLR2 ligand, gave significantly lower titers of IgG antibodies;
this demonstrates that TLR engagement is critical for optimum
antigenic responses. Although mixtures of compound 2 with
Pam,CysSK, (3) or monophosphoryl lipid A (4) elicited titers of
IgG antibodies similar to those seen with 1, the resulting antisera
had impaired ability to recognize cancer cells. It was also found
that covalent linkage of the helper T-epitope to the B-epitope is
essential, probably because internalization of the helper T-epitope
by B-cells requires assistance of the B-epitope. The results present-
ed here show that synthetic vaccine development is amenable to
structure-activity relationship studies for successful optimization
of carbohydrate-based cancer vaccines.

of carbohydrates to proteins can be immunogenic, leading to
epitope suppression.”'? It is clear that the successful develop-
ment of a carbohydrate-based cancer vaccine requires novel
strategies for the more efficient presentation of tumor-associ-
ated carbohydrate epitopes to the immune system, resulting
in a more efficient class switch to IgG antibodies.!""*"
Advances in knowledge of the cooperation of innate and
adaptive immune responses?'-® offer new avenues for vaccine
design for diseases such as cancer, for which traditional vac-
cine approaches have failed. The innate immune system re-
sponds rapidly to families of highly conserved compounds that
are integral parts of pathogens and are perceived as danger
signals by the host. Recognition of these molecular patterns is
mediated by sets of highly conserved receptors, such as Toll-
like receptors (TLRs), activation of which results in acute in-
flammatory responses such as direct local attack against invad-
ing pathogens and the production of a diverse set of cyto-
kines. Apart from their antimicrobial properties, the cytokines
and chemokines also activate and regulate the adaptive com-
ponent of the immune system.”” In this respect, cytokines
stimulate the expression of a number of co-stimulatory pro-
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Scheme 1. Chemical structures of: A) synthetic antigens, and B) synthetic building blocks.

teins for optimum interaction between T-helper cells and B-
cells and antigen-presenting cells (APCs). In addition, some
cytokines and chemokines are responsible for overcoming sup-
pression mediated by regulatory T-cells. Other cytokines are
important for directing the effector T-cell response towards a
Th-1 or Th-2 phenotype.™®

Self-adjuvanting synthetic vaccines provide an attractive
remedy for protein conjugate vaccine candidates and have
been pursued in the field of peptide-based vaccines.”3" we
have recently described a fully synthetic three-component
vaccine candidate (compound 1, Scheme 1) composed of a
tumor-associated MUC-1 glycopeptide B-epitope, a promiscu-
ous helper T-cell epitope, and a TLR2 ligand.?"*? The excep-
tional antigenic properties of the three-component vaccine
were attributed to the absence of any unnecessary features
that are antigenic and may induce immune suppression. It
contains, however, all the mediators required for eliciting rele-
vant IgG immune responses. Furthermore, attachment of the
TLR2 agonist Pam,CysSK, (3)%%%3¥ to the B- and T-epitopes
ensures that cytokines are produced at the site where the vac-
cine interacts with immune cells. This leads to a high local con-
centration of cytokines, facilitating maturation of relevant
immune cells. Apart from providing danger signals, the lipo-
peptide 3 facilitates the incorporation of the antigen into lipo-
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somes and promotes selective targeting and uptake by anti-
gen-presenting cells and B-lymphocytes.

To establish the optimal architecture of a fully synthetic
three-component cancer vaccine, we have chemically synthe-
sized and immunologically evaluated vaccine candidates 1-6.
The compounds were also designed in order to establish the
importance of TLR signaling for optimal immune responses. In
this respect, recent studies employing mice deficient in TLR
signaling have cast doubt on the importance of these innate
immune receptors for adaptive immune responses.>8

Results
Chemical synthesis

Compound 1 (Scheme 1), which contains as B-epitope a
tumor-associated glycopeptide derived from MUC-1,2°% the
well documented murine major histocompatibility complex
(MHQ) class Il restricted helper T-cell epitope KLFAVWKITYKDT
derived from the polio virus,*® and the TLR2 agonist 3,5% was
previously shown to elicit exceptionally high titers of IgG anti-
bodies in mice.®" Compound 2 has a similar architecture to 1,
although the TLR2 ligand has been replaced by lipidated
amino acids."” The lipidated amino acids do not induce pro-
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duction of cytokines, but they do enable incorporation of the
compound into liposomes. Glycolipopeptide 2 is thus ideally
suited to establish the importance of TLR engagement for anti-
genic responses against tumor-associated glycopeptides.

To determine the importance of covalent attachment of the
TLR ligand, liposomal preparations of compound 2 and either
Pam;CysSK, (3) or monophosphoryl lipid A (MPL-A; 4)—which
are TLR2 and TLR4 agonists, respectively—were employed.?**®
Finally, compounds 5 and 6, which are each composed of a
MUC-1 glycopeptide B-epitope linked to a lipidated amino acid
and the helper T-epitope attached to Pam;CysSK,, were em-
ployed to establish the importance of covalent linkage of the
B- and helper T-epitopes.

Compound 1 was prepared as described previously.
Compound 2 was synthesized by solid-phase peptide synthesis
with use of a Rink amide resin, 9-fluorenylmethoxycarbonyl-
protected (Fmoc-protected) amino acids, Fmoc-Thr-(AcOs-a-b-
GalNAc) (8),**" and the Fmoc-protected lipidated amino acid
9.52%% The standard amino acids were introduced with the aid
of O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluor-
ophosphate (HBTU)/1-hydroxybenzotriazole (HOBt) as activat-
ing reagent, the glycosylated amino acid was installed with
O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium  hexa-
fluorophosphate (HATU)/1-hydroxy-7-azabenzotriazole (HOAt),
and the lipidated amino acids was introduced with benzotri-
azole-1-yloxy-tris-pyrrolidino-phosphonium hexafluorophos-
phate (PyBOP)/HOBt. After completion of the assembly of the
glycolipopeptide, the N-terminal Fmoc protecting group was
removed with 20% piperidine in N,N-dimethylformamide
(DMF), and the resulting amine was capped by acetylation
with acetic anhydride in the presence of diisopropylethyl
amine (DIPEA) in N-methylpyrrolidone (NMP). Next, the acetyl
esters of the saccharide moiety were cleaved with hydrazine in
methanol (60%), and treatment with reagent B [trifluoroacetic
acid (TFA)/H,O/phenol/triethylsilane (TES), 88:5:5:2, v/v/v/v]
resulted in removal of the side chain protecting groups and
release of the glycopeptide from the solid support.

Pure compound 2 was obtained after purification by RP-
HPLC on a C-4 semipreparative column. A similar protocol was
used for the synthesis of compound 5. Derivative 6 was syn-
thesized by solid-phase peptide synthesis on a Rink amide
resin, and after assembly of the peptide, the resulting product
was coupled manually with N-Fmoc-S-[2,3-bis(palmitoyloxy)-
(2R)-propyll-(R)-cysteine (10).5¥ The N-Fmoc group of the prod-
uct was removed with piperidine in DMF (20 %), and the result-
ing amine was coupled with palmitic acid by use of PyBOP,
HOBt, and DIPEA in DMF. The lipopeptide was treated with re-
agent B to release it from the resin and to remove side chain
protecting groups.

Compound 7, which is composed of the helper T-epitope
linked to biotin, was required for ELISA studies and was con-
veniently synthesized by standard Fmoc chemistry with auto-
mated solid-phase peptide synthesis on Rink amide resin. The
biotin was coupled manually to the N-terminal amino group
by treatment with succinimidyl-6-(biotinamido)hexanoate (EZ-
link® NHS-Biotin reagent, Pierce Endogen, Inc.) in the presence
of DIPEA. The biotinylated peptide was subsequently released

[31,32]
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from the resin with concomitant removal of the side-chain pro-
tecting groups by treatment with reagent B.

Immunizations and immunology

Compounds 1 and 2 were each incorporated into phospholip-
id-based small unilamellar vesicles by hydration of a thin film
of egg phosphatidylcholine (PC), phosphatidylglycerol (PG),
cholesterol (Chol), and compound 1 or 2 (molar ratios
65:25:50:10) in a HEPES buffer (10 mm, pH 6.5) containing NaCl
(145 mwm), followed by extrusion through 100 nm Nuclepore®
polycarbonate membrane. Incorporation of compounds 1 and
2 into the liposomes was determined by quantitative carbohy-
drate analysis by high-pH anion-exchange chromatography
(HPAEC-PAD). Only small batch-to-batch variations in antigen
concentrations in the liposomes were observed. Groups of five
female BALB/c mice were immunized subcutaneously four
times at weekly intervals with liposomes containing 3 pg of
saccharide. Furthermore, similar liposomes of mixtures of gly-
colipopeptide 2 with either Pam;CysSK, (3) or MPL-A (4) [molar
ratios: PC/PG/Chol/2/(3 or 4) 65:25:5:5:5] in HEPES buffer were
prepared and administered four times at weekly intervals prior
to sera harvesting. Finally, mice were immunized with a liposo-
mal preparation of compounds 5 and 6 (molar ratios PC/PG/
Chol/5/6 65:25:5:5:5) by standard procedures.

Anti-MUC-1 antibody titers of antisera were determined by
coating microtiter plates with the MUC-1-derived glycopeptide
TSAPDT(a-p-GalNAC)RPAP conjugated to BSA, and detection
was accomplished with anti-mouse IgM or IgG antibodies
labeled with alkaline phosphatase. Mice immunized with 1 eli-
cited exceptionally high titers of anti-MUC-1 IgG antibodies
(Table 1 and Figure 1). Subtyping of the IgG antibodies (IgG1,
lgG2a, 1gG2b, and 1gG3) indicated a bias towards a Th2
immune response. Furthermore, the observed high IgG3 titer is
typical of an anticarbohydrate response. Immunizations with
glycolipopeptide 2, which contains lipidated amino acids in-
stead of a TLR2 ligand, resulted in significantly lower titers of

Table 1. ELISA anti-MUC1 and anti-T-epitope antibody titers®® after four
immunizations with various preparations.

Immuni- 1gG total IgG1 lgG2a 1gG2b  1gG3 IgM 19G total
zation®  MUC1 MUCT MUC1T MUCT MUClT  MUCT T-epit.

1 177700 398200 49200 37300 116200 7200 23300
2 13300 44700 300 1800 18600 1300 100
2/3 160500 279800 36200 52500 225600 11000 700
2/4 217400 359700 161900 106000 131700 33400 100
5/6 12800 12700 4800 10100 34400 29000 7600

[a] Anti-MUC1 and anti-T-epitope antibody titers are presented as median
values for groups of five mice. ELISA plates were coated with BSA/MI/
MUC1 conjugate for anti-MUC1 antibody titers or neutravidin/biotin/T-
epitope for anti-T-epitope antibody titers. Titers were determined by
linear regression analysis, with plotting of dilution versus absorbance.
Titers are defined as the highest dilution yielding an optical density of 0.1
or greater relative to normal control mouse sera. [b] Liposomal prepara-
tions were employed. Individual anti-MUC1 titers for IgG total, 1gG1,
1gG2a, 1gG2b, 1gG3 and IgM, and anti-T-epitope for IgG total are reported
in Figure 1.
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Figure 1. ELISA anti-MUC1 and anti-T-epitope antibody titers after four immunizations with 1, 2, 2/3, 2/4 and 5/6. ELISA plates were coated with A-F) BSA-MI-
MUC1 conjugate or G) neutravidin-biotin-T-epitope, and titers were determined by linear regression analysis, by plotting of dilution against absorbance. Titers
were defined as the highest dilution yielding an optical density of 0.1 or greater relative to normal control mouse sera. Each data point represents the titer

for an individual mouse after four immunizations, whereas the horizontal lines each indicate the mean for the group of five mice.

IgG antibodies; this demonstrates that TLR engagement is criti-
cal for optimum antigenic responses. However, liposomal prep-
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arations of compound 2 with the adjuvants 3 or 4 elicited IgG
(total) titers similar to those seen with 1. In the case of the
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mixture of 2 with Pam;CysSK,, the immune response was
biased towards a Th2 response, as was evident from the high
IgG1 and low IgG2a,b titers. On the other hand, the use of
monophosphoryl lipid A led to significant IgG1 and 1G2a,b re-
sponses, so this preparation elicited a mixed Th1/Th2 response.
Finally, liposomes containing compounds 5 and 6 did not
induce measurable titers of anti MUC-1 antibodies; this indi-
cates that the B- and T-epitope need to be covalently linked
for antigenic responses.

Next, possible antigenic responses against the helper T-epi-
tope were investigated. Streptavidin-coated microtiter plates
were thus treated with the helper T-epitope modified with
biotin (7). After the addition of serial dilutions of sera, detec-
tion was accomplished with anti-mouse IgM or IgG antibodies
labeled with alkaline phosphatase. Interestingly, compound 1
elicited low levels of antibodies against the helper T-epitope,
whereas mixtures of 2 with either 3 or 4 elicited none.

Compounds 3 or 4 have been employed for initiating the
production of cytokines by interacting with TLR2 or TLR4, re-
spectively, on the surfaces of mononuclear phagocytes.® After
activation with 3, the intracellular domain of TLR2 recruits the
adaptor protein MyD88, resulting in the activation of a cascade
of kinases leading to the production of a number of cytokines
and chemokines. On the other hand, LPS and lipid As induce
cellular responses by interacting with the TLR4/MD2 complex,
which results in the recruitment of the adaptor proteins
MyD88 and TRIF, leading to the induction of a more complex
cytokine pattern. TNF-a secretion is the prototypical measure
for activation of the MyD88-dependent pathway, whereas se-
cretion of IFN-B is commonly used as an indicator of TRIF-
dependent cellular activation.

To examine cytokine production, mouse macrophages (RAW
YNO(—) cells) were exposed over a wide range of concentra-
tions to compounds 1-4, E. coli 055:B5 LPS, and prototypic
E. coli bisphosphoryl lipid A."® After 5.5 h, the supernatants
were harvested and examined for mouse TNF-o. and IFN-§ by
use of commercial or in-house capture ELISAs, respectively
(Figure 2). Potencies (ECs, concentrations producing 50% ac-
tivity) and efficacies (maximum levels of production) were de-
termined by fitting the dose-response curves to a logistic
equation with the aid of PRISM software. Compounds 1 and 3
induced secretion of TNF-a with similar efficacies and poten-
cies; this indicates that attachment of the B- and T-epitopes
had no effect on cytokine responses. As expected, none of the
compounds induced the production of INF-B. Furthermore,
compound 2 did not induce TNF-a. and IFN-f secretion; this in-
dicates that its lipid moiety is immunosilent. Compound 4
stimulated the cells to produce TNF-a and INF-f3, but it was
less potent than E. coli 055:B5 LPS. It displayed much higher ef-
ficacy of TNF-a production than compounds 1 and 3. The re-
duced efficacy of compounds 1 and 3 is probably a beneficial
property, because LPS can overactivate the innate immune
system, which leads to symptoms of septic shock.

Next, the ability of the mouse antisera to recognize native
MUC-1 antigen present on cancer cells was established. Serial
dilutions of the serum samples were thus added to MUC-1-
expressing MCF7 human breast cancer cells®” and recognition
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Figure 2. TNF-o. and IFN-f production by murine macrophages after stimu-
lation with synthetic compounds 1-4, E. coli LPS, and E. coli lipid A. Murine
264.7 RAW yNO(—) cells were incubated for 5.5 h with increasing concentra-
tions of 1-4, E. coli LPS, or E. coli lipid A as indicated. A) TNF-a, and B) IFN-f
in cell supernatants were measured by use of ELISAs. m: 1, A: 2, V: 3, ¢: 4,
®: E. coli LPS, e: E. coli lipid A. Data represent mean values +SD (n=3).

was established by use of a FITC-labeled anti-mouse IgG anti-
body. As can be seen in Figure 3, antisera obtained from
immunizations with the three-component vaccine 1 displayed
excellent recognition of MUC-1 tumor cells, whereas no bind-
ing was observed when SK-MEL-28 cells, which do not express
the MUC-1 antigen, were employed.

Although sera obtained from mice immunizations with a
combination of 2 and 3 elicited IgG antibody titers equally
high as 1 (Table 1), much reduced recognition of MCF7 cells
was observed. This result indicates that covalent attachment of
the adjuvant 3 to the B-T-epitope is important for proper anti-
body maturation, leading to improved cancer cell recognition.
Immunizations with a mixture of compounds 2 and 4 led to
variable results, with two mice displaying excellent, and three
modest, recognition of MCF7 cells.

Discussion

Most efforts directed towards the development of carbohy-
drate-based cancer vaccines have focused on the use of chemi-
cally synthesized tumor-associated carbohydrates linked
through an artificial linker to a carrier protein."**®° |t has
been established that the use of KLH as a carrier protein in
combination with the powerful adjuvant QS-21 gives the best
results. However, a drawback of this approach is that KLH is a
very large and cumbersome protein that can elicit high titers
of anti-KLH-antibodies,*® leading to immune suppression of
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liposomes containing compound
1 or a mixture of compound 2
and TLR2 agonist 3 elicited simi-
lar high anti-MUC-1 1gG antibody
titers. However, antisera ob-
tained from immunizations with
1 recognized MUC-1-expressing
cancer cells at much higher sera
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Figure 3. Cell recognition analysis for specific anti-MUC1 antibodies. Reactivity of sera was tested on MCF7 cells

[ SK-MEL-28 cells
@ MCF7 cells

2 3 4 5
log serum dilution ——p

dilutions than antisera obtained
from immunizations with a mix-
ture of 2 and 3. It appears that
immunizations with three-com-
ponent vaccine 1 lead to more
efficient antibody maturation, re-
sulting in improved cancer cell
recognition.
Differences
sponses against the helper T-epi-
tope were also observed. Com-
pound 1 thus elicited low titers
of IgG antibodies against the

in antigenic re-

N 3
O O N 2 2N .
& Go{\“ R f’@” W helper T-epitope, whereas a
I combination of 2 and 3 induced
\&\0 C‘;\ 0\) 0\5
¢ &

no antigenic responses against
this part of the candidate vac-
cine. The covalent attachment of

and SK-MEL-28 cells. Serial dilutions of serum samples after four immunizations with A) 1, B) 2/3, or C) 2/4 were

incubated with MCF7 cells. D) Control sera [media, conjugate, and mouse (normal control mouse sera) controls]
and the serum samples (1:30 diluted) were incubated with MCF7 and SK-MEL-28 cells. After incubation with FITC-
labeled anti-mouse IgG antibody, the fluorescence intensity was assessed in cell lysates. AU indicates arbitrary

fluorescence units.

the tumor-associated carbohydrate epitope. Furthermore, the
conjugation chemistry is often difficult to control because it re-
sults in conjugates with ambiguities in composition and struc-
ture, which may affect the reproducibility of immune respons-
es. In addition, the linker moiety can elicit strong B-cell re-
sponses.”™ Not surprisingly, preclinical and clinical studies
with carbohydrate-protein conjugates have led to results of
mixed merit. As an example, mice immunized with a trimeric
cluster of Tn-antigens conjugated to KLH (Tn(c)-KLH) in the
presence of the adjuvant QS-21 elicited modest titers of IgG
antibodies.®" Examination of the vaccine candidate in a clinical
trial of relapsed prostate cancer patients gave low median IgG
and IgM antibody titers.®? In another study, a number of MUC-
1-derived glycopeptides conjugated to KLH were investigated
as immunogens.® It was found that only glycopeptides com-
posed of multiple repeat units that are highly glycosylated
with Tn antigens could elicit IgG antibodies that were able to
recognize cancer cells.

The studies reported here show that a three-component
vaccine (1), in which a MUC-1-associated glycopeptide B-epi-
tope, a promiscuous murine MHC class Il restricted helper T-
cell epitope, and a TLR2 agonist are covalently linked, can elicit
robust IgG antibody responses. Although covalent attachment
of the TLR2 ligand to the T-B glycopeptide epitope was not
required for high IgG antibody titers, it was critical for optimal
recognition of cancer cells expressing MUC-1. In this respect,
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the TLR2 ligand thus makes
compound 1 more antigenic, re-
sulting in low antibody respons-
es against the helper T-epitope.

It was observed that mixtures
of compound 2 with either 3 or 4 induced similar high titers of
total IgG antibodies. However, a bias towards a Th2 response
(IgG1) was observed when the TLR2 agonist Pam;CysSK, (3)
was employed, whereas mixed Th1/Th2 responses (IgG2a,b)
were obtained when the TLR4 agonist MPL-A (4) was used.
The difference in polarization of helper T-cells is probably due
to the induction of different patterns of cytokines by TLR2 or
TLR4. In this respect, it was previously observed that Pam;Cys
induces lower levels of Thi-inducing cytokines 1I-12(p70) and
much higher levels of Th2-inducing IL-10 than E. coli LPS.®
The differences are likely due to the ability of TLR4 to recruit
the adaptor proteins MyD88 and TRIF, whereas TLR2 can only
recruit MyD88. The results indicate that the immune system
can be tailored in a particular direction by appropriate selec-
tion of an adjuvant; this is significant because different 1gG iso-
types perform different effector functions.

The results described here also show that compound 2—
which contains an immuno-silent lipopeptide—alone elicits
much lower IgG titers than compound 1, which is modified by
a TLR2 ligand. In particular, the ability of compound 2 to elicit
IgG2 antibodies was impaired. Recent studies employing mice
deficient in TLR signaling have cast doubt on the importance
of these innate immune receptors for adaptive immune re-
sponses.®* ¥ |n this respect, studies with MyD88-deficient
mice showed that IgM and IgG1 are largely, but not complete-
ly, dependent on TLR signaling, whereas the IgG2 isotype is

ChemBioChem 2009, 10, 455 - 463
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entirely TLR-dependent.”™ These observations, which are in
agreement with the results reported here, were attributed to a
requirement for TLR signaling for B-cell maturation. However,
another study found that MyD88~'~/TRIFP*'** double-knockout
mice elicited titers of antibodies similar to those of wild-type
mice when immunized with trinitrophenol/hemocyanin or trini-
trophenol/KLH in the presence or absence of several adju-
vants.?? It was concluded that it might be desirable to exclude
TLR agonists from adjuvants. It has been noted that the impor-
tance of an adjuvant may depend on the antigenicity of the
immunogen.®”3¥ |n this respect, protein conjugates of trinitro-
phenol are highly antigenic and may not require an adjuvant
for optimal responses. However, self-antigens such as tumor-
associated carbohydrates have low intrinsic antigenicity, and
the results reported here clearly show that much more robust
antibody responses are obtained when a TLR ligand is co-ad-
ministered. In addition, it is demonstrated here that the archi-
tecture of a candidate vaccine is critical for optimal antigenic
responses; in particular, covalent attachment of a TLR ligand to
a T-B epitope led to improved cancer cell recognition.

The failure of a mixture of compounds 5 and 6 to elicit anti-
MUC-1 glycopeptide antibodies indicates that covalent attach-
ment of the T- to the B-epitope is essential for antigenic re-
sponses. In this respect, activation of B-cells by helper T-cells
requires a similar type of cell-cell interaction as for helper T-
cell activation by antigen-presenting cells. A protein- or pep-
tide-containing antigen thus needs to be internalized by B-
cells for transport to endosomal vesicles, where proteases will
digest the protein and some of the resulting peptide frag-
ments will be complexed with class Il MHC protein. The class Il
MHC-peptide complex will then be transported to the cell sur-
face of the B-lymphocyte to mediate an interaction with helper
T-cell, resulting in a class switch from low-affinity IgM to high-
affinity 1gG antibody production. Unlike APCs, B-cells have
poor phagocytic properties and can only internalize molecules
that bind to the B-cell receptor. Therefore, it is to be expected
that internalization of the helper T-epitope should be facilitat-
ed by covalent attachment to the B-epitope (MUC-1 glycopep-
tide) and as a result covalent attachment of the two epitopes
should lead to more robust antigenic responses.

Recently, several other fully synthetic vaccines have been de-
scribed. Immunizations with a compound composed of a clus-
tered Tn-antigen, a CD4" and CD8* T-epitope, and a palmitoyl
moiety, for example, elicited robust immune responses in mice,
providing protection against a challenge with MO5 melanoma
cells.®>% Furthermore, Bundle and co-workers demonstrated
that an antigen composed of a mannan trisaccharide derived
from Candida albicans, a CD4™" helper T-epitope, and an immu-
nostimulatory peptide from interleukin-1f was able to elicit
IgG antibody responses that could recognize C. albicans cell-
wall extract.®” Kunz and co-workers described a two-compo-
nent vaccine composed of a MUC-1 glycopeptide containing a
Tn and STn moiety and a helper T-epitope, which in mice was
able to elicit IgG antibodies specific for the glycopeptide.”®
From the results reported here, it is to be expected that the
antigenicities of these fully synthetic vaccine constructs should
be enhanced by covalent attachment of a TLR agonist.
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In conclusion, it has been demonstrated that antigenic prop-
erties of a fully synthetic cancer vaccine can be optimized by
structure—activity relationship studies. In this respect, it has
been established that a three-component vaccine in which a
tumor-associated MUC-1 glycopeptide B-epitope, a promiscu-
ous helper T-cell epitope, and a TLR2 ligand are covalently
linked can elicit exceptionally high IgG antibody responses,
which have the ability to recognize cancer cells. It is essential
that the helper T-epitope is covalently linked to the B-epitope,
probably since internalization of the helper T-epitope by B-
cells requires the presence of a B-epitope. It has also been
shown that incorporation of a TLR agonist is important for
robust antigenic responses against tumor-associated glycopep-
tide antigens. In this respect, cytokines induced by the TLR2
ligand are important for maturation of immune cells, leading
to robust antibody responses. A surprising finding was that im-
proved cancer cell recognition was observed when the TLR2
epitope was covalently attached to the glycopeptide T-/B-epi-
tope. The result presented here provides important informa-
tion relating to the optimal constitution of three-component
vaccines and should guide successful development of carbohy-
drate-based cancer vaccines.

Experimental Section

Peptide synthesis: Peptides were synthesized by established pro-
tocols on an ABI 433A peptide synthesizer (Applied Biosystems)
fitted with a UV detector, with N“-Fmoc-protected amino acids and
HBTU/HOBt as the activating reagents. Single coupling steps were
performed with conditional capping. The following protected
amino acids were used: N“-Fmoc-Arg(Pbf)-OH, N“-Fmoc-Asp(OtBu)-
OH, N“Fmoc-Asp-Thr(¥"*Mpro)-OH, N*-Fmoc-lle-Thr(¥M*™epro)-
OH, N*-Fmoc-Lys(Boc)-OH, N*-Fmoc-Ser(tBu)-OH, N“-Fmoc-Thr(tBu)-
OH, and N*Fmoc-Tyr(tBu)-OH. The coupling of the glycosylated
amino acid N“Fmoc-Thr-(AcO;-a-p-GalNAc)®" was carried out
manually with HATU/HOAt as a coupling agent. The coupling of
the N*-Fmoc-protected lipophilic amino acid (N*-Fmoc-b,L-tetrade-
conic acid)®**¥ and N“-Fmoc-S-[2,3-bis(palmitoyloxy)-(2R)-propyll-
(R)-cysteine,>** which was prepared from (R)-glycidol, were car-
ried out with PyBOP/HOBt as coupling agent. Progress of the
manual couplings was monitored by standard Kaiser test.

Liposome preparation: Egg PC, egg PG, Chol, and compound 1 or
2 (15 mmol, molar ratios 65:25:50:10) or PC/PG/Chol/2/3 or 4
(15 mmol, molar ratios 60:25:50:10:5) or PC/PG/Chol/5/6 (15 mmol,
molar ratios 65:25:50:5:5) were dissolved in a mixture of trifluoro-
ethanol and methanol (1:1, v/v, 5 mL). The solvents were removed
in vacuo to give a thin lipid film, which was hydrated by shaking
under argon in HEPES buffer (10 mm, pH 6.5) containing NaCl
(145 mm, 1 mL) at 41°C for 3 h. The vesicle suspension was soni-
cated for 1 min and was then extruded successively through 1.0,
0.4, 0.2, and 0.1 um polycarbonate membranes (Whatman, Nucleo-
pore Track-Etch Membrane) at 50°C to provide small unilamellar
vesicles (SUVs). The GalNAc content was determined by heating a
mixture of SUVs (50 uL) and aqueous trifluoroacetic acid (2m,
200 pl) in a sealed tube for 4 h at 100°C. The solution was then
concentrated in vacuo and analyzed by high-pH anion-exchange
chromatography with use of a pulsed amperometric detector
(Methrome) and CarboPac columns PA-10 and PA-20 (Dionex).
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Dose and immunization schedule: Groups of five mice (female
BALB/c, age 8-10 weeks, The Jackson Laboratory, Bar Harbor, ME,
USA) were immunized four times at weekly intervals. Each boost
included saccharide (3 pg) in the liposome formulation. Serum
samples were obtained before immunization (pre-bleed) and one
week after the final immunization. The final bleeding was done by
cardiac bleed.

Serologic assays: Anti-MUC-1 IgG, IgG1, IgG2a, 1gG2b, 1gG3, and
IgM antibody titers were determined by enzyme-linked immuno-
sorbent assay (ELISA), as described previously.”’ Briefly, ELISA plates
(Thermo Electron Corp., Waltham, MA, USA) were coated with a
conjugate of the MUC-1 glycopeptide conjugated to BSA through
a maleimide linker (BSA-MI-MUC-1). Serial dilutions of the sera
were allowed to bind to immobilized MUC-1. Detection was
accomplished by the addition of phosphatase-conjugated anti-
mouse IgG (Jackson ImmunoResearch Laboratories, Inc.), 1gG1
(Zymed, San Francisco, CA, USA), IgG2a (Zymed), IgG2b (Zymed),
IgG3 (BD Biosciences Pharmingen, San Jose, CA, USA), or IgM (Jack-
son ImmunoResearch Laboratories, Inc.) antibodies. After addition
of p-nitrophenyl phosphate (Sigma), the absorbance was measured
at 405 nm with wavelength correction set at 490 nm by use of a
microplate reader (BMG Labtech, Durham, NC, USA). Antibody
titers against the T (polio)-epitope were determined as follows.
Reacti-bind NeutrAvidin coated and pre-blocked plates (Pierce,
Rockford, IL, USA) were incubated with biotin-labeled T-epitope 7
[a stock solution of 7 in DMSO (4mgmL™") was diluted to
10 pigmL~"; 100 pL] for 2 h. Next, serial dilutions of the sera were
allowed to bind to immobilized T-epitope. Detection was accom-
plished as described above. The antibody titer was defined as the
highest dilution yielding an optical density of 0.1 or greater relative
to that of normal control mouse sera. Experiments were performed
in triplicate.

Cell culture: RAW 264.7 yNO(—) cells, derived from the RAW 264.7
mouse monocyte/macrophage cell line, were obtained from Ameri-
can Type Culture Collection (ATCC). The cells were maintained in
RPMI 1640 medium with L-glutamine (2 mm), adjusted to contain
sodium bicarbonate (1.5gL™"), glucose (4.5gL™"), HEPES (10 mm)
and sodium pyruvate (1.0 mm) and supplemented with penicillin
(100 umL™")/streptomycin (100 ugmL~', Mediatech, Manassas, VA,
USA) and FBS (10%, HyClone, Logan, UT, USA). Human breast ade-
nocarcinoma cells MCF7,°” obtained from ATCC, were cultured in
Eagle’s minimum essential medium with L-glutamine (2 mm) and
Earle’s balanced salt solution (BSS), modified to contain sodium
bicarbonate (1.5 gL™"), nonessential amino acids (0.1 mm), and
sodium pyruvate (1 mm) and supplemented with bovine insulin
(0.01 mgmL™", Sigma) and FBS (10%). Human skin malignant mela-
noma cells (SK-MEL-28) were obtained from ATCC and grown in
Eagle’s minimum essential medium with L-glutamine (2 mm) and
Earle’s BSS, adjusted to contain sodium bicarbonate (1.5gL™"),
non-essential amino acids (0.1 mm), and sodium pyruvate (1 mm)
and supplemented with FBS (10%). All cells were maintained
under a humid 5% CO, atmosphere at 37°C.

TNF-o. and IFN-f assays: RAW 264.7 yYNO(—) cells were plated on
the day of the exposure assay as 2x10° cells per well in 96-well
plates (Nunc, Rochester, NY, USA) and incubated with different
stimuli for 5.5 h in the presence or absence of polymyxin B. Culture
supernatants were collected and stored frozen (—80°C) until as-
sayed for cytokine production. Concentrations of TNF-a were de-
termined by use of the TNF-o. DuoSet ELISA Development kit from
R&D Systems (Minneapolis, MN, USA). Concentrations of IFN-f3
were determined as follows. ELISA MaxiSorp plates were coated
with rabbit polyclonal antibody against mouse IFN-3 (PBL Biomedi-
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cal Laboratories, Piscataway, NJ, USA). IFN-§} in standards and sam-
ples was allowed to bind to the immobilized antibody. Rat anti-
mouse IFN-B antibody (USBiological, Swampscott, MA, USA) was
then added, producing an antibody-antigen-antibody “sandwich”.
Next, horseradish peroxidase-conjugated (HRP-conjugated) goat
anti-rat 1gG (H+L) antibody (Pierce) and a chromogenic substrate
for HRP 3,3',5,5'-tetramethylbenzidine (Pierce) were added. After
the reaction was stopped, the absorbance was measured at
450 nm with wavelength correction set to 540 nm. Concentration—
response data were analyzed by nonlinear least-squares curve fit-
ting in Prism (GraphPad Software, Inc., La Jolla, CA, USA). These
data were fitted with the following four-parameter logistic equa-
tion: Y =E,,/(14+-(ECso/X)""5°P¢) where Y is the cytokine response, X
is the concentration of the stimulus, E,,, is the maximum response,
and ECs, is the concentration of the stimulus producing 50% stim-
ulation. The Hill slope was set at 1 to allow comparison of the ECs,
values of the different inducers. All cytokine values are presented
as the means +SDs of triplicate measurements, with each experi-
ment being repeated three times.

Evaluation of materials for contamination by LPS: To ensure that
any increase in cytokine production was not caused by LPS con-
tamination of the solutions containing the various stimuli, the ex-
periments were performed in the absence and in the presence of
polymyxin B, an antibiotic that avidly binds to the lipid A region of
LPS, thereby preventing LPS-induced cytokine production. TNF-a
and IFN-f concentrations in supernatants of cells preincubated
with polymyxin B (30 pgmL~', Bedford Laboratories, Bedford, OH,
USA) for 30 min before incubation with E. coli 055:B5 LPS for 5.5 h
showed complete inhibition, whereas preincubation with polymyx-
in B had no effect on TNF-a. synthesis by cells incubated with the
synthetic compounds 1 and 3. LPS contamination of these prepa-
rations was therefore inconsequential.

Cell recognition analysis by fluorescence measurements: Serial
dilutions of pre- and post-immunization sera were incubated with
MCF7 and SK-MEL-28 single-cell suspensions on ice for 30 min.
Next, the cells were washed and incubated with goat anti-mouse
19G y-chain-specific antibody conjugated to FITC (Sigma) on ice for
20 min. After three washes, cells were lysed in passive lysis buffer
(Promega). Cell lysates were analyzed for fluorescence intensity
(Aex =485/, =520) with a microplate reader (BMG Labtech). Data
points were collected in triplicate and are each representative of
three separate experiments.
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Development and Biological Evaluation of a Novel

Aurora A Kinase Inhibitor

Teresa Sardon,” Thomas Cottin,™ Jing Xu,”’ Athanassios Giannis,*® and Isabelle Vernos *® 9

The aurora kinase family groups several serine/threonine kinases
with key regulatory functions during cell division. The three
mammalian members, aurora A, B and C, are frequently over-ex-
pressed in human tumors and the aurora A gene is located in a
genomic region frequently amplified in breast and colon cancer.
All these data have fuelled the idea that aurora kinases are
promising targets for anticancer therapy. Indeed some inhibitory
compounds are currently being evaluated in clinical trials. How-
ever, it was recently shown that mutations in the targeted kinase
can confer resistance to a broad range of inhibitors and render

Introduction

Correct cell division is critical for the health and survival of
cells and organisms. It involves a full intracellular reorganiza-
tion and the formation of a microtubule-based apparatus, the
bipolar spindle, which segregates the two copies of the chro-
mosomes between daughter cells. Errors in this process result
in the formation of cells with abnormal chromosome con-
tent—called aneuploidy—and lead to cell death or actively
contribute to or even drive tumor development."! Aneuploidy
is indeed a common characteristic of human solid tumors. To
ensure the accuracy of chromosome segregation, cells have
developed sophisticated regulatory networks that monitor and
drive the orderly progression of events. These networks involve
several members of the NIMA, polo-like and aurora kinase fam-
ilies.””

The aurora kinase family comprises three closely related
serine/threonine kinases in metazoans named aurora A, B and
C. All of them are regulators of various cell cycle related events
from the G2 phase through to cytokinesis, including centro-
some duplication, spindle assembly, chromosome bi-orienta-
tion and segregation and cytokinesis.”!

The specific functions attributed to aurora A and B are tight-
ly coupled to their distinctive localization at critical cell-cycle
points. Aurora B (AurB) localizes to the kinetochores and to the
spindle midzone in anaphase whereas aurora A (AurA) localizes
to the centrosome and spindle poles. Recently AurA was
shown to control cilia disassembly required for re-entry into
the cell cycle.

The aurora kinases have been linked to cancer in several
ways.”” In humans, the gene for AurA maps to a region
20913 that is commonly amplified in primary tumors and
cancer cell lines. In addition, AurA is over-expressed in several
solid tumors. Interestingly, AurA amplification has been shown
to induce resistance to taxol, a cytotoxic drug commonly used
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patients resistant to treatments. Moreover, aurora A over-expres-
sion results in increased resistance to antimitotic agents. The
development of new compounds targeting aurora A is therefore
highly relevant. We describe here the synthesis of three novel
aurora kinase inhibitors, TC-28, TC-34 and TC-107. We report
their properties as aurora inhibitors in vitro and their effect on
human tissue culture cell lines. Interestingly, our results show that
TC-28 has properties compatible with the specific inhibition of
aurora A, in vivo.

in cancer therapy.®® AurA exogenous expression also pro-

motes tumorigenic transformation of human and rodent cells
in vitro and in vivo. Finally, certain AurA alleles have a higher
incidence in tumor samples and cause enhanced tumorigenici-
ty and genetic instability when expressed in cell lines.

The potential for targeted anticancer therapies has therefore
promoted a strong interest in developing small-molecule in-
hibitors against the aurora kinases.""'? The most successful
approaches based on the development of ATP-competitor de-
rivatives have generated a few small-molecule inhibitors for
the aurora kinases, including ZM447439, hesperadin, VX680,
AZD1152 and MLN80545. In most cases, these compounds are
not highly specific for any of the aurora kinases or even for
other kinase families. ZM447439, hesperadin and VX680 inhibit
both aurora A and B in vitro with various efficiencies, but they
induce cellular phenotypes more compatible with the inhibi-
tion of AurB in vivo. MLN8054"*™ is to date the only com-
pound that shows both a >40-fold higher selectivity for AurA
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in vitro and cellular phenotypes that are compatible with AurA
inhibition in vivo.

The promising tumor growth inhibitory activity of some of
these compounds in nude mice has strengthened the idea
that some of them could be useful for cancer therapy either
used alone or in combination with other drugs.™'® Indeed,
MLN8054 and VX-680 have recently entered clinical trials al-
though the outcome is not yet available.”

Although there are precedents demonstrating the usefulness
of cell cycle kinase inhibitors for the treatment of cancer,"”
clinical resistance can arise during treatment through adaptive
mutations in the targeted kinase, which prevent inhibitor bind-
ing."® It was recently reported that a similar mechanism might
confer resistance against inhibitory compounds targeting
serine/threonine kinases.'"” One possible solution could be to
develop multiple compounds targeting the same protein
kinase.

We describe here the synthesis of three ATP-competitive in-
hibitors, TC-28, TC-34 and TC-107. We report their properties
as aurora inhibitors in vitro and their effect on human tissue
culture cells and show that TC-28 has properties compatible
with AurA inhibition in vivo.

Results and Discussion
Development of new aurora kinase inhibitors

Quinazoline is a favored lead structure for ATP-analogue inhibi-
tors and many inhibitors based on this scaffold have been
characterized.”™ We therefore chose this scaffold for the syn-
thesis of derivatives. The ATP-binding pocket of the aurora kin-
ases consists of a N-terminal (3-sheet domain and a C-terminal
o helix. The substrates and ATP are bound in the presence of
Mg?*. The kinase domains of the three aurora kinases share
high sequence similarities. They also show various degrees of
similarities with the kinase domains of more divergent kinase
families. However, some small differences can be used for the
creation of selective inhibitors. The ATP-binding pocket of au-
rora A is very hydrophobic. An important possibility to induce
selectivity is the so-called fluorophenyl pocket. This region is
formed by the amino acids Ala160, ValL147, Leu210 and
Glu211,2" and it has a hydrophobic character. It gets its name
from a fluorophenyl moiety that inhibits MAP kinases by tar-
geting this pocket. In many other kinases this domain is not
accessible because of the presence of amino acids with larger
side chains in this region or amino acids with side chains that
make this pocket less hydrophobic. For this reason, in the 2-
position of some of the quinazolines a furyl-substituent was
introduced to obtain selectivity. Compared with other kinases
the ATP-binding pocket of AurA shows the insertion of an ad-
ditional amino acid, Gly216. This insertion leads to a change of
the conformation of the adenosine-binding region and de-
creases its size. This change avoids the formation of hydrogen
bonds between the ATP ribose hydroxyl groups and Thr217,
which is present in other kinases. For this reason small sub-
stituents were introduced in the 4- and 6-positions. In the
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small ATP-binding pocket of AurA they should bind better
than sterically high-demanding derivatives."”

A library of quinazolines with 15 compounds was synthe-
sized and their activity against AurA and AurB was determined
at the European Molecular Biology Laboratory facility (EMBL,
Heidelberg, Germany). Three compounds (TC-28, TC-34 and
TC-107) produced selective inhibition of AurA versus AurB
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(Table 1) and were further investigated against receptor tyro-
sine kinases with an assay based on the ELISA principle
(Table 1). Encouragingly, TC-28 did not inhibit any of the tested
tyrosine kinases (IC5,> 100 um).

Table 1. ICy, values of TC-28, TC-34 and TC-107 against AurA, AurB and a
panel of other selected kinases.

ICso [um] TC-28 TC-34 TC-107
aurora A 2.7 1.9 0.052
aurora B @ 16.2 4.5
EGFR [a] [a] [al
IGFR fal 415 fal
KDR @l 8.2 29
Flt-4 el 4.2 1.5
FGFR [a] [a] [a]
Tie-2 [a] [a] [a]

[a] >100 um.

TC-28 delays G2M progression in human tumor cells

Previous studies have shown that the treatment of cells with
small-molecule inhibitors for aurora kinase results in the accu-
mulation of cells with a DNA content of >4n.2>%* We first ex-
amined the cell-cycle profiles of Hela cells incubated for 24 h
in medium containing increasing concentrations of any of the
three compounds, TC-28, TC-34 or TC-107 by flow cytometry.
We wused the previously characterized aurora inhibitor,
ZM447439 (ZM1; 2 um) as positive control.”® Consistent with
published results, treatment with ZM1 increased the propor-
tion of cells with 4n and 8n DNA content (Figure 1 and
Table 2). Hela cells incubated with TC-28 showed a dose-de-
pendent increase in the proportion of cells with more than 2n
DNA content, but more than 4n DNA content was not ob-
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Figure 1. DNA profiles of HelLa cells treated with DMSO (control), ZM1

(2 pum) or increasing concentrations of TC-28, TC-34 or TC-107 for 24 h were

evaluated by flow cytometry; 2n, 4n and 8n reflect relative DNA content and
represent diploid, tetraploid and multinucleated cells, respectively.

Table 2. Percentage of cells in G1, S, G2M and with more than 4n DNA
content as calculated from Figure 1.

% of cells <2n 2n 2<n<4 4n >4n
control 6.8 64.0 15.7 13.6 0.8
ZM1 (2 um) 3.0 1.2 2.8 51.1 43.5
TC-28

20 um 7.6 55.2 17.5 19.0 13

40 um 10.5 47.2 20.0 21.2 1.8

100 pm 10.0 214 25.2 41.8 15
TC-34

20 um 4.4 58.5 17.6 19.2 0.7

40 um 3.8 58.5 17.7 19.9 3.8

100 pm 13.8 48.4 15.5 20.8 2.1
TC-107

20 um 2.5 56.7 17.7 19.9 3.8

40 um 4.5 55.2 204 19.8 0.8

100 pm 7.6 50.2 233 18.7 1.0

served (Figure 1 and Table 2). Neither TC-34 nor TC-107 altered
the distribution of cells in the different cell-cycle stages. Incu-
bation for longer periods of time (48 h) with any of the three
compounds resulted in extensive cell death.

The high proportion of 8n DNA containing cells observed
after ZM1 treatment has been related to AurB inhibition, which
is also characterized by a decrease in the levels of histone H3
(HH3) phosphorylation on Ser10.%' Phosphorylation at this site
is frequently used as a marker for AurB activity. The lack of 8n
cell accumulation following treatment with any of the TC com-
pounds suggests that none of them inhibited AurB activity in
vivo. To confirm this hypothesis we studied HH3 phosphory-
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lation levels in mitotic cells treated with the different com-
pounds for 20 h.

As shown in Figure 2, ZM1 treatment strongly reduced HH3
Ser10 phosphorylation, which is consistent with published
data.”® By contrast, treatment with any of the TC compounds

— o, . — — — — — — — L —

o-Tub

N — T — A — A — — — — ——

AurA

p-HH3 | @~

Figure 2. Effect of the different compounds on histone H3 phosphorylation
at Ser10. Hela cells were treated with ZM1 or the different TC compounds
and synchronized in mitosis with nocodazole. Histone H3 phosphorylation
degree (p-HH3) was determined by Western blot analysis. AurA and a-tubu-
lin (a-Tub) levels were used as synchronization and loading controls.

had no effect at any of the concentrations tested; this sup-
ports the idea that AurB activity is unaffected in vivo. These
results diverge from the efficient AurB inhibition observed in
vitro for TC-34 and TC-107, and could indicate that problems
in permeability or solubility prevent the inhibitory activity of
these compounds at the cellular level.

The increase in the proportion of cells with more than 2n
DNA content could be due to several causes. It could be
brought about by multiple cycles of DNA replication or by
cytokinesis errors, as shown for cells treated with other aurora
inhibitors.”>?” To determine the primary cause for the pheno-
type produced by TC-28 and examine whether TC-34 or TC-
107 interfere with mitosis, we examined live cells by time-lapse
video microscopy. To visualize DNA and microtubules we used
a stable Hela cell line coexpressing H2B-GFP and mRFP-a-tu-
bulin fusion proteins. Cells were placed in medium containing
2um ZM1 or 40 um of any of our three compounds, and
imaged every 3 or 4.5 min for 16-24 h (Figure 3). The resulting
time-lapse images were used to determine the following pa-
rameters: 1) the percentage of cell death among nondividing
cells (Figure 4A), 2) the percentage of cells entering mitosis
(Figure 4B), 3) the outcome of mitosis: normal division (cell di-
vision), return to interphase without chromatin segregation
and without dividing (no division), cytokinesis failure (division
errors), cell death without resolving mitosis (cell death; Fig-
ure 4C), and 4) the length of time spent in mitosis (TIM), which
is defined as the interval between DNA condensation and ana-
phase resolution (Figure 4D).

Control cells, which were plated in medium containing
DMSO, were healthy throughout the observation time. An
average of 5.4% of the cells entered mitosis per hour (Fig-
ure 4B) and almost all of them (90.3%) were able to divide
successfully with an average TIM of 39 min (median; Fig-
ure 4D). Treatment with ZM1 decreased the number of cells
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Control

ZM1

TC-28

TC-107

TC-34

Figure 3. Images from time-lapse analysis of cells treated with DMSO, ZM1, TC-28, TC-34 or TC-107. Hela cells
expressing GFP-histone 2B and mRFP-a-tubulin (lower row in each set) were incubated in medium containing

FULL PAPERS

this period of observation the
few cells that entered mitosis
completed it successfully.

TC-107 also resulted in an in-
crease in cell death although not
as strongly as TC-34 (Figure 4A).
In the remaining population an
average of 1.4% of cells entered
mitosis per hour, half of these
completed cell division, but with
a broadly variable TIM. The other
half died without going back to
interphase.

It has been reported that in-
hibition of AurB kinase activity
by over-expressing a “dead”
kinase mutant produces an in-
crease in the proportion of cells
with 4n and 8n DNA content
due to a failure in cell division.
By contrast, over-expression of a
dead kinase AurA does not
affect the DNA-content profile.
The fact that ZM1 mimics the
AurB phenotype suggests in vivo
AurB inhibition by this com-
pound.”® Qur data suggest that
TC-28 does not inhibit AurB in
vivo and show that it induces
defects compatible with AurA in-
hibition."*) TC-34 and TC-107
had a strong effect on cell viabil-
ity, which were independent of
mitosis and not related to de-
fects that could suggest inhibi-
tion of aurora kinases. Since TC-
34 and TC-107 also have inhibi-
tory effects on other kinases in
vitro whereas TC-28 has none,
we decided to continue our
studies with TC-28.

DMSO (control), ZM1 (2 um), TC-28 (40 um), TC-107 or TC-34. Images were captured for a period of 16-24 h by
using a time-lapse imaging system. In each panel the upper row shows the phase-contrast images and the lower

row the GFP signal; scale bar: 10 um. Also, see movies in the Supporting Information.

entering mitosis by half. In agreement with published data,
ZM1 also increased the TIM to 306 min.”® During the time in
mitosis, cells had problems in reaching metaphase, and 76 %
decondensed their DNA and went back to interphase without
chromosome segregation. Incubation of cells with TC-28 also
reduced the number of cells entering mitosis and increased
the TIM (median 375 min), but unlike cells treated with ZM1,
all the TC-28 treated cells died either without returning to in-
terphase or right after an asymmetric segregation.

In addition to these mitotic phenotypes, we observed that
TC-34 induced extensive cell death (Figure 4A), so that after
11 h incubation almost no cells remained in the dish. During
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TC-28 interferes with bipolar
spindle formation

To get a better idea about the defects causing cell division fail-
ure in cells treated with TC-28, we examined fixed cells to
better visualize the chromosomes and the microtubules. The
stable Hela cells expressing GFP-histone and mRFP-a-tubulin
were incubated with TC-28 (40 pm), ZM1 (2 um) or DMSO (con-
trol) for 24 h, fixed in cold methanol and mounted. In parallel,
standard Hela cells were treated in the same way. Cells were
fixed and processed for immunofluorescence with anti-tubulin
antibodies to visualize the microtubules and Hoechst 33342 to
stain the DNA. Mitotic cells were examined and classified into
the different mitotic phases and other abnormal states (Fig-
ure 5A).
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promotes cilia  disassembly,
which is a prerequisite for cells
to re-enter the cell cycle and go
through a new round of division.
Depletion of AurA by siRNA
treatment or the use of a small
molecule inhibitor targeting
AurA were shown to substantial-
ly limit serum-induced disassem-
N [N bly of cilia Since this is an
AurA specific function we decid-
ed to use this experimental ap-
proach to test the specificity of
TC-28 for AurA inhibition.

The hTERT-RPE1 cells were
plated at 50% confluence in
medium without serum. After
48 h more than 80% of the cells
had clearly visible cilia as detect-
ed by immunofluorescence with
an anti-acetylated a-tubulin anti-
body. As previously described,

=l=

A) B)
100 6
o 80 2. j
o 60 28
£ 28 3
= R
i, 40 3O
] o 2
2 5 2
20 < E 1
0 3 N > 13 A 0 N
&L N v i N L
C) OcCell division ONo division D)
H Division errors [l Cell death
100 — 800-
,,, -
I c 1
g 88 E 600
g 60 2 1
2 £ 400
£ 40 £
S £ I
£ 20 8200-
'_.__ -
0 0
3 N % QA 3
L S £ o N &L
00& S PSAet 00&

Figure 4. Quantification of the phenotypes observed during the time-lapse recording of cells treated with the dif-
ferent compounds. A) Bar graph showing the mean percentage of nondividing cells that died over the period of
the time-lapse recording. The values obtained from more than six fields from two independent experiments were
averaged. B) Average percentage of cells entering mitosis per hour of observation. The percentage of cells enter-
ing mitosis in each filmed field was divided by the number of filming hours. The values obtained from more than
six fields from two independent experiments were averaged. C) Outcome of cells entering mitosis. Cells entering
mitosis were followed carefully over time and each mitotic event was classified in one of the following four cate-
gories: normal division (cell division), return to interphase without chromosomes segregation and without divid-
ing (no division), cytokinesis failure (division errors), and cell death without resolving mitosis (cell death). D) Box
plots show the time spent in mitosis in the presence of 2 pm ZM1 or 40 pm TC-28, TC-34 or TC-107. Values ob-

N > Q'\
> v «cfbb‘ N

changing the culture medium to
<< one containing fetal bovine
serum (10%) caused cilia disas-
sembly in the first two hours
after serum stimulation (Fig-
ure 6). Pretreatment of cells with
ZM1 (1-2 pm) did not have any
effect on cilia disassembly; by
contrast, it was strongly inhibit-
ed in cells pretreated with TC-28
(40 pm; Figure 6).

/\0

tained from more than six fields from two independent experiments were averaged.

Cells incubated with ZM1 showed a strong increase in the
number of mitotic cells with chromosome alignment defects in
metaphase: although most chromosomes aligned on the met-
aphase plate, several were in the proximity of the spindle
poles (Figure 5). A high percentage of cells were multinucleat-
ed. These data are consistent with the reported phenotypes
for AurB inhibition or silencing.

By contrast, cells treated with TC-28 showed a large propor-
tion of abnormal mitotic spindles (defined as those that did
not display canonical bipolar spindle formation: monopolar,
multipolar and other aberrant structures).

Cells incubated with TC-34 or TC-107 and in mitosis did not
show significant defects in spindle assembly or chromosome
alignment (data not shown).

We conclude that TC-28 has a strong effect on mitotic pro-
gression and induces phenotypes that are compatible with
AurA inhibition.

TC-28 impairs cilia disassembly

Recent studies have shown that AurA has some nonmitotic
roles. It localizes at the basal body of cilia and its activation
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Conclusions

To design novel ATP competitors that show specificity for the
inhibition of AurA we examined carefully the structure of the
kinase domains of the three aurora kinases, and searched for
any small difference that could be useful for the creation of
selective inhibitors.

Based on this study and by using a quinazoline scaffold as a
lead structure a furyl-substituent was introduced in the 2-posi-
tion and small substituents were introduced in the 4- and 6-
positions. Among the synthesized compounds three showed
selective inhibition of AurA compared to AurB in vitro.

Although TC-34 and TC-107 compromise cell viability we did
not observe specific effects on mitotic cells either morphologi-
cally or on HH3 Ser10 phosphorylation. This suggests that
these two compounds have solubility problems or might not
enter into cells efficiently.

TC-28 promoted mitotic arrest compatible with AurA inhibi-
tion in vivo. To determine more accurately whether this com-
pound inhibits AurA specifically, we examined whether it inhib-
ited the disassembly of the primary cilia, which is a process
that has been shown to be specifically regulated by AurA. Our
results show that TC-28 indeed inhibits this process; this indi-
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cates that the compound inhibits AurA in vivo. Con-
sistently, docking analysis indicates that the inhibitor
could easily bind in the same region as the ATP (Fig-
ure S1 in the Supporting Information). The next goal
will be to enhance the potency and solubility of TC-
28 to generate a specific AurA inhibitor that could
have useful clinical applications.

z

Experimental Section
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Chemistry
B) Scheme: Synthesis of the 2-(2-furyl)-substituted deriva-
[ control M zm1 O Tc-28 tives commenced with anthranilic acid amide 1. Intro-
80 - duction of iodine in 5-position was followed by the cou-
70 pling of furan-2-carbonyl chloride to the anilino-nitrogen
60 and ring closure to quinazolinone 5 under basic condi-

tions.?® Derivatives with no substituent in the 2-position
were prepared by the condensation of 2-amino-5-iodo-
benzoic acid (3) and formamidine hydrochloride.”” The

30 obtained quinazolinones 4 and 5 were further converted
20 to the 4-chloroquinazolines 6 and 7 under reflux in
. phosphoryl trichloride or in thionyl chloride with catalyt-

P PM M

Number of cells
(% over total mitotic cells)
b
(=]

ic amounts of DMF, respectively.”*?? Nucleophilic aro-

matic substitution furnished the 4-aminoquinazolines 8-
[29,30]

A T Misalig Abn Sp

10 in good yields (Scheme 1). Furthermore, deriva-

Figure 5. Mitotic phenotypes of cells incubated in the presence of the different com- tives were prepared so that diversity in the 4-position
pounds. A) Hela cells constitutively expressing GFP-histone H2B and mRFP-conjugated was obtained (Table 3). The Suzuki coupling of quinazoli-
a-tubulin were incubated for 24 h in the presence of DMSO or ZM1 (2 um) or TC-28 none 5 with 4-methoxyphenylboronic acid, followed by
(40 um), fixed and examined. Mitotic cells were scored and classified according to the dif-  reflux in phosphoryl trichloride gave 4-chloroquinazoline
ferent categories shown. Representative images for the different categories are shown: 12.2831 Thys, L-serine methylester and 2-aminoethanol

prophase (P), prometaphase (PM), metaphase (M), anaphase (A), telophase (T), meta-
phase spindles with lagging chromosomes (Misalign) and abnormal spindles (Abn Sp),
which were defined as mitotic structures whose microtubules (MT) are not organized in
a canonical bipolar spindle; MTs are in red and DNA is in green. B) Quantification of the
number of cells in the different categories defined in A). Untreated cells (red), cells treat- Different well-known palladium-catalyzed coupling reac-
ed with ZM1 (blue) and TC-28 (yellow).

were introduced as side-chains by aromatic substitution
reactions.®? The propargyl alcohol derivative 15 was ob-
tained by a Sonogashira reaction.

tions provided a variety of 6-substituted quinazolines. By

NH, N_ R? N _R? N._ _R?
b), ¢) or d) \w/ e)or f) \W/ M \W/
X NH =N ~N
R 1 1 I
0

0 Cl R*
"t)( 1: X=NH,,R=H 4:R>=H 6:R>=H 8: R? = H, R* = NCH(CH;),
YN 2:X=NH,, R=1 5: R = 2-furyl 7: R? = 2-furyl 9:R?=H, R*=3-F-CsH,
3:X=0H,R=1 ’]/ 10: R? = 2-furyl, R* = NCH(CHs),
n), 0) or p) J’
N.__R? N 2 N 2
N ) \\rR K, 1) or m) \\rR
NH N N
R6 RG = R6
0 cl R*
11: R? = 2-furyl, R® = 4-MeOC4H, 12: R? = 2-furyl, R® = 4-MeOC4H, 13-26
Y L

Scheme 1. Synthesis of the quinazoline derivatives. a) I,, NaHCO,, H,O, room temperature, 18 h, 82%; b) furan-2-carbonyl chloride, Et;N, THF, room tempera-
ture, 2 h, 99% (X=N); c) 5% NaOH, EtOH, reflux, 5 min, 78% (X=N); d) formamidine hydrochloride, 210 °C, 20 min, 86 % (X=0); e) POCl,, reflux, 3 h, 86 %,
R'=2-furyl; f) SOCl,, DMF, reflux, 4 h, 66 %; R' =H; g) iPrNH,, 35°C, 18 h, 98%; h) 3-fluoroaniline, HC, iPrOH, reflux, 30 min, 90%; i) 4-methoxyphenylboronic
acid, K,CO;, Pd(OAc),, dioxane/water (3:1), reflux, 2 h, 62%; j) POCl;, reflux, 3 h, 45 9%; k) 2-aminoethanol, iPrOH, reflux, 30 min, 100%; |) L-serinmethylester hy-
drochloride, Et;N, THF, room temperature, 24 h, 56 %; m) prop-2-yn-1-ol, Et;N, Pd(PPh,),Cl,, Cul, DMF, 50°C, 18 h, 39%; n) boronic acid, K,CO; or Cs,CO,, Pd-
(PPh;), or Pd(OAc),, dioxane/water (3:1), reflux, 30 min to 2 h, 76-96 %; o) alkene, Et;N, Pd(OAc),, (o-Tol);P, acetonitrile, 100°C, 48-72 h, 63-87 %; p) prop-2-yn-
1-ol, Et;N, Pd(PPh,),Cl,, dppf, DMF, 50°C, 16-18 h, 61-93 %, q) acid chloride, Et;N or DIPEA, THF, room temperature or 50°C, 3-18 h, 74-81%.
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Figure 6. TC-28 blocks cilia disassembly. A) Representative immunofluores-
cence images of interphase RPE cells. The anti-acetylated tubulin and anti-
a-tubulin antibody decorate the centrosome of actively growing RPE cells.
B) Serum starved RPE cells develop cilia from one of the two centrioles. The
anti-acetylated tubulin antibody decorates both centrioles, including the
basal body and its connected cilium. Acetylated tubulin is in red, a-tubulin
in green and the DNA is in blue in the merge images. C) Quantification of
the number of cells forming a cilium when serum starved in the presence of
the compounds. No differences were observed among cells incubated with
the different compounds. Graphs show a representative experiment repeat-
ed three times. D) Quantification of the number of cells that lost cilia when
they were transferred to a medium containing serum and the compounds
indicated after serum starvation. Cilia disassembly was impaired in the pres-
ence of TC-28. Graphs show a representative experiment repeated three
times.

Suzuki coupling with Pd(PPh,), and Pd(OAc), as catalysts with the
solvent system dioxane/water, 6-aryl substituted derivatives were
obtained in high yields.®" In addition, N-acylation of derivative 18
led to further structural diversity. The Heck reaction furnished three
derivatives with good yields including TC-34, for which Pd(OAc),
was used as catalyst and (o-Tol);P as ligand.®¥ Finally, a Sonoga-
shira reaction with propargyl alcohol and Pd(OAc),/dppf as catalyst
yielded TC-107 and TC-28.

A. Giannis, I. Vernos et al.

Table 3. Derivatives generated by modifications in the 4-position.
R? R* RS
13 2-furyl NH—(CH,),0OH 4-MeO—CH,
14 2-furyl L-serinmethylester 4-MeO-C¢H,
15 2-furyl C=CCH,OH 4-MeO—CgH,
16 2-furyl NCH(CH,), 4-MeO—CH,
17 2-furyl NCH(CH,), 3-CHO—C4H,
18 (TC-34) 2-furyl NCH(CH,), (E)-CH=CHC(CH,),0H
19 2-furyl NCH(CH,), (E)-CH=CHCOOC(CH,),
20 (TC-28) 2-furyl NCH(CH,), C=CCH,OH
21 H NCH(CH,), 4-MeO—CH,
22 H 3-F—CgH, 4-MeO—CgH,
23 H 3-F—CH, 3-NH,—C¢H,
24 H 3-F—C¢H, (E)-CH=CHC(CH,),0H
25 (TC-107) H 3-F—CH, C=CCH,OH
26 2-furyl NCH(CH,), 3-NH,—CH,
27 2-furyl NCH(CH3), 3-NHCOCH;—CgH,
28 2-furyl NCH(CH3), 3-NHCOCCl;—C4H,
[a] Catalyst system yielded TC-107 and TC-28.5%

Experimental part: All reagents were commercially obtained from
Acros, Aldrich, Alfa Aesar and Fluka and used without further pu-
rification. Melting points were measured with a Boetius-micro hot
stage and are uncorrected. The 'H and *C NMR spectra were re-
corded by using a Varian Gemini 200 (200 MHz for 'H NMR; 50 MHz
for 3C), a Varian Gemini 300 (300 MHz for 'H NMR; 75 MHz for
CNMR) and Bruker Advance-DRX 400 (400 MHz for 'H NMR;
100 MHz for 3C NMR); the residual solvent peak was used as an in-
ternal reference. HRMS were obtained on a Bruker Daltonics
APEX Il (for ESI) and on a MeB- und Analysentechnik Bremen
MAT8035 (El). Reactions involving moisture-sensitive reactants
were performed in flame-dried glassware under an argon atmos-
phere; reactants were added by using a syringe. Flash column
chromatography was performed on silica gel (Acros 60A, 0.035-
0.070 mm) and analytical TLC on precoated silica gel plates
(Merck 60 F254, 0.25 mm).

2-Amino-5-iodobenzamide (2): Powdered iodine (11.7 g, 46.2 mmol)
was added portion-wise over 1 h to a stirred solution of 2-amino-
benzamide (1; 5.72 g, 42.0 mmol) and NaHCO; (3.52 g, 42.0 mmol)
in water (1.3 L). The solution was stirred, overnight, at room tem-
perature. Afterwards NaHSO, (0.87 g, 8.40 mmol) was added. The
solution was extracted with ethyl acetate (3x800 mL). After being
dried with Na,SO, the organic phase was removed under reduced
pressure. The crude product was recrystallized with water/metha-
nol mixture (10:1, v/v, 100 mL) to yield 2 (9.07 g, 34.6 mmol, 82%)
as white crystals; m.p. 197-198°C; 'H NMR (300 MHz, [D]DMSO):
0=6.57 (d, J=8.7 Hz, 1H, arom), 6.74

(s, 2H, NH,), 7.19 (s, 2H, CONH,), 7.42

(dd, /=8.7, 1.8 Hz, 1H, arom), 7.84 NH,
(d, J=21Hz, 1H, arom); CNMR

(75 MHz, [DJDMSO): 8 =745, 116.1, | NH,
119.0, 136.5, 139.9, 149.8, 169.9; HR

EFMS:  caled  for  (CH,IN,O): o

261.96032, found: 261.95953.

N-(2-Carbamoyl-4-iodophenyl)furan-2-carboxamide (2a): Triethyla-
mine (2.19 mL, 15.7 mmol) and furan-2-carbonyl chloride (0.77 mL,
7.86 mmol) were added by using a syringe to a solution of 2-
amino-5-iodobenzamide (2; 2.06 g, 7.86 mmol) in THF (23 mL).
After 2 h (TLC control) the solvent was removed under reduced
pressure. The residual solid was washed with cold ethanol to yield
pure 2a (2.76 g, 7.75 mmol, 99%) as a white solid; m.p. 218-
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220°C; "H NMR (300 MHz, [D]JDMSO):

0=6.75 (dd, J=3.0, 3.0Hz, 1H,

arom), 7.26 (d, J=3.0 Hz, 1H, arom),

NH 7.90 (dd, J=8.7, 1.8 Hz, 1H, arom),

7.99 (s, TH, arom), 8.22 (d, /=1.8 Hz,

| NH; 1H, arom), 846 (d, J=9.0Hz, 1H,

0 arom), 8.49 (s, 2H, NH,), 12.72 (s, 1H,

NH-CO); 3C NMR (75 MHz,

[Dg]DMSO): 6=87.2, 1134, 116.1,

122.2, 122.8, 137.5, 139.8, 141.6,

146.9, 148.2, 156.4, 170.2; HR ESI-MS: calcd for C;,HgIN,O;Na:
378.95555 [M+Na] ", found: 378.95501.

O™\

(0] =

2-(Furan-2-yl)-6-iodoquinazolin-4(3H)-one (5): A solution of N-(2-car-
bamoyl-4-iodophenyl)furan-2-carboxamide (2a; 2.76 g, 7.75 mmol)
in NaOH (5%, 39 mL) and ethanol (20 mL) was refluxed for 5 min.
After the solution was cooled to 0°C a voluminous white precipi-
tate was formed and filtered off. It was dried to yield pure 5
(2.05 g, 6.06 mmol, 78%) as a white solid; m.p. 222-223°C; '"H NMR
(300 MHz, [D¢]DMSO): 6 =6.75 (dd, J=3.6, 3.3 Hz, 1H, arom), 7.26
(d, J=2.7 Hz, 1H, arom), 7.91 (dd, J=
8.7, 21 Hz, 1H, arom), 8.00 (s, TH,
o arom), 8.21 (d, J=2.4Hz, 1H, arom),
\ 8.45 (d, J=9.3 Hz, 1H, arom), 8.49 (s,
N 1H, NH); 3CNMR (75 MHz,
NH [DgIDMSO): 6=87.2, 1134, 116.1,
! 122.2,122.8, 137.5, 139.8, 141.6, 146.9,
o 148.2, 156.4, 170.2; HR ESI-MS: calcd
for C;,HgIN,O,: 338.96305 [M+H]™,

found: 338.96250.

4-Chloro-2-(furan-2-yl)-6-iodoquinazoline (7): A solution of 2-(furan-
2-yl)-6-iodoquinazolin-4(3H)-one (5; 1.95 g, 5.76 mmol) in phospho-
ryl trichloride (50 mL) was refluxed for 3 h (TLC control). The white
suspension became a clear solution. The excess of phosphoryl tri-
chloride was removed under reduced pressure. The remaining
solid was suspended in ethyl acetate (150 mL) and washed with
NaOH solution (1m; 5x100 mL). The combined aqueous phases
were re-extracted with ethyl acetate (100 mL). The combined or-
ganic phases were washed with brine (150 mL) and dried over
Na,SO,. After removal of the solvent under reduced pressure the
crude product was purified by column chromatography (n-hexane/
ethyl acetate, 5:1, v/v; R 0.31) to yield 7 (1.77 g, 4.97 mmol, 86 %)
as a yellow solid, m.p. 183-184°C; 'H NMR (300 MHz, [DJDMSO):
0=6.79 (d, J=3.6 Hz, 1H, arom), 7.50 (d, J=8.7 Hz, 1H, arom), 6 =

7.69 (d, J=3.6 Hz, 1H, arom), 8.05 (s,

1H, arom), 8.11 (dd, J=8.9, 2.3 Hz,

O™\ TH, arom), 839 (d, J=2.1Hz, 1H,

N arom); *C NMR (50 MHz, [D¢IDMSO):

8=915, 112.7, 1155, 122.8, 12849,

| =N 1342, 1430, 1445, 1455, 147.1,
cl 160.1, 150.0; HR ESI-MS: calcd for
CH,CINO: 35692916 [M4H]™,

found: 356.92861.

2-(Furan-2-yl)-6-iodo-N-isopropylquinazolin-4-amine (10): A solution
of 4-chloro-2-(furan-2-yl)-6-iodoquinazoline (7; 1.70 g, 4.70 mmol)
and isopropylamine (1.02 mL, 11.9 mmol) in propan-2-ol (70 mL)
was stirred, overnight, at 35°C. The yellow suspension turned to a
clear solution. After removal of the solvent under reduced pressure
the crude product was purified by column chromatography (n-
hexane/ethyl acetate, 3:1, v/v; R;: 0.35) to yield 10 (1.77 g,
4.67 mmol, 98%) as an orange-colored solid, m.p. 205°C; 'H NMR:
(200 MHz, [DJDMSO): 6 =1.31 (d, J=6.6 Hz, 6H, CH(CH,),), 4.61 (se,
J=6.8Hz, 1H, CH(CH,),), 6.67 (dd, J=3.4, 3.3 Hz, 1H, arom), 7.25
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(d, J=2.5Hz, 1H, arom), 7.48 (d, J= e} A
8.8 Hz, 1H, arom), 7.89 (d, J=2.6 Hz, N ~
1H, arom), 8.01 (dd, J=838, 1.9 Hz, =

1H, arom), 8.09 (d, J=7.6Hz, 1H, =N

NH), 8.75 (d, J=1.8Hz, 1H, arom);
BCNMR (50 MHz, [DgJDMSO): 6=
219 (2Q), 42.2, 89.9, 112.1, 1129,
115.6, 129.5, 131.4, 141.0, 1450,
148.9, 153.0, 153.6, 157.5; HR ESI-MS:
caled for CisHIN;O:  380.02598
[M+H] ", found: 380.02529.

2-(Furan-2-yl)-N-isopropyl-6-(4-methoxyphenyl)quinazolin-4-amine
(16): A solution of 2-(furan-2-yl)-6-iodo-N-isopropylquinazolin-4-
amine (10; 140 mg, 0.37 mmol), 4-methoxyphenylboronic acid
(59 mg, 0.39 mmol) and potassium carbonate (306 mg, 2.21 mmol)
in dioxane/water (3:1, v/v; 4.3 mL) was degassed with ultrasound
for 10 min. After addition of tetrakis-(triphenylphosphin)-palladi-
um(0) (8.5 mg, 7.38 umol) the solution was refluxed for 30 min
(TLC control). After the solution was cooled to room temperature,
water (10 mL) was added and the solution was extracted with
ethyl acetate (3x15mL). The combined organic phases were
washed with brine (15 mL) and dried over Na,SO,. After the solvent
was removed under reduced pressure the crude product was puri-
fied by column chromatography (n-hexane/ethyl acetate, 2:1, v/v,
R¢: 0.28) to yield 16 (101 mg, 0.28 mmol, 76 %) as yellow crystals,
m.p. 202-204°C; '"H NMR (300 MHz, CD,0D): 0=1.46 (d, J=6.6 Hz,
6H, CH(CH,),), 3.91 (s, 3H, OCH,), 467 (s, 1H, NH), 4.79 (se, J=
6.6 Hz, TH, CH(CH,),), 6.72 (dd, J=3.6, 3.3 Hz, 1H, arom), 7.12 (d,
J=8.7Hz, 2H, arom), 7.38 (d, J=3.3Hz, 1H, arom), 7.81 (d, J=
9.0 Hz, 2H, arom), 7.81 (d, J/=9.0 Hz, 1H, arom), 7.89 (s, 1H, arom),
8.08 (dd, /=8.6, 2.0 Hz, 1H, arom), 8.49 (d, J=1.8 Hz, 1H, arom);
BCNMR (75 MHz, CD;0D): 6=22.7 (2C), 43.9, 56.0, 113.2, 114.1,
115.5 (2Q), 115.6, 120.6, 128.4, 129.4 (2C), 132.6, 133.4, 139.0, 146.0,
149.6, 154.5, 154.8, 160.5, 161.0, HR ESI-MS: calcd for C,,H,,N;0,:
360.17120 [M+H]", found: 360.17065.

2\
N N
O N
O g
HN
\O \(

3-(2-(Furan-2-yl)-4-(isopropylamino)quinazolin-6-yl)benzaldehyde (17):
A solution of 2-(furan-2-yl)-6-iodo-N-isopropylquinazolin-4-amine
(10; 115mg, 0.30 mmol), 3-formylphenylboronic acid (48 mg,
0.32 mmol) and potassium carbonate (251 mg, 1.82 mmol) in diox-
ane/water (3.5 mL; 3:1, v/v) was degassed with ultrasound for
10 min. After addition of palladium acetate (1.4 mg, 6.06 pmol) the
brown suspension was refluxed for 30 min (TLC control). After the
suspension was cooled to room temperature, water (10 mL) was
added and the suspension was extracted with ethyl acetate (3 X
15 mL). The combined organic phases were washed with brine
(10 mL) and dried over Na,SO,. After removing the solvent under
reduced pressure the crude product was purified by column chro-
matography (n-hexane/ethyl acetate, 1:1, v/v, R¢: 0.39) to yield 17
(97 mg, 0.27 mmol, 90%) as a light-green solid, m.p. 199-200°C;
"HNMR (300 MHz, CD;0D): 6=1.41 (d, J=6.6 Hz, 6H, CH(CH,),),
4.71 (se, J=6.6 Hz, 1H, CH(CH,),), 6.64 (dd, J=2.1, 1.8 Hz, TH,
arom), 7.29 (d, J=3.3 Hz, 1H, arom), 7.61 (t, J=7.5Hz, 1H, arom),
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7.72 (s, 1H, arom), 7.80 (d, /=8.7 Hz, 1H, arom), 7.85 (d, J=7.8 Hz,
1H, arom), 7.98 (dd, /=8.9, 2.2 Hz, 1H, arom), 8.43 (d, J/=1.8 Hz,
1H, arom), 8.00 (d, J=7.8 Hz, 1H, arom), 8.24 (s, 1H, arom), 10.05
(s, TH, CHO); *C NMR (75 MHz, CD,0D): 6=21.3 (2Q), 42.9, 111.9,
113.2, 1144, 1204, 127.2, 128.0, 128.4, 129.6, 131.3, 132.7, 136.5,
137.4, 140.8, 144.7, 149.1, 153.2, 154.2, 159.5, 192.9; HR ESI-MS:
caled for C,,H,0N;0,: 358.15555 [M+H]*, found: 358.15500.

6-(3-Aminophenyl)-2-(furan-2-yl)-N-isopropylquinazolin-4-amine  (26):
A solution of 2-(furan-2-yl)-6-iodo-N-isopropylquinazolin-4-amine
(10; 500 mg, 1.32 mmol), 3-aminophenylboronic acid monohydrate
(215 mg, 1.39 mmol) and caesium carbonate (2.15 g, 6.60 mmol) in
dioxane/water (17 mL, 3:1, v/v) was degassed with ultrasound for
10 min. After addition of palladium acetate (5.9 mg, 26.4 umol) the
resulting black suspension was refluxed for 25 min (TLC control).
After being cooled to room temperature, HCI (1m; 25 mL) was
added. The solution was extracted with dichloromethane (3x
30 mL). The combined organic phases were washed with brine
(50 mL) and dried over Na,SO,. After the solvent was removed
under reduced pressure the crude product was purified by column
chromatography (n-hexane/ethyl acetate, 1:2, v/v, R¢: 0.30) to yield
26 (412 mg, 1.20 mmol, 91%) as a light-yellow powder, m.p. 224-
225°C; '"HNMR (300 MHz, CD;0D): 6=1.41 (d, J=6.6 Hz, 6H, CH-
(CH,),), 4.75 (se, J=6.6 Hz, 1H, CH(CH,),), 6.64 (dd, J=3.6, 3.3 Hz,
1H, arom), 6.77 (dd, J=7.8, 1.1 Hz, 1H, arom), 7.11 (d, J=7.8 Hz,
1H, arom), 7.13 (d, J=1.2Hz, 1H, arom), 7.23 (d, J=7.5Hz, 1H,
arom), 7.33 (dd, J=3.6, 0.9 Hz, 1H, arom), 7.75 (d, J=1.8 Hz, 1H,
arom), 7.83 (d, J=8.7 Hz, 1H, arom), 7.98 (dd, J=8.6, 2.0 Hz, 1H,
arom), 8.39 (d, J=1.5 Hz, 1H, arom); *C NMR (75 MHz, CD,0D): 6 =
224 (2Q), 43,9, 113.0, 114.1, 115.1, 115.5, 115.9, 118.1, 121.1, 127.9,
130.6, 132.9, 140.2, 142.2, 145.8, 149.3, 149.8, 154.5, 155.0, 160.0;
HR ESI-MS: caled for C,H,N,0: 345.17154 [M+H]*, found:
345.17099.

NH,

N-(3-(2-(Furan-2-yl)-4-(isopropylamino)quinazolin-6-yl)phenyl)aceta-

mide (27): A solution of 6-(3-aminophenyl)-2-(furan-2-yl)-N-isopro-
pylquinazolin-4-amine (26; 35 mg, 0.10 mmol) and N-ethyldiisopro-
pylamine (21 L, 0.12 mmol) in THF (0.8 mL) was heated to 50°C.
After addition of acetyl chloride (7.6 pL, 0.11 mmol) the solution
was stirred at this temperature for 3 h. After the solvent was re-
moved under reduced pressure the crude product was purified by
column chromatography (n-hexane/ethyl acetate, 1:4, v/v, R;: 0.26)
to yield 27 (29 mg, 0.08 mmol, 74%) as a yellow solid, m.p. 180-
182°C; "H NMR (200 MHz, CD,0D/[Dg]DMSO): 6 =1.40 (d, J=6.2 Hz,
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6H, CH(CH,),), 2.17 (s, 3H, COCH,), 4.74 (se, J=6.2 Hz, 1H, CH-
(CH,),), 6.67 (s, 1H, arom), 7.33 (d, J=3.0 Hz, TH, arom), 7.46 (d, /=
7.8 Hz, 1H, arom), 7.55 (m, 2H, arom), 7.78 (s, 1H, arom), 7.80 (d,
J=8.8Hz, 1H, arom), 8.00 (s, 1H, arom), 8.02 (d, /=7.8Hz, 1H,
arom), 8.46 (s, 1H, arom); *C NMR (50 MHz, CD,0D/[D¢]DMSO): 6 =
22.6 (2Q), 24.2, 44.0, 113.2, 114.3, 115.5, 119.7, 120.3, 121.6, 123.9,
128.4, 130.5, 132.9, 139.2, 140.7, 141.9, 146.0, 150.1, 154.4, 155.2,
160.7, 171.4; HR ESI-MS: calcd for C,3H,3N,0,: 387.18210 [M+H]*,
found: 387.18110.

HN\fO

2,2,2-Trichloro-N-(3-(2-(furan-2-yl)-4-(isopropylamino)quinazolin-6-yl)-

phenyl)acetamide (28): A solution of 6-(3-aminophenyl)-2-(furan-2-
yl)-N-isopropylquinazolin-4-amine (26; 70 mg, 0.20 mmol) and trie-
thylamine (85 pL, 0.61 mmol) in THF (2.0 mL) was cooled to 0°C.
2,2,2-Trichloroacetyl chloride (27 uL, 0.24 mmol) was added, which
led to formation of a white precipitate. The suspension was stirred,
overnight, at room temperature. After the solvent was removed
under reduced pressure the crude product was purified by column
chromatography (n-hexane/ethyl acetate, 1:1, v/v, R;: 0.42) to yield
28 (81 mg, 0.177 mmol, 81%) as a yellow solid, m.p. 220-222°C;
'HNMR (200 MHz, CD,0D): 6=1.39 (d, J=6.2 Hz, 6H, CH(CH,),),
4.75 (m, TH, CH(CH,),,), 6.62 (d, J=1.4Hz, 1H, arom), 7.31 (d, J=
3.0Hz, 1H, arom), 7.52 (d, J=7.2Hz, 1H, arom), 7.61 (m, 2H,
arom), 7.72 (s, 1H, arom), 7.84 (d, J=9.0 Hz, TH, arom), 8.00 (s, TH,
arom), 8.02 (d, J=7.0 Hz, 1H, arom), 8.43 (s, TH, arom); 3C NMR
(100 MHz, CD;0D/[DgIDMSO): 6 =22.6 (2C), 44.0, 94.5, 113.2, 1144,
115.6, 121.5, 121.8, 122.0, 125.7, 128.6, 130.8, 132.9, 138.7, 139.1,
142.2, 146.1, 150.3, 154.4, 155.2, 160.6, 161.7; HR ESI-MS: calcd for
C,3H,0ClsN,O,: 489.06518 [M+H]™, found: 489.06464.

\p
N S
N
O =N
O HNY

O

HN
CIICI

Cl

(E)-4-(2-(Furan-2-yl)-4-(isopropylamino)quinazolin-6-yl)-2-methylbut-3-
en-2-ol (18; TC-34): A solution of 6-(3-aminophenyl)-2-(furan-2-yl)-N-
isopropylquinazolin-4-amine (10; 85 mg, 0.22 mmol), 2-methylbut-
3-en-2-ol (70 uL, 0.67 mmol), tri-o-tolylphosphine (6.7 mg,
22.0 umol), triethylamine (94 pL, 0.67 mmol) and palladium acetate
(2.5 mg, 11.0 umol) in acetonitrile (1.0 mL) was heated to 100°C in
a Pyrex” pressure tube. The yellow suspension turned to a black
solution in 20 min. After 48 h the solvent was removed under re-
duced pressure and the crude product was purified by column
chromatography (n-hexane/ethyl acetate, 1:3, v/v, R;: 0.38) to yield
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18 (TC-34; 65 mg, 0.19 mmol, 86%) as a yellow solid, m.p. 144-
146°C; 'H NMR (200 MHz, CD;0D): 6=1.39 (d, J=7.4 Hz, 6H, CH-
(CH,),), 1.40 (s, 6H, C(CH,),0H), 4.72 (se, J=5.8 Hz, 1H, CH(CH,),),
6.56 (d, J=16.2 Hz, 1H, olefin), 6.60 (d, J=3.0 Hz, 1H, arom), 6.72
(d, J/=16.2 Hz, 1H, olefin), 7.29 (d, J=3.0 Hz, 1H, arom), 7.73 (s,
1H, arom), 7.88 (d, /=8.8Hz, 1H, arom), 822 (d, J/=9.0Hz, 1H,
arom), 8.53 (s, 1H, arom); *C NMR (50 MHz, CD;0D): § =21.8 (2C),
29.2 (2Q), 42.7, 69.8, 111.9, 112.4, 119.9, 120.4, 125.1, 128.4, 130.6,
134.9, 139.7, 144.4, 144.6, 150.0, 154.0, 159.0; HR ESI-MS: calcd for
CyoH24N;0,: 338.18685 [M+H] ™, found: 338.18630.

AN
N =~
~

~N
HN\(
HO

(E)-tert-Butyl-3-(2-(furan-2-yl)-4-(isopropylamino)quinazolin-6-yl)acry-
late (19): A solution of 6-(3-aminophenyl)-2-(furan-2-yl)-N-isopropyl-
quinazolin-4-amine (10; 70 mg, 0.21 mmol), triethylamine (87 pL,
0.62 mmol), tert-butyl acrylate (90.2 pL, 0.62 mmol), tri-o-tolylphos-
phine (6.3 mg, 21.0pumol) and palladium acetate (2.3 mg,
10.0 umol) in acetonitrile (1.0 mL) was heated to 100°C in a Pyrex®
pressure tube for 72 h; the mixture turned to a dark-brown solu-
tion. After being cooled to room temperature the solution was
poured in dichloromethane (25 mL). The organic phase was
washed with water (15 mL) and brine (15 mL). After being dried
over Na,SO, the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (n-hexane/
ethyl acetate, 3:1, v/v, R¢: 0.21) to yield 19 (44 mg, 0.13 mmol, 63 %)
as a yellow solid, m.p. 127-130°C; 'H NMR (200 MHz, CD,0D/
[DJDMSO): 6=2.07 (d, J=6.6 Hz, 6H, CH(CH,),), 2.23 (s, 9H, C-
(CH5)3), 5.40 (m, 1H, CH(CH,),,), 7.29 (d, J=15.8 Hz, 1H, olefin), 7.33
(s, TH, arom), 8.01 (d, J/=3.0 Hz, 1H, arom), 8.36 (d, J/=16.2 Hz, 1H,
olefin), 8.42 (d, J=8.8 Hz, TH, arom), 8.44 (s, 1H, arom), 8.64 (d, J=
7.8 Hz, 1H, arom), 9.09 (s, 1H, arom); *C NMR (75 MHz, CD;0D/
[DcIDMSO): =225 (2Q), 28.5 (3C), 44.1, 81.7, 113.2, 114.8, 115.3,
121.5, 1245, 1284, 132.6, 133.0, 144.0, 146.2, 151.9, 154.2, 155.9,
160.6, 167.7; HR ESI-MS: calcd for Cy,H,sN;0;: 380.19742 [M+H]™,
found: 380.19687.

3-(2-(Furan-2-yl)-4-(isopropylamino)quinazolin-6-yl)prop-2-yn-1-ol (20;
TC-28): A mixture of DMF (2.0 mL) and triethylamine (0.8 mL,
10.8 mmol) was degassed with ultrasound for 45 min. After addi-
tion of 6-(3-aminophenyl)-2-(furan-2-yl)-N-isopropylquinazolin-4-
amine (10; 120 mg, 0.32mmol) and prop-2-yn-1-ol (92 pL,
1.58 mmol) the degassing was continued for 10 min. Afterwards
bis(triphenylphosphine) palladium(ll) dichloride (6.7 mg,
9.50 umol), 1,1'-bis(diphenylphosphino)ferrocene (10.5 mg,
19.0 umol), and copper(l) iodide (0.6 mg, 3.17 umol) were added.

ChemBioChem 2009, 10, 464 - 478

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

The catalysts were dried before use. The solution was heated to
50°C and stirred for 16 h at this temperature (TLC control). After
being cooled to room temperature the solution was poured in
ethyl acetate (10 mL). The organic phase was washed with diluted
NH,Cl (5 mL) solution and brine (5 mL). After being dried over
Na,SO, the solvent was removed at reduced pressure. The crude
product was purified by column chromatography (n-hexane/ethyl
acetate, 1:2, v/v, R 0.35) to yield 20 (TC-28; 59 mg, 0.19 mmol,
61%) as a yellow solid, m.p. 199-200°C; 'H NMR: (300 MHz,
CD;0D): 6=1.39 (d, J=6.6 Hz, 6H, CH(CH,),), 470 (se, J=6.6 Hz,
1H, CH(CH,),), 4.94 (s, 2H, CH,OH), 6.67 (dd, J=3.6 Hz, J=3.3 Hz,
1H, arom), 7.34 (dd, J=3.6, 0.9 Hz, 1H, arom), 7.76 (m, 3H, arom),
8.29 (s, 1H, arom); C NMR (75 MHz, CD;0D): =223 (2C), 44.0,
51.2, 84.9, 89.9, 113.1, 114.7, 115.1, 121.2, 127.1, 127.8, 136.4, 146.1,
150.2, 154.2, 155.7, 160.1; HR ESI-MS: calcd for C;gH;gN;0,:
308.13990 [M+H]*, found: 308.13935.

2N
N N
~

~N

Z
HN
5. Y

2-(Furan-2-yl)-6-(4-methoxyphenyl)quinazolin-4(3H)-one (11): A solu-
tion of 2-(furan-2-yl)-6-iodoquinazolin-4(3H)-one (5; 3.00g,
8.87 mmol), 4-methoxyphenylboronic acid (1.42 g, 9.32 mmol) and
potassium carbonate (7.35 g, 53.2 mmol) in dioxane/water (100 mL,
3:1, v/v) was degassed with ultrasound for 10 min. After addition
of palladium acetate (39.0 mg, 0.18 mmol) the solution was re-
fluxed for 2 h (TLC control). After the solution was cooled to room
temperature, HCl (1m; 50 mL) was added, and the solution was
extracted with ethyl acetate (3x100 mL). The combined organic
phases were washed with brine (100 mL) and dried over Na,SO,.
The solvent was removed under reduced pressure to yield 11
(1.76 g, 5.52 mmol, 62 %) as a white solid. A small sample was puri-
fied by column chromatography (n-hexane/ethyl acetate, 1:2, v/v,
R:: 0.37) for analytical studies, m.p. 281-282°C; '"H NMR (200 MHz,
[DgIDMSO): =3.78 (s, 3H, OCH,), 6.73 (s, TH, arom), 7.03 (d, J=
8.2 Hz, 2H, arom), 7.61 (d, J/=3.0 Hz, 1H, arom), 7.69 (d, J=8.6 Hz,
2H, arom), 7.71 (s, TH, arom), 8.03 (m, 2H, arom), 825 (s, TH,
arom), 12.5 (s, 1H, NH); *CNMR (50 MHz, [DJDMSO0): 6 =55.9,
113.2, 115.1, 115.3 (2C), 122.1, 123.1, 128.6 (2C), 131.8, 133.3, 136.2,
138.5, 144.4, 146.8, 147.3, 148.1, 160.0, 162.3; HR ESI-MS: calcd for
CyoH1sN,0,: 319.10827 [M+H] ™, found: 319.10772.

4-Chloro-2-(furan-2-yl)-6-(4-methoxyphenyl)quinazoline (12): A solu-
tion of 2-(furan-2-yl)-6-(4-methoxyphenyl)quinazolin-4(3H)-one (11;
1.58 g, 4.96 mmol) in phosphoryl trichloride (25 mL) was refluxed
for 3 h. Excess phosphoryl trichloride was removed under reduced
pressure. The remaining solid was suspended in ethyl acetate
(150 mL) and washed with NaOH (1 M; 3x 150 mL). The combined
organic phases were washed with brine (80 mL) and dried over
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Na,SO,. After removing the solvent under reduced pressure the
crude product was purified by column chromatography (n-hexane/
ethyl acetate, 3:1, v/v, R;: 0.29) to yield 12 (0.75 g, 2.23 mmol, 45 %)
as a yellow solid, m.p. 158-160°C; 'H NMR (300 MHz, [DJDMSO):
0=3.83 (s, 3H, OCH,), 6.79 (d, J=2.1Hz, 1H, arom), 7.07 (d, J=
8.7 Hz, 2H, arom), 7.44 (d, J=3.3 Hz, 1H, arom), 7.73 (d, J=8.7 Hz,
2H, arom), 7.79 (d, J=3.6 Hz, 1H, arom), 8.07 (d, J=9.0Hz, 1H,
arom), 8.27 (dd, J=9.0, 2.0 Hz, 1H, arom), 835 (d, J/=1.8 Hz, 1H,
arom); *CNMR (50 MHz, [Dg]DMSO): 6=112.7, 114.6 (2C), 114.7,
121.3, 127.1, 127.7 (2C), 128.4, 130.9, 138.0, 140.0, 146.6, 147.0,
150.0, 159.3, 159.8, 161.4; HR ESI-MS: calcd for C,oH,;CIN,O,Na:
359.05633 [M+Na] ", found: 359.05578.

N
N =
X
O =N
Cl
o ‘

2-(2-(Furan-2-yl)-6-(4-methoxyphenyl)quinazolin-4-ylamino)ethanol
(13): A solution of 4-chloro-2-(furan-2-yl)-6-(4-methoxyphenyl)qui-
nazoline (12; 65mg, 0.19 mmol) and 2-aminoethanol (27 L,
0.58 mmol) in propan-2-ol (3 mL) was refluxed for 30 min (TLC con-
trol). After the solution was cooled to room temperature the sol-
vent was removed under reduced pressure. The crude product was
purified by column chromatography (ethyl acetate, R;: 0.38) to
yield 13 (67 mg, 0.19 mmol, quant.) as a light-yellow crystalline
solid, m.p. 188-190°C; "H NMR: (200 MHz, [D¢]acetone): & =2.85
(m, 2H, H,N—CH,—CH,OH), 3.81 (m, 2H, H,N—CH,—CH,OH), 3.88 (s,
3H, OCH,), 6.63 (dd, J=3.4, 3.3 Hz, 1H, arom), 7.06 (d, J/=8.9 Hz,
2H, arom), 7.30 (d, J=2.5Hz, 1H, arom), 7.74 (d, J=89Hz, 2H,
arom), 7.77 (d, J=3.2 Hz, 1H, arom), 7.81 (d, J=8.9 Hz, 1H, arom),
8.06 (dd, /=8.5, 2.0 Hz, 1H, arom), 840 (d, J=1.9 Hz, 1H, arom),
NH, OH: not found; *C NMR (50 MHz, [Dgacetone): 6 =45.1, 55.7,
62.0, 112.6, 113.1, 115.3 (2C), 115.5, 120.0, 129.0 (2C), 129.5, 132.2,
133.3, 138.6, 145.1, 150.3, 154.3, 154.9, 160.7, 161.3; HR ESI-MS:
caled for C,;H,oN;05: 362.15047 [M+H]*, found: 362.14992.

o™\
N A
~N
L
O HN
~o \L

OH

(S)-Methyl  2-(2-(furan-2-yl)-6-(4-methoxyphenyl)quinazolin-4-ylami-
no)-3-hydroxypropanoate (14). A solution of 4-chloro-2-(furan-2-yl)-
6-(4-methoxyphenyl)-quinazoline (12; 53 mg, 0.16 mmol), triethyl-
amine (45 pL, 0.33 mmol) and L-serinmethylester hydrochloride
(26 mg, 0.17 mmol) in THF (2.0 mL) was stirred at room tempera-
ture for 24 h (TLC control). The solvent was removed under re-
duced pressure. The crude product was purified by column chro-
matography (n-hexane/ethyl acetate, 1:4, v/v, R;: 0.43) to yield 14
(44 mg, 0.11 mmol, 56%) as a yellow solid, m.p. 134-136°C;
'H NMR: (200 MHz, CD,0D): 6 =3.75 (s, 3H, OCH,), 411 (m, 2H,
CH,OH), 4.94 (t, J=4.8 Hz, TH, CH—CH,OH), 4.88 (s, 3H, COOCH;),
6.55 (d, J=1.6 Hz, 1H, arom), 6.87 (d, J=8.0 Hz, 2H, arom), 7.13 (d,
J=28Hz, 1H, arom), 7.53 (d, J=9.0 Hz, 2H, arom), 7.68 (s, 1H,
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arom), 7.70 (d, J=8.8 Hz, 1H, arom), 7.87 (d, J=8.8 Hz, 1H, arom),
8.16 (s, 1H, arom); *C NMR (50 MHz, CD,0D): 6=52.9, 55.8, 58.5,
62.6, 113.0, 114.5, 115.3, 115.4 (2C), 120.2, 128.3, 129.2 (2C), 133.1,
133.3, 139.7, 146.0, 149.5, 154.0, 154.1, 159.9, 161.1, 173.5; HR ESI-
MS: calcd for Cy3H,,N;05: 420.15595 [M+-H] ™, found: 420.15540.

\p
N NS
I
N
DG
L
\O 5 O/

“SoH

3-(2-(Furan-2-yl)-6-(4-methoxyphenyl)quinazolin-4-yl)prop-2-yn-1-ol
(15): A solution of 4-chloro-2-(furan-2-yl)-6-(4-methoxyphenyl)-qui-
nazoline (12; 70mg, 0.21 mmol), prop-2-yn-1-ol  (60.7 uL,
1.04 mmol) and triethylamine (0.70 mL, 5.0 mmol) in DMF (1.5 mL)
was degassed with ultrasound for 30 min. Afterwards palladium
acetate (44 mg, 6.24 umol) and copper(l) iodide (0.4 mg,
2.08 umol) were added. The catalysts were dried before use. The
solution was heated to 50°C for 1 h and stirred at room tempera-
ture, overnight (TLC control). The resulting brown suspension was
poured into ethyl acetate (30 mL) and washed with water (15 mL)
and brine (15 mL). The combined aqueous phases were re-extract-
ed with ethyl acetate (20 mL). After being dried over Na,SO, the
solvent was removed. The crude product was purified by column
chromatography (n-hexane/ethyl acetate, 1:2, v/v, Rs: 0.42) to yield
15 (29 mg, 0.08 mmol, 39%) as a yellow solid, m.p. 218-219°C;
'H NMR (300 MHz, CDCl;): =3.89 (s, 3H, OCH;), 4.35 (s, TH, OH),
4.72 (s, 2H, CH,0OH), 6.62 (dd, J=3.6, 3.3 Hz, TH, arom), 7.06 (d, J=
9.0 Hz, 2H, arom), 7.48 (d, J/=3.3 Hz, 1H, arom), 7.67 (d, J/=9.3 Hz,
2H, arom), 7.69 (s, 1H, arom), 813 (m, 2H, arom), 833 (s, 1H,
arom); CNMR (50 MHz, [D¢lacetone): 0=50.9, 56.3 80.5, 81.1,
113.7, 115.2, 116.0 (2C), 123.7, 125.0, 129.5, 129.8 (2C), 130.3, 132.6,
135.4, 147.4, 150.9, 153.6, 153.8 154.6, 161.4; HR ESI-MS: calcd for
C,,H1,N,05: 357.12392 [M+H] ™, found: 357.12337.

PN

N SN
X
(L
f

OH

\o!

6-lodoquinazolin-4(3H)-one (4): A mixture of 2-amino-5-iodobenzoic
acid (3; 5.0g, 19.0 mmol) and formamidine hydrochloride (2.3 g,
28.5 mmol) was grounded and heated to 210°C for 20 min. The re-
sulting solid was suspended in NaOH (0.3 M, 65 mL) and treated
with ultrasound. The product was filtered, washed with water and
dried under vacuum to yield 4 (4.42 g, 16.3 mmol, 86%) as a gray
solid, m.p. 264°C; "H NMR (300 MHz,

[D]DMSO): 6=7.47 (d, J=8.7 Hz, 1H,

arom), 8.11 (dd, /=87, 2.2 Hz, 1H,

arom), 8.15 (s, 1H, arom), 8.40 (d, J= N\

1.8 Hz, 1H, arom), 12.43 (s, TH, NH);

the analytical data are in agreement |

with ref. [35]. o)
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4-Chloro-6-iodoquinazoline (6): A solution of 6-iodoquinazolin-4(3H)-
one (4; 442 g, 16.3 mmol) and a drop of DMF in thionyl chloride
(50 mL) was refluxed for 4 h. The resulting solid was suspended in
ethyl acetate (400 mL) and washed with NaOH (1 m; 3x400 mL).
The organic phase was washed with brine (200 mL) and dried over
Na,SO,. The solvent was removed under reduced pressure. The
crude product was purified by column chromatography (n-hexane/

ethyl acetate, 3:1, v/v, R: 0.44) to

yield 6 (3.15 g, 10.9 mmol, 66%) as a

N yellow solid, m.p. 173-175°C;
\w 'HNMR (300 MHz, [DgIDMSO): o=
_N 761 (d, J=84Hz, 1H, arom), 822

I (dd, J=8.4, 1.8Hz, 1H, arom), 8.43
cl (d, J=1.8Hz, TH, arom), 8.69 (s, 1H,
arom). The analytical data are in

agreement with the literature.?®

6-lodo-N-isopropylquinazolin-4-amine (8): A solution of 4-chloro-6-
iodoquinazoline (6; 200 mg, 0.69 mmol) and isopropylamine
(0.15 mL, 1.72 mmol) in propan-2-ol (10 mL) was stirred at 60 °C for
4 h (TLC control). The solvent was removed under reduced pres-
sure. The crude product was purified by column chromatography
(n-hexane/ethyl acetate, 1:3, v/v, R:: 0.34) to yield 8 (215 mg,
0.69 mmol, quant) as white crystals, m.p. 184-186°C; 'H NMR
(200 MHz, CD,0D): 6=1.29 (d, J=6.2 Hz, 6H, CH(CH;),), 4.50 (se,

J=6.4Hz, 1H, CH(CH,),), 7.36 (d, J=

8.8 Hz, 1H, arom),7.95 (d, /=8.8 Hz,

N\\I 1H, arom), 8.39 (s, 1H, arom), 8.57 (s,
_N 1H, arom); "CNMR (50 MHz
| CD,0D): =222 (2Q), 44.1, 9038,

118.2, 1294, 132.8, 142.7, 148.9,
156.5, 159.3; HR ESI-MS: calcd for
CyHysIN5: 314.01542 [M+H]*, found:
314.01483.

-

N-Isopropyl-6-(4-methoxyphenyl)quinazolin-4-amine (21): A solution
of 6-iodo-N-isopropylquinazolin-4-amine (8; 100 mg, 0.32 mmol), 4-
methoxyphenylboronic acid (51 mg, 0.34 mmol) and potassium
carbonate (265 mg, 1.92 mmol) in dioxane/water (3.7 mL, 3:1, v/v)
was degassed with ultrasound for 10 min. After addition of palladi-
um acetate (0.7 mg, 3.19 umol) the solution was refluxed for 2 h
(TLC control). After the solution was cooled to room temperature,
HCI (1m; 10 mL) was added and the solution was extracted with
dichloromethane (3x20 mL). The combined organic phases were
washed with brine (30 mL) and dried over Na,SO,. The solvent was
removed under reduced pressure. The crude product was purified
by column chromatography (ethyl acetate, R;: 0.16) to yield 21
(76 mg, 0.26 mmol, 81%) as a white crystalline solid, m.p. 186-
187°C; '"H NMR (300 MHz, CD,0D): 6=1.40 (d, J=6.6 Hz, 6H, CH-
(CH,),), 3.89 (s, 3H, OCH,), 4.62 (se, J=6.6 Hz, 1H, CH(CH,),, 7.07 (d,
J=8.7 Hz, 2H, arom), 7.75 (d, J=8.7 Hz, 2H, arom), 7.76 (d, J=
8.7 Hz, 1H, arom), 8.06 (dd, J=8.7, 1.5 Hz, 1H, arom), 844 (d, J=
1.5Hz, 1H, arom), 843 (s, TH, arom); *C NMR (75 MHz, CD,0D):
0=224 (2C), 44.1, 55.8, 115.4 (2C) 116.7, 120.5, 128.0, 129.4 (2C),
132.8, 133.5, 140.2, 148.5, 155.6, 160.7, 161.2; HR ESI-MS: calcd for
CysH5N;0: 294.16064 [M+H] ", found: 294.16009.

N
DS
U
~0 O HNY
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N-(3-Fluorophenyl)-6-iodoquinazolin-4-amine (9): A solution of 4-
chloro-6-iodoquinazolin  (6; 1.50g, 5.20 mmol), 3-fluoroaniline
(1.22 g, 11.4 mmol) and a drop of concentrated HCl in propan-2-ol
(70 mL) was refluxed for 30 min (TLC control). The solvent was re-
moved under reduced pressure and the remaining solid dissolved
in ethyl acetate (300 mL). The solution was washed with NaOH
(1™, 3x150 mL). Afterwards the organic phase was washed with
brine (150 mL) and dried over Na,SO,. The crude product was puri-
fied by column chromatography (n-hexane/ethyl acetate, 3:1, v/v,
R:: 0.18) to yield 9 (1.71 g, 4.7 mmol, 90%) as a yellow solid, m.p.
202-204°C; 'HNMR (200 MHz, [DJDMSO): 6=6.97 (td, J=7.7,
1.8 Hz, 1H, arom), 7.43 (q, /=7.5Hz, 1H, arom), 7.58 (d, /=8.8 Hz,
1H, arom), 7.70 (d, J=8.1 Hz, 1H, arom), 7.95 (dt, J=12.1, 2.2 Hz,
1H, arom), 8.13 (dd, J=8.7, 1.8 Hz, 1H, arom), 8.69 (s, 1H, arom),
9.01 (d, J=1.7 Hz, 1H, arom), 9.96 (s,

1H, NH); 3C NMR (50 MHz,

[Dc]DMSO): 6=91.7, 1086 (d, J= N

259 Hz), 110.0 (d, J=21.0Hz), 116.8, \W

117.5 (d, J=2.7 Hz), 129.8, 129.9 (d, =N

J=10.1Hz), 131.3, 140.8, 1414,
HN\©/F

148.7, 1545, 156.2, 1619 (d, J=
240.0 Hz); HR ESI-MS: calcd for

CiHioFINg: 36598979  [M4H]*,

found: 365.98944.
N-(3-Fluorophenyl)-6-(4-methoxyphenyl)quinazolin-4-amine  (22): A
solution of N-(3-fluorophenyl)-6-iodoquinazolin-4-amine 9 (150 mg,
0.41 mmol), 4-methoxyphenylboronic acid (65.5 mg, 0.43 mmol),
caesium carbonate (670 mg, 2.05 mmol) and palladium acetate
(1.84 mg, 8.2 pmol) in dioxane/water (4.7 mL, 3:1, v/v) was refluxed
for 30 min (TLC control). After being cooled to room temperature
the solution was diluted with water (10 mL) and extracted with
ethyl acetate (3x10mL). The combined organic phases were
washed with brine (10 mL) and dried over Na,SO,. The solvent was
removed under reduced pressure. The crude product was purified
by column chromatography (n-hexane/ethyl acetate, 1:3, v/v, R::
0.53) to yield 22 (126 mg, 0.37 mmol, 89%) as a yellow solid, m.p.
213-215°C; "H NMR (400 MHz, CD,0D/[D4]DMSO): 6 =3.76 (s, 3H,
OCH,), 6.13 (td, /=8.0, 2.0 Hz, 1H, arom), 6.45 (d, J/=8.8Hz 1H,
arom), 6.62 (q, J=8.4 Hz, 1H, arom), 6.87 (d, J=8.0 Hz, 1H, arom),
7.01 (d, J=8.8 Hz, 1H, arom), 7.06 (d, /=8.8 Hz, 1H, arom), 7.12 (d,
J=11.6 Hz, 1H, arom), 7.35 (dd, J=8.8, 2.0 Hz, 1H, arom), 7.82 (s,
TH, arom), 7.87 (d, J=1.6Hz, 1H, arom); CNMR (100 MHz,
CD,0D/[Dg]DMS0): d=55.7, 110.2 (d, J=25.7Hz), 111.3 (d, J=
21.2 Hz), 115.3 (2C), 116.6, 118.8 (d, J=2.9 Hz), 120.2, 128.6, 129.4
(20), 130.7 (d, J=9.5 Hz), 132.9, 133.0, 140.2, 141.2 (d, J=11.0 Hz),
149.2, 154.9, 159.2, 160.9, 163.7 (d, J=241.1 Hz); HR ESI-MS: calcd
for C,,H,,FN;O: 346.13557 [M+H]*, found: 346.13486.

6-(3-Aminophenyl)-N-(3-fluorophenyl)quinazolin-4-amine (23): A solu-
tion of N-(3-fluorophenyl)-6-iodoquinazolin-4-amine (9; 150 mg,
0.41 mmol), 3-aminophenylboronic acid monohydrate (66.8 mg,
0.43 mmol), caesium carbonate (670 mg, 2.05 mmol) and palladium
acetate (1.84 mg, 8.2 umol) in dioxane/water (4.7 mL, 3:1, v/v) was
refluxed for 30 min (TLC control). After being cooled to room tem-
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perature the solution was diluted with water (10 mL) and extracted
with ethyl acetate (3% 10 mL). The combined organic phases were
washed with brine (10 mL) and dried over Na,SO,. The solvent was
removed under reduced pressure. The crude product was purified
by column chromatography (n-hexane/ethyl acetate, 1:3, v/v, R;:
0.30) to yield 23 (0.137 g, 0.39 mol, 96%) as a yellow solid, m.p.
221-223°C; '"HNMR (200 MHz, [Dg]JDMSO): 6 =5.21 (br, 2H, NH,),
6.61 (d, J/=8.4 Hz, 1H, arom), 6.92 (m, 3H, arom), 7.16 (dd, /=8.0,
7.8 Hz, 1H, arom), 7.40 (q, J/=8.4 Hz, 1H, arom), 7.67 (d, /=8.2 Hz,
1H, arom), 7.83 (d, J/=8.8 Hz, 1H, arom), 7.93 (dt, J/=12.0, 2.2 Hz,
1H, arom), 8.03 (dd, J=8.4, 1.2 Hz, 1H, arom), 8.62 (s, 1H, arom),
8.72 (s, 1H, arom), 10.01 (s, 1H, NH); *C NMR (75 MHz, [Dg]DMSO):
0=108.8 (d, J=25.9 Hz), 109.9 (d, J=21.1 Hz), 112.6, 113.6, 114.9,
115.3, 117.7 (d, J=2.7 Hz), 120.1, 128.3, 129.5, 129.9 (d, J=9.4 Hz),
131.9, 139.4, 139.9, 141.1 (d, J=11.4 Hz), 148.9, 149.2, 154.0, 157.6,
161.9 (d, J=240.9 Hz); HR ESI-MS: [M+H]" calcd for CyoHgFN,:
331.13590, found: 331.13504.

(E)-4-(4-(3-Fluorophenylamino)quinazolin-6-yl)-2-methylbut-3-en-2-ol
(24): A solution of N-(3-fluorophenyl)-6-iodoquinazolin-4-amine (9;
200 mg, 0.55 mmol), 2-methylbut-3-en-2-ol (167 pL, 0.67 mmol), tri-
o-tolylphosphine (16.7 mg, 54.0 umol), triethylamine (0.30 mL,
4.08 mmol) and palladium acetate (6.1 mg, 27.0 umol) in acetoni-
trile (1.5 mL) was heated to 100°C in a Pyrex’ pressure tube. After
18 h the solution was poured into dichloromethane (50 mL) and
washed with water (30 mL) and brine (30 mL). After being dried
over Na,SO, the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (n-hexane/
ethyl acetate, 1:3, v/v, R 0.27) to yield 24 (129 mg, 0.40 mmol,
73%) as a yellow solid, m.p. 184-186°C; 'H NMR (400 MHz,
CD,0D): 6=1.34 (s, 6H, C(CH,),), 6.67 (d, J=16.1 Hz, 1H, olefin),
6.73 (d, J=16.1 Hz, 1H, olefin), 6.95 (td, J=8.4, 2.3 Hz, TH, arom),
7.43 (g, J=8.1 Hz, 1H, arom), 7.41 (d, J=8.1 Hz, 1H, arom), 7.45 (d,
J=8.7 Hz, 1H, arom), 7.98 (m, 2H, arom), 8.54 (s, 1H, arom), 8.62
(s, 1H, arom), 9.85 (s, 1H, NH); *C NMR (100 MHz, [D¢]DMSO): 6 =
30.1 (2C), 694, 108.6 (d, J=26.0 Hz), 109.8 (d, J=21.0 Hz), 115.3,
117.5, 119.9, 124.3, 128.1, 129.9 (d, J=9.0 Hz), 131.0, 135.4, 141.0,
141.2, 149.1, 153.8, 157.3, 161.9 (d, J=241.0 Hz); HR ESI-MS: calcd
for CigH;oFN;0: 324.15122 [M+H] ", found: 324.15055.

HN F
N0y

3-(4-(3-Fluorophenylamino)quinazolin-6-yl)prop-2-yn-1-ol (25, TC-
107): A solution of N-(3-fluorophenyl)-6-iodoquinazolin-4-amine (9;
240 mg, 0.66 mmol), prop-2-yn-1-ol (192 pL, 3.29 mmol), palladium
acetate trimer (4.4 mg, 6.57 umol), 1,1-bis(diphenylphosphino)fer-
rocene (21.8mg, 394 umol) and copper(l) iodide (1.2 mg,
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6.57 umol) in triethyl amine (1.0 mL, 7.20 mmol) and DMF (3.0 mL)
was heated to 50 °C for 18 h. After being cooled to room tempera-
ture the solution was poured into ethyl acetate (10 mL) and
washed with saturated NH,Cl (7 mL), water (7 mL) and brine
(7 mL). After being dried over Na,SO, the solvent was removed
under reduced pressure. The crude product was purified by
column chromatography (n-hexane/ethyl acetate, 1:3, v/v, R:: 0.34)
to yield 25 (TC-107, 180 mg, 0.61 mmol, 93%) as a yellow solid,
m.p. 218-220°C; 'HNMR (300 MHz, CD;OD): 6=4.45 (s, 2H,
CH,OH), 6.89 (tdd, /=84, 2.7, 0.9 Hz, 1H, arom), 7.37 (qd, /=84,
1.8 Hz, 1H, arom), 7.56 (dd, J=8.1, 1.2 Hz, 1H, arom), 7.76 (d, J=
1.4 Hz, 1H, arom), 781 (m, 2H, arom), 850 (d, J=15Hz, TH,
arom), 8.57 (s, 1H, arom); *C NMR (75 MHz, CD;0D): 6=51.2, 84.5,
90.8, 110.7 (d, J=26.6 Hz), 111.9 (d, J=21.6 Hz), 116.6, 119.1 (d, J=
2.8 Hz), 123.0, 127.0, 128.4, 131.0 (d, J=9.4 Hz), 136.8, 141.7 (d, J=
10.5 Hz), 149.9, 156.1, 159.2, 164.2 (d, J=242.1 Hz); HR ESI-MS:
caled for C;;H;5FN;0: 294.10427 [M+H] ", found: 294.10368.

HN F

Cell culture and compound treatment (HeLa and RPE cells): Ad-
herent Hela cells were routinely passaged and maintained in
DMEM medium supplemented with fetal bovine serum (FBS; 10 %),
penicillin/streptomycin (1%) and L-glutamine (2 mm). The cells
were incubated at 37°C, in a humidified atmosphere with CO,
(5%). The hTERT-RPE1 cells were grown in DMEM with FBS (10%).
Hela cells constitutively expressing green fluorescent protein
(GFP)-conjugated histone H2B and mRed fluorescent protein
(mRFP)-conjugated a-tubulin® were maintained in DMEM
medium supplemented with FBS (10%), penicillin/streptomycin
(1%), L-glutamine (2 mm) and puromycin (0.5 pgmL™") and incu-
bated at 37°C, in a humidified atmosphere with CO, (5%). Com-
pounds TC-28, TC-34, TC-107 and ZM1 were resuspended in DMSO
(20 mm stocks) and added to the cell culture medium at the final
concentrations indicated in the text.

For Western blot analysis of HH3 phosphorylation levels in mitosis
Hela cells were arrested with thymidine (2 mm) for 18 h, released
into fresh medium for 6 h, and blocked with nocodazole (2 um) for
16 h. DMSO or the different compounds were added 1 h after thy-
midine release. Mitotic cells were shaken off and lysed in Tris
pH 6.8 (50 mMm) with SDS (2%). Samples were sonicated and
boiled. The protein extract (30 ug; as determined by using the
Bradford assay, Bio-Rad) was loaded on SDS-PAGE, transferred to a
nitrocellulose membrane and probed with anti-phospho-HH3 (Up-
state), anti-AurA®® and anti-tubulin antibodies (Sigma, DM1A).

Treatment of cells and analysis of phenotypes: For live cell analy-
sis, H2B-GFP/mRFP-a-tubulin expressing Hela cells were treated
with DMSO or ZM1 (2 um) or TC-28, TC-34 or TC-107 (40 pum). Upon
treatment, living cells were added to a humidified chamber at
37°C with CO, (5%) attached to a Carl Zeiss microscope
(SN:3834000366) equipped with a Hamamatsu EM-CCD digital
camera, controlled by AxioVision 4.6 software. Cells were imaged
every 3 or 4.5 min (depending on the number of fields filmed) for
over 16-24 h. Images were taken with the AxioCam MRm 426205
objective and processed by using AxioVision software.
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For fixed cell analysis, HeLa or H2B-GFP/mRFP-a-tubulin express-
ing Hela cells were grown on glass cover-slips and treated as de-
scribed above. Cells were fixed in ice cold methanol and mounted
in Mowiol. Alternatively, nonfluorescent Hela cells were treated
and subjected to immunofluorescence by using anti-tubulin anti-
bodies (Sigma, DM1A) and Hoechst 33342 to stain the DNA. Cells
were observed by using a Leica DMI6000B microscope with the
HCXPL APOCS 63x 1.4 objective. Images were taken with a Leica
DFC 350FX camera, controlled by Leica Application Suit (LAS-
AF 6000) software and processed with Adobe Photoshop.

Fluorescence activated cell sorting (FACS): After treatment, FACS
analysis was performed by using a BD FACSCanto™ Flow Cytome-
ter (Cat. No. 335860, BD Biosciences) by using FACSDiva Software.
Cells were trypsinized, washed wish PBS and fixed, overnight, in
EtOH (—20°C). After being washed with PBS, cells were stained
with a propidium iodide (PI; 15 ugmL~")/RNase A (30 pgmL™") so-
lution for 30 min at 37°C. RNase was added to avoid signals
caused by the binding of Pl to RNA.

In vitro kinase assay: The IC;, for the different compounds was
determined with Invitrogen Z'-LYTE kinase assay kit Ser/Thr 1 pep-
tide PV3174 by following the manufacturer’s instructions. In brief,
the concentrations of the kinases at the reported Ky,,, ATP con-
centrations (AurA: 10 um ATP, AurB: 64 um ATP) were first opti-
mized by using ten-point dose-response curves; this gave a protein
concentration that resulted in approximately 30% phosphorylation.
This amount was then used in subsequent assay steps. Com-
pounds were prepared in 384-well plates (Greiner 384-well
PP781280) at the highest concentration of 400 um (in 4% DMSO)
and then serially diluted in twofold steps manually, and the DMSO
percentage was kept constant. Compound solution (1.25 plL) was
subsequently transferred 1:1 to a 384-well assay plate (Greiner 384-
well ProxiPlate Plus F6008260) for screening at a highest concen-
tration in the final assay of 100 um (in 1% DMSO). In the first step,
a solution containing AurA (2.5 uL, 8 nm; batch S74, prepared in-
house at EMBL) or aurora B (40 nm; Invitrogen PV3970) and Ser/Thr
peptide 1 (4 um; Invitrogen PV3174) was added to each well, fol-
lowed by the ATP solution (1.25 pL; 40 um for AurA, 256 um for
AurB). The final reaction volume (5 pL) consisted of AurA (4 nm) or
AurB (20 nm), Ser/Thr 1 peptide (2 um), HEPES pH 7.5 (50 mm),
BRIJ-35 (0.01%), MgCl, (10 mm) and EGTA (1 mm), in addition to
ATP (10 um or 64 pm for AurA and AurB, respectively). To simulate
100% inhibition (positive control), buffer was added instead of the
ATP solution, while in the 0% inhibition wells compound was re-
placed by DMSO solution (4%). The plates were then centrifuged
at 1100g for 1 min, followed by incubation at room temperature
for 1 h. In the second step, development solution (2.5 pL; develop-
ment A reagent diluted 1:2048 in development buffer) was added
to each well, followed again by centrifugation at 1100g for 1 min
and subsequent incubation at room temperature for 1 h. In the
final step, the reaction in each well was stopped by the addition of
stop reagent (2.5 pL), followed by a brief centrifugation step and
immediate readout (PerkinElmer EnVision HTS; excitation 405 nm,
coumarin emission 450 nm, fluorescein emission 535 nm). Percent-
age phosphorylation was calculated by using 0 and 100% phos-
phorylation controls. The former wells contained DMSO (1.25 L,
4%), buffer (1.25 uL, as above) and Ser/Thr 1 peptide solution
(2.5 pL, 4 um; without kinase), while in the latter the peptide solu-
tion was replaced by a solution of a supplied phosphopeptide
(4 um). The action of the development reagent was assessed by
using protease controls (standard wells with and without develop-
ment solution added in step two). The [coumarin emission/fluores-
cein emission] ratio was used together with the minimum and
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maximum signals at the two wavelengths to yield percentage
phosphorylation, from which inhibition was derived (according to
the manufacturer’s instructions). Calculated inhibition values were
then fitted to 11-point variable slope sigmoidal dose-response
curves by using GraphPad Prism software, to yield the compound
1Cs, values.

To determine the IC, of receptor tyrosine kinase, an assay based
on the ELISA principle with kinases from Biomol (N-terminally
fused to GST), POD-coupled antibody from Calbiochem (PY20) and
BM chemiluminescence ELISA substrate from Roche was per-
formed.

In short, a white 96-well microplate was incubated, overnight, with
100 pL per well of the substrate solution (poly-Glu-Tyr diluted with
PBS to 100 ugmL™") at 4°C. The solution was removed and the
plate was washed twice for 2 min with PBS-T. Afterwards the
kinase solution (50 uL per well; KDR (VEGFR2), 5 ng; FIt4 (VEGFR3),
20 ng; EGFR, 5 ng; IGFR, 15 ng; FGFR, 10 ng and Tie2, 20 ng) and
the inhibitor solution (25 uL per well) were added to each well. To
obtain the positive and negative controls, aqueous DMSO (5%;
25 pL per well) were used instead of inhibitor solution. Addition of
ATP solution (25 puL per well) started the reaction; MnCl, solution
(40 mm; 25 pL per well) was added to the negative control instead
of ATP. After incubation under mild shaking conditions for 30 min
at room temperature the plate was washed with PBS-T (3x2 min)
and subsequently incubated with antibody solution (anti-phospho-
tyrosine antibody (POD-coupled) diluted 1:10000 in PBS-T+BSA
(0.2%, m/v; 100 uL per well) for 1 h again while being shaken. Fi-
nally, the plate was washed with PBS-T (3x5 min) and supplement-
ed with the chemiluminescence substrate (50 L per well). After
3 min the emitted luminescence was measured by using a lumin-
ometer. A positive control was measured without inhibitor to de-
termine the activity of the kinase, a negative control without inhib-
itor and ATP was used to abstract the background signal from the
results. For determination of 1Cs, values, the relative luminescence
units per second (RLU/s) were plotted against the inhibitor concen-
trations. In doing so each concentration measurement was per-
formed in triplicate and at least five different inhibitor concentra-
tions were used to determine the IC;, value.

Cilia assembly and disassembly assays: Cilia assembly and disas-
sembly assays were performed as described by Pugacheva et al.”
Briefly, to study cilia assembly hTRET-RPE1 cells were plated at
30% confluence in plates containing glass cover-slips, and starved
for 48 h (in Opti-MEM) to induce cilia formation in the presence of
ZM1, TC-28 or DMSO (vehicle). For analysis of cilia disassembly, cilia
were assembled by 48 h starvation in Opti-MEM, and disassembled
by incubation in DMEM with FBS (10%). Cells were fixed after 2
and 4 h. ZM1, TC-28 or DMSO (vehicle) were added to hTERT-RPE1
cells 2 h prior to the initiation of cilia disassembly. To visualize the
centrosomes and cilia, fixed cells were immunostained with anti-y-
tubulin (Sigma, GTU88) and anti-acetylated tubulin (Sigma); DNA
was stained with Hoechst 33342.
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Autoinducer-2 (Al-2) is an important, small extracellular signaling
molecule that is used by many bacteria. It is part of the Al-2
pool, a group of equilibrium-connected compounds derived from
(S)-4,5-dihydroxy-2,3-pentanedione [(S)-DPD, 1]. Currently, these
compounds are analyzed by indirect methods relying on the lu-
minescence of sensor strains, the fluorescence of receptor pro-
teins modified with fluorophores, or by isolation procedures not
practical for quantitative analysis. Herein, we report a direct ana-
lytical procedure that allows for the unambiguous identification
and quantification of molecular species by mass spectrometry.
Phenylenediamine reacts readily and quantitatively with 1 to
form the quinoxalinediol 12 under aqueous conditions. The ex-

traction and silylation of this compound results in the formation
of a silyl ether (13), which is amenable for analysis by gas chro-
matography-mass spectrometry. The use of an isotopically la-
beled variant (16) of 12 as an internal standard opens the possi-
bility for the accurate quantification of samples containing Al-2
or its equilibrium products. The analysis of cell-free culture super-
natants of Vibrio harveyi and Streptococcus mutans allowed for
the accurate quantification of the Al-2 concentration above the
limit of detection (0.7 ng mL™'). No compounds were detected in
mutants lacking the capability to produce Al-2. In addition, the
absolute configuration of 1 can be analyzed using the derivative
13 by chiral gas chromatography.

Introduction HO
Ho, 0-8-OH
o HO,,
Cell-cell communication in bac- g
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compounds, the so-called auto- 3
inducers. Among the known au-
toinducers, autoinducer-2 (Al-2)
plays a unique role.” Produced
by both Gram-positive and
Gram-negative bacteria, it is the
only non-species specific,
quorum-sensing molecule known that mediates intra- and in-
terspecies communication among bacteria.”’ Al-2 is biosynthe-
sized by the LuxS protein in the S-adenosylhomocysteine path-
way. LuxS cleaves the intermediate S-ribosylhomocysteine into
homocysteine and (S5)-4,5-dihydroxy-2,3-pentanedione [(S)-DPD,
1], the metabolic precursor of Al-2.* Through the processes of
cyclization (2, 3), hydration (4, 5, 10, 11), and borate ester for-
mation if enough borate is present in solution (6-9),"' DPD
exists as an equilibrium mixture of several compounds
(Scheme 1), some of which function as signaling molecules.
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Scheme 1. The Al-2 pool. Complex equilibria involving (S)-DPD (1) and its derivatives are possible in water and in
the presence of borate. The boxed compounds have been described as signaling molecules.
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Different bacterial species recognize different signals within
this Al-2 pool. For example, the LuxP receptor protein of Vibrio
harveyi binds the 2,3-borate diester of the hydrated a-anomer
(6),”) whereas Salmonella typhimurium recognizes the hydrated
B-anomer (5) with the receptor protein LsrB.”! These two forms
are linked through a chemical equilibrium, as depicted in
Scheme 1.®

The analysis of DPD and its various forms is cur-
rently difficult. Until recently, the common method
for Al-2 detection has been a bioassay based on
transposon mutants of V. harveyi,” in which changes
in the luminescence of the sensor strain are mea-
sured. However, this bioassay is sensitive to assay
conditions,"”
borate concentration and is susceptible to interfer-
ence from unknown compounds in the culture su-
pernatant as well as to Al-2 indigenously produced
by the reporter strain. Recently, a new method for
the identification and quantification of Al-2 has been
developed."” The two receptor proteins LuxP and LsrB were
converted into specific Al-2 biosensors by coupling them with
fluorophores near their ligand-binding sites. The binding of Al-
2 to the sensor proteins induces a conformational change, and
fluorescence is emitted in a concentration-dependent manner.
The detection limit is about 1 pm, and the response is linear
only up to 20 pum, making quantification difficult. Moreover,
the purification and labeling of the proteins are time consum-
ing and expensive. In addition, the possibility that compounds
other than the one of interest (Al-2) are also detected cannot
be totally excluded, which is a general drawback of indirect an-
alytical methods.

The direct identification of the active forms of Al-2, DPD, or
other components of the Al-2 pool by chemical methods using
HPLC, LC-MS, or gas chromatography-mass spectrometry (GC-
MS) is not possible at present. The low concentrations found
in biological samples, and the high polarity and water solubili-
ty of DPD makes extraction difficult and limits the use of
common derivatization techniques requiring lipophilic media.

DPD has been identified as a single, stable, quinoxaline de-
rivative (12) using the quantitative reaction of 1,2-phenylenedi-
amine with 1,2-dicarbonyl compounds in water."*'® This prod-
uct was identified by LC-MS methods or NMR,™™ but no
quantitative results were obtained. Based on this derivatization
step, we developed a highly sensitive and rapid method for
the unambiguous identification and quantification of DPD in
biological extracts. Because of its high separation power and
high sensitivity, GC-MS was the method of choice. The devel-
opment and validation of this approach will be presented in
this paper, as well as its application to quantify DPD in culture
supernatants of Vibrio harveyi BB152 and Streptococcus mutans
UA159. In addition, the absolute configuration of DPD can be
determined using the described approach.
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Results and Discussion

Method development

The analysis of DPD by GC-MS requires a two-step derivatiza-
tion procedure (Scheme 2). First, the Al-2 pool components
shown in Scheme 1 were transformed via DPD into a single,

@NHZ
NH,

DCM, RT

OTMS
OTMS

MSTFA

N\
DCM, 60°C C[
P
N

13

OH
N OH
N
e Q
N
12

Scheme 2. Derivatization of DPD for GC analysis. DPD (1) represents the whole Al-2 pool
shown in Scheme 1. DCM: dichloromethane; MSTFA: N-methyl-N-(trimethylsilyl)trifluoroa-
cetamide.

stable, quinoxaline derivative, as described previously.">' The
addition of excess basic 1,2-phenylenediamine directly to the
supernatants of the bacterial cultures led to the formation of
the corresponding 1-(3-methylquinoxaline-2-yl)ethane-1,2-diol
(12). This Maillard reaction was nearly complete within 30 min,
as monitored by 'H NMR spectroscopy.'? With the addition of
basic 1,2-phenylenediamine to the supernatant, a change in
pH from 6.5 to 8.5 was observed; this induced side reactions
with components from the medium. Base-catalyzed epimeriza-
tion, isomerization, and rearrangement reactions of carbohy-
drates via the Lobry de Bruin-van Ekenstein rearrangement!®
took place, leading to the formation of DPD, and thus influenc-
ing the analysis with false positive results. In an approximately
neutral milieu, these side reactions did not occur, so that the
adjustment of the pH to 7.2 with a potassium phosphate
buffer prevented the transformation of carbohydrates into
DPD. No formation of 1 was observed in control experiments
carried out with different culture media buffered at pH 7.2.
Quantitative derivatization was achieved by the addition of
0.5 mL of buffer solution to 1 mL of the culture supernatant,
the addition of excess 1,2-phenylenediamine, and a reaction
time of 2 h at room temperature.

In order to make the polar quinoxaline derivative accessible
for GC-MS analysis, modification of the polar hydroxyl groups
was necessary. Therefore, water had to be removed from the
samples. Initially, the extracts were evaporated to dryness, and
the residue was resuspended in dichloromethane, but this
simple and direct approach did not yield satisfying results due
to matrix interferences. Similarly, neither the extraction of 12
with ethyl acetate nor dichloromethane led to an improve-
ment. The best results were obtained with liquid-liquid extrac-
tion, carried out with an EXtrelut” NT 1 column with dichloro-
methane as the eluent for the simultaneous elimination of
water and filtration of some of the insoluble matrix material;
the use of this system resulted in better peak resolution in the
GC analysis, and consequently, in a higher sensitivity.

In the second derivatization step, the dichloromethane ex-
tracts were treated with N-methyl-N-(trimethylsilyl)trifluoroace-

ChemBioChem 2009, 10, 479 — 485
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Characterization of Al-2 by GC-MS

tamide (MSTFA), which is an effective and strong trimethylsilyl
donor, furnishing the trimethylsilylated quinoxaline 13. The si-
lylation was complete after 30 min at 60°C. Finally, the result-
ing residue was taken up in 20 pL of dichloromethane and an-
alyzed by the injection of 2 pL of the dichloromethane extract
into the GC with the detector operated in full-scan El mode
(70 eV). Thus, the derivative formed could be easily identified
by characteristic key fragments in the mass spectrum, such as
m/z 73 [(CH5);Si "1, a significant molecular ion [m/z 348], a typi-
cal fragment ion resulting from the loss of a methyl group,
m/z 335 [M"—CH,], and the characteristic ion at m/z 245 [M™
—CH,0Si(CH,);] (Figure 1B). Furthermore, a comparison of the
retention time and mass spectrum of 13 derived from synthet-
ic 1 with those of natural 13 from the biological extract con-
firmed the success of the derivatization.

A)
100%

full-scan mass spectra, specificity can be improved by monitor-
ing only the m/z 245 and m/z 348 ions from the total ion cur-
rent.

Quantification

In addition to the detection, the determination of the DPD
concentration in biological samples is of special interest. Usual-
ly, internal standards that are chemically different to the ana-
lyte are used; this has several disadvantages that can lead to
shifts in analyte/standard ratios, resulting in inaccurate quanti-
fications. Therefore, we chose to perform quantification by iso-
tope dilution using GC-MS, a method successfully used for the
quantitative analysis of dioxins and PCBs, for example.'” In
this method, a chemically similar, isotopically labeled variant of
the analyte is added, thus effec-
tively avoiding any shifts in ana-
lyte/standard ratios during the
analytical process. In the
method described herein, the
isotopically labeled derivative 16
was added to the extract after
the first derivatization step but
before the extraction of the ana-

B)

100% 73 245

147 258
230

s | |

45 |I 1(|) 117 133

169
) sl 1 |

g

lyte. During the following ana-
lytical manipulations, the ratio
of internal standard and analyte
| remained constant, independent
180'3 of any potential loss of the com-
O s| pounds during the following ex-
245 traction and derivatization steps.
As a further advantage, the iso-

topically labeled standard can
also act as sample-specific

25 t/ min

333 348
||u o

50 100 150 200 250

Figure 1. Analysis of the quinoxaline 13 by GC-MS. A) Total ion chromatogram of a derivatized extract of Vibrio
harveyi BB152 supernatant. Large peaks originate from phenylenediamine and carbohydrates present in the cul-
ture medium. The arrow indicates the peak of 13. V. harveyi is a strain that produces large amounts of Al-2. B) MS
and fragmentation of compound 13. The base peak is found at m/z 245 and the molecular ion at m/z 348.

A typical chromatogram of the derivatized culture superna-
tant of Vibrio harveyi BB152 and the mass spectrum of the sily-
lated DPD derivative 12 are presented in Figure 1. In this
sample, the concentration of DPD was high compared to that
of other samples. Compound 12 was positively identified by a
comparison of the retention time and mass spectrum with
those of the synthetic reference compound. For extracts con-
taining only low concentrations of DPD, exhibiting no good

marker for the identification of
the native analyte.

We used the deuterium-la-
beled standard [5,6,7,8-*H]1-(3-
methylquinoxalin-2-yl)ethane-
1,2-diol (16) because of its avail-
ability by a short and conven-
ient synthesis. 1,2-Phenylenediamine (14) was deuterated
repeatedly in the aromatic ring with Pt/C and D,O under a
hydrogen atmosphere,'® followed by its transformation into
the corresponding deuterated quinoxaline 16 by its addition
to synthetic (S)-DPD (Scheme 3).

The relative ion-intensities in the MS of the labeled (17) and
unlabeled (13) derivatives can be directly used for absolute
quantification, provided that a known amount of the standard

300 350 miz

D OTMS
NF2 0,0, Puc D:@ ]@ ﬁv MsTFA D N OTMS
oA |
180°C DCM DCM, 60°C /
NH2 o4k (3 x) 5h, RT b ! N
14 15 17

Scheme 3. Synthesis of the deuterated standard 16 with subsequent silylation.

ChemBioChem 2009, 10, 479 — 485
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was added. The amount of DPD in the natural sample equals
the peak ratio of the standard-specific ion trace of m/z 249
and the ion trace of m/z 245 of natural DPD in the ion chroma-
togram, according to Equation 1, in which ¥y, =DPD amount
in the sample, a,,s=peak area of the ion at m/z 245, ys=
amount of standard added, and a,,,=peak area of the ion at
m/z 249.

Uogs
Xoro = Nis ——
Uaa9

(M

Figure 2 shows the mass spectra of the silylated internal
standard 17 and a sample of V. harveyi BB152 analyzed after
the addition of the deuterated standard. During the analysis of
V. harveyi, we routinely added 50 ng (2.4x 10 mol) of 16 to
1 mL of the extract, so that the concentration of the sample
shown in Figure 2B can be calculated to be 113 ngmL™’
(0.86 um) DPD. The addition of borate to the supernatants did
not alter the results.

We note that the retention time of the deuterated standard
17 was slightly shorter than that of the unlabeled analogue
12. This well-known phenomenon of deuterium-labeled com-
pounds in GC can be explained by the slightly shorter bond
length of a C—D bond compared to that of a C—H bond.'>*

Reproducibility, method linearity, and sensitivity

Six aliquots each of a V. harveyi BB152 supernatant and a Strep-
tococcus mutans UA159 supernatant were analyzed in order to
determine the reproducibility of the method. The V. harveyi
BB152 strain contained DPD in a concentration of 258 ngmL™'
(1.95 um) with an absolute error of 17.6 ngmL™", resulting in a
standard deviation of 6.8%. The concentration of DPD in
S. mutans was calculated to be 34.2 ngmL™" (0.26 um) with an
absolute error of 1.2 ngmL", resulting in a standard deviation

A)
100% 73

147

45 133 173 234
204
oo Ay L L | Lo ap oo 219 )

S. Schulz et al.

of 3.5%. The analysis of the culture media showed no presence
of DPD.

The linearity of the method was evaluated on a six-point cal-
ibration curve. Therefore, basal metal salt enrichment medium
(BMS) was spiked with known amounts of DPD in the range of
2.5-250 ngmL~', and every sample underwent the full analyti-
cal procedure including sample preparation and derivatization
followed by GC-MS analysis. The DPD concentrations were
calculated as described above, and then the linear correlation
coefficient (R?) was calculated. There was a good correlation
between the added and the measured amounts of DPD (R*=
0.9977), thus showing the response linearity of the method at
different analyte concentrations, as presented in Figure 3.

300
250
200

y=0.956 + 1.7682

150 R?=0.9977

100

found DPD / ng mL""

50

0 50 100 150 200

added DPD / ng mL"

250 300

Figure 3. Linearity testing. The correlation coefficient was obtained by plot-
ting the amount of DPD added against the measured concentration.

The limit of detection for this method, defined as a signal-
to-noise ratio (S/N) of 5, was 0.7 ngmL™" (5.3 nm); the limit of
quantification was 2.1 ngmL™'

(16.0 nm) at S/N=15. At this

L
Si—

50 100

150 200 250

B)
100%

50 100

150 200 250

Figure 2. Mass spectra and ion traces for the quantification of DPD. Mass spectra of A) the silylated, deuterated,
internal standard 17 and B) the integrated MS of the analytes (whole peak area) in a sample of V. harveyi superna-
tant. C) the ion chromatograms used for quantification. The GC temperature program differed from that used in

Figure 1.
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concentration, the relative stan-

249 D oSS dard deviation of the analyte
DQN\ Oz was below 7.5%.
A2 |
D N
D
262 Validation of the approach
| T1
i - ; : ;
e PR S. mutans UA159 is a cariogenic
bacterium that possesses a
functional luxS gene, recognized
as the enzyme primarily respon-
sible for the biosynthesis of
DPD.2" Although the gene was
shown to be expressed consti-
o s 348 tutively during growth,?? no Al-
|LES2 (337362 2 could be detected with the
300 350 miz 14.00 t/min V. harveyi bioassay due to the

presence of an inhibitory com-
pound in the culture superna-
tant (R. Vilchez, personal com-
munication). The method de-
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Characterization of Al-2 by GC-MS

scribed above was applied to sterile culture supernatants from
the wild-type S. mutans UA159 and S. mutans UA159 AluxS, a
luxS-deficient strain lacking the ability to synthesize DPD, in
order to demonstrate the utility of the approach. In analyzing
culture supernatants of both strains for the presence of DPD,
we could unambiguously identify DPD in samples of wild-type
S. mutans, while we could not detect it in the mutant (see Fig-
ure S1 in the Supporting Information). Thus, we were able, for
the first time, to provide direct evidence that S. mutans UA159
is capable of producing and releasing DPD into culture fluids.
The amount of DPD secreted into the medium by S. mutans
UA159 during growth is shown in Figure 4. The DPD concen-

35 e S. mutans UA159
+ S. mutans UA159 AluxS

[DPD] / ng mL"
- =y N N w
o (4] o [6;] o

(6]

detection limit

(=]
*,
»l
*
*

0.0 0.5 1.0 1.5 20 25

Figure 4. Concentration of DPD during the cultivation of wild-type
S. mutans.

tration increased during the exponential growth phase and
reached a maximum value (29.3 ngmL™" or 0.22 pm) at the
transition from the late exponential to the stationary growth
phase (ODgy, = 1.2). Thereafter, a drastic decline in DPD concen-
tration was observed. A sharp decline in Al-2 concentration
in the medium at stationary phase has also been seen
in other species including Shewanella sp.**' and Salmonella
typhimurium, where it is due to Al-2-induced synthesis of a
transporter.” The analysis of the AluxS strain of S. mutans
UA159 at different times of the growth phase showed the ab-
sence of DPD (Figure 4).

The results of the analysis of V. harveyi BB152 in the late
exponential phase (see above) served as a control. Again, in
V. harveyi MM77, a strain lacking the capability to produce 1,
no DPD was found. These data prove the usefulness of our
approach.

Confirmation of the absolute configuration

DPD is a chiral molecule with a stereogenic center at C-4. The
first studies employing X-ray analysis gave evidence for DPD as
(S) configured; this was supported by extensive biosynthetic
investigations. %% A synthetic verification confirmed (S)-DPD
as the precursor of the Al-2 group of signaling molecules.”
With the derivative 13, the direct determination of the abso-
lute configuration was also possible.

ChemBioChem 2009, 10, 479 — 485
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The two DPD enantiomers were synthesized according to
published procedures, starting either from methyl (S)-isopropyl-
ideneglycerate or methyl (R)-isopropylideneglycerate."®'¥ The
enantiomerically pure products were then transformed into
the corresponding silylated quinoxalines 13 and were analyzed
by GC on a chiral hydrodex-6-TBDMS GC phase (see Figure S3).
The analysis of an extract of V. harveyi BB152 showed the pres-
ence of only one enantiomer of DPD. The co-injection of the
derivatized natural extract with the silylated (S)-quinoxaline (S)-
13 showed the coelution of both peaks (see Figure S2); thus,
this confirmed the (S) configuration of the natural DPD.

Conclusions

In this article we report for the first time the direct chemical
analysis of Al-2 through isotope dilution analysis in culture su-
pernatants of bacteria; this allows for positive identification
through direct observation of the target molecule. This
method is reliable in an appropriate buffer and is not influ-
enced by the presence or absence of borate. It allows qualita-
tive and quantitative on-target analysis over a wide range of
concentrations with a 5 nm detection limit. It can be adopted
to various concentrations with proper amounts of the internal
standard. Furthermore, the sensitivity is similar to or even
better than currently employed biological sensor systems!®'
and might be further enhanced with more sensitive mass spec-
trometric analytical techniques like detection in single-ion-
monitoring mode (SIM).

Experimental Section

Chemicals: Chemicals were purchased from Fluka or Sigma-Al-
drich and used without further purification. NMR spectra were
obtained using a Bruker AMX400 ("H NMR: 400 MHz, "*C NMR:
100 MHz) spectrometer with TMS as an internal standard.
Column chromatography was carried out using Merck silica gel
60. Thin layer chromatography was carried out using 0.2 mm
pre-coated plastic sheets (Polygram Sil G/UV,s, Marcherey &
Nagel, Duren, Germany). Solvents were purified by distillation
and dried according to standard methods.

Biological samples: Wild-type Streptococcus mutans UA159
(ATCC 700610) and a luxS-null mutant, constructed by the allel-
ic replacement of the luxS gene with an erythromycin resist-
ance cassette using the PCR mutagenesis strategy,”” were
grown at 37°C without agitation under anaerobic conditions
(80% N, 10% H, 10% CO,) in a defined semisynthetic
medium containing 0.5% sucrose.?? During growth, 5mL
aliquots of the culture were withdrawn, centrifuged at
13000 rpm at 4°C, and the resulting supernatants were used
for the Al-2 analysis. Vibrio harveyi BB152 and MM77 were incu-
bated in the AB medium described by Greenberg et al.,”*® and
cell-free culture supernatants served as positive and negative
controls in the Al-2 analysis, respectively.

GC-MS analysis: GC-MS analyses were carried out on a HP
6890 Series GC System connected to a HP 5973 Mass Selective
Detector (Hewlett—Packard Company, Wilmington, USA) fitted

483

www.chembiochem.org



www.chembiochem.org



BIO

with a BPX5 fused-silica capillary column (25 mx0.22 mm id.,
0.25 mm film, SGE Inc., Melbourne, Australia). Conditions were
as follows: splitless injection (60 s valve time), inlet pressure of
77.1 kPa, He flowrate of 23.3 mLmin~', injection volume of
2 uL, transfer line temperature of 300°C, and an electron
energy of 70 eV. The GC was programmed as follows: 5 min at
100°C then to 300°C at 10°Cmin~' or 2 min at 100°C then to
250°C at 10°Cmin~" and finally to 320°C at 20°Cmin~". The
carrier gas was He at a 1 mLmin~" column head pressure.

Chiral GC analysis: Separation of the enantiomers was carried
out on a 8000Top GC (ThermoQuest, Toronto, Canada) instru-
ment fitted with a Hydrodex-6-TBDMS column (35 mx0.25 mm
i.d., Macherey & Nagel) and a flame ionization detector. Condi-
tions were as follows: inlet pressure of 30 kPa, H, flowrate of
20 mLmin~', and an injection volume of 2 uL. The GC was pro-
grammed as follows: 30 min at 150°C increasing to 220°C at
1°Cmin~". The carrier gas was H, at a T mLmin~' column head
pressure.

Synthesis of standard 16: According to the method of Sajiki
etal.,™™ a mixture of 1,2-phenylenediamine (5.0 g, 46.2 mmol)
in D,O (150 mL) and 5% Pt/C catalyst (1.0 g, 20 wt%) were
stirred in a closed apparatus under a H, atmosphere at 180°C
for 48 h. After being cooled to room temperature, the reaction
mixture was extracted with dichloromethane (3x), and the
combined organic extracts were washed with water and dried
with MgSO,. Removal of the solvent in vacuo furnished
[3,4,5,6-°H]1,2-phenylenediamine (15). This procedure was re-
peated two times to ensure complete deuteration. Finally, 15
(3.12 g, 27.9 mmol, 60.5%) was obtained with a *H incorpora-
tion of >95% (determined by GC-MS). EI-MS (70 eV): m/z
(%) =112 (100) [M]*, 84 (53), 56 (23), 42 (11).

Similar to a method of DeKeersmaecker et al.,""¥ deuterated di-
amine 15 was transformed into the quinoxaline 16. Compound
15 (28.0 mg, 0.25 mmol, 2.5 equiv.) was dissolved in dichloro-
methane (5 mlL), and (S)-4,5-dihydroxy-2,3-pentanedione (1,
13.2 mg, 0.1 mmol) in dichloromethane (2 mL) was added. The
mixture was stirred for 2 h at room temperature, the solvent
was removed, and the crude product was purified by flash
column chromatography to obtain [5,6,7,8-*H]1-(3-methylqui-
noxalin-2-yl)ethane-1,2-diol (16, 7.1 mg, 0.03 mmol, 33%, *H in-
corporation of 95.2%, as determined by 'H NMR) as a yellow
solid. R;=0.28 (dichloromethane/methanol, 19:1); 'H NMR
(400 MHz, CDCl;, TMS): 5.14-5.12 (m, 1H, CHOH), 4.05 (dd, J=
11.6 Hz, 3.5 Hz, 1H, CHH*OH), 3.86 (dd, J=11.6 Hz, 5.5 Hz, 1H,
CHH*OH), 2.82 (s, 3H, CH,).

Derivatization of DPD in culture supernatants: Potassium
phosphate buffer (0.1m, K;HPO,/KH,PO,, pH 7.2, 0.5 mL) and
1,2-phenylenediamine (2.0 mg, 18.5 umol) were added to the
culture supernatant (1 mL), and the mixture was allowed to
react for 2 h at room temperature. The deuterated internal
standard 16 (50.0 ng, 0.24 nmol) was then added, and the
sample was applied onto an EXtrelut® NT 1 column (Merck).
After 10 min, dichloromethane (1 mL) was added, and after an
additional 5 min, the sample was eluted with dichloromethane
(4 mL). The resulting dichloromethane extract was concentrat-
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ed under a gentle stream of nitrogen, N-methyl-N-(trimethylsi-
lytrifluoroacetamide (MSTFA, 50 pL) was added, and the mix-
ture was heated at 60 °C for 30 min.”?> The mixture was evapo-
rated to dryness under a stream of N, to remove excessive
reagent, the residue was taken up in dichloromethane (20 uL),
and 2 pL of the mixture were injected into the gas chromato-
graph for GC-MS analysis.

Synthesis of (S)- and (R)-4,5-dihydroxy-2,3-pentanedione (1):
Both enantiomers were synthesized according to the method
of DeKeersmaker et al. starting with either methyl (S)-isopropyl-
ideneglycerate or methyl (R)-isopropylideneglycerate.'*'¥ The
spectroscopic data matched the reported values.
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Biochemical Characterization of a Uranyl lon-Specific

DNAzyme

Andrea K. Brown,® Juewen Liu,” Ying He,™ and Yi Lu*@ !

The biochemical characterization of a DNAzyme that is highly
specific for uranyl (UO,’") ions is described. Sequence alignment,
enzyme truncation, and mutation studies have resulted in a con-
served sequence that folds into a bulged stem—loop structure.
Interestingly, a G-A pair next to the scissile site is important for
the uranyl ion-specific DNAzyme; this is reminiscent of the G-T
wobble base pair adjacent to the cleavage site that is crucial for
the Pb"-specific 8~17 DNAzyme activity. Therefore wobble pairs
might be important for formation of metal-specific metal-binding
sites in DNAzymes. The DNAzyme binds the uranyl ion with a dis-
sociation constant of 469 nm, which is among the strongest
metal-binding daffinities in nucleic acid enzymes reported to date.
This explains why a catalytic beacon fluorescent sensor based on

Introduction

In the early 1980s, RNAs were discovered to perform enzymatic
reactions and thus called ribozymes.""? This discovery was fol-
lowed by the finding in 1994 that DNAs can also function as
enzymes, thus named deoxyribozymes or DNAzymes.”! Bio-
chemical studies of ribozymes and DNAzymes indicate that
they require divalent metal ions for efficient catalysis; this sug-
gests that nucleic acid enzymes can form specific metal-bind-
ing sites.*” Although most early studies on these enzymes
employed Mg" as the metal cofactor, many research groups, in-
cluding ours, also pursued the possibility of using transition-
metal ions, and many transition-metal-specific nucleic acid en-
zymes have been obtained, thanks mainly to the development
of a combinatorial method called in vitro selection.**'? For
example, in vitro selection has resulted in DNAzymes that are
specific for Pb",B’B’M] CO",“S] Nln",“é] Znn,m] Hg",“g] and cuy' 1921
These experiments firmly established that nucleic acid enzymes
can bind metal ions specifically, just like metalloprotein en-
zymes. Compared to Mg"-dependent enzymes, enzymes em-
ploying transition-metal cofactors usually have much higher
metal-binding affinities. For several enzymes, the metal-bind-
ing affinity and specificity are so high that they were used as
components for metal-ion biosensors, such as Pb", Cu", Hg",
and Mn" sensors.”*? These successes led us to purposefully
employ in vitro selection to obtain metal-specific DNAzymes
for metal-sensing applications. For example, we have recently
selected an RNA-cleaving DNAzyme that is active in the pres-
ence of UQ,2+ 28

Uranium is a naturally occurring radionuclide.”” Uranium
has recently been significantly enriched to generate energy
and make nuclear weapons, and its use is likely to grow as an
important energy source. Because enriched uranium has been,
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this enzyme has a detection limit (45 pm) that rivals the most-
sensitive analytical instrument. It also has over 1000000-fold spe-
cificity for the uranyl ion over other metal ions. The DNAzyme
can carry out multiple turnover reactions that follow the Michae-
lis-Menten equation, with a k., of 1.46 min~" and a K, of
463 nm, similar to that of the 8-17 DNAzyme. The pH profile
shows a bell-shaped curve that reaches a maximum at pH 5.5, at
which the in vitro selection was carried out; this suggests that in
vitro selection can be performed to obtain DNAzymes with opti-
mal performance under specific conditions under which practical
applications are required. These findings enrich our fundamental
understanding of metal-binding sites in nucleic acids and allow
the design of sensors with better performance.

or has the potential to be released into the environment, a
method for simple, fast, on-site, and real-time detection and
quantification of uranium might be helpful in environmental
remediation and in minimizing human exposure to uranium
and its related adverse health effects, such as radiation and
kidney damage. The uranyl ion (UO,’") is the most stable
chemical form of uranium in water and is therefore highly bio-
available and poses the greatest risk to human health.**" To
search for DNAzymes that can recognize uranium, an in vitro
selection experiment was carried out by using UO,2" as the
metal cofactor,”® and one of the selected DNAzymes was engi-
neered into a fluorescent biosensor for uranium detection with
a detection limit of 45 pm and a selectivity of more than
1000000-fold higher for uranyl over any other tested metal
ion.”®

Even though the above-described DNAzyme has been
shown to bind the uranyl ion with high specificity, we know
very little about the conserved sequence and biochemical fea-
tures of the enzyme. To gain deeper insights on the basic
properties of the uranyl-specific DNAzyme, and to help design
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better sensors, we herein report characterization of the DNA-
zyme in terms of sequence alignment, enzyme mutation,
metal-binding affinity, specificity, multiple turnover properties,
and pH profile. A comparison with the Pb"-specific 8-17 DNA-
zyme is also presented.

Results and Discussion
Sequence alignment and secondary structure analysis

To isolate uranyl-specific RNA-cleaving DNAzymes, eleven
rounds of in vitro selection were carried out, and the UO,>"
concentration was gradually decreased from 5 mm to 100 um
UO,*", as described previously.” Table 1 shows the metal con-
centration and incubation time for each round. The selections
were performed in pH 5.5, 50 mm 2-(N-morpholino)ethanesul-
fonic acid (MES) buffer with 250 mm NaNO,. The uranyl acetate
stock solution was made in a 2x sodium citrate solution, and
subsequent dilutions were made with water. As can be ob-
served from Table 1, the performance of the pool dropped at
round 11 compared to that of round 10. Therefore, the
round 10 DNA was cloned and sequenced, and 86 sequences

were obtained. Clone no. 39 was chosen for UO,>*-sensing ap-
28]

FULL PAPERS

Table 1. Reaction conditions for selection of uranium specific DNAzymes.

Selection conditions Assay [% cleavage in 2h]

Round(s)  [UO,*"1  Incubation time  1mm UO,>™  0.1mm UO,2"

1-5 5mm 5h - -
6° 5mm 5h 65 -

7 5mm 1h 70 70

8 1mm 1h 78 83

9 1Tmm 30 min. 75 90

10 0.1 mm 30 min. 78 20

" 0.1 mm 15 min. 65 72

[a] One round of negative selection with 500 um Pb" (1 h) was incorporat-
ed after round 6.

(Figure 1D). It needs to be pointed out here that no reselec-
tion was performed and the alignment was based on the initial
selection. Among the 68 sequences, seven have activity lower
than 0.01 min~' and were not analyzed further. For the remain-
ing 61 sequences, interestingly, 49 of them can be aligned
against the secondary structure of 39E; this suggests that the
uranyl-specific DNAzyme has a highly conserved metal-binding
site that can recruit the uranyl ion for catalysis. The cleavage

plications.”® The trans-cleaving
39E DNAzyme system contains a
substrate strand (39S, Figure 1A) A) o8 B) C)
and an enzyme strand (39E). 3! N r 3 50 30 178y 57
Sub Q395 is 2 Ay ITITITIASEOMTMITICTER  COTAGAGMOCTATMTGACICR  ERAGMAGGCATATEACTER
ubstrate strand 395 is a / CCATCTC 1 ATAGTGAGT ~ CCATCTCTTCA ATAGTGAGT  CATCTCTTCT ATAGTGAGT
DNA chimera with a single RNA 5' X . | CAg 3 5 . CA_ 3 5 ' Aa 3’
. 39E 2% g 17E £ pTcG
linkage (rA) that serves as the \\CLGA—;';_ Crppd /
cleavage site, and 39E recogniz-
es 39S through two Watson- D)
Crick base-pairing regions. The _ 3 Clone Number Rate / min™
DNAzyme can be folded into a TCA| |TTAC GTAA CTTCAGAA | 87 -
. ; TCA| [TCGTG CACGA ||CTTCAAAC | 2,24,35,74,79 0.1
bulged three-way-junction struc- TCA| |TTGC GCAA CCCCTAAC | 75 -
. TTA| I TTGGA TCCAA [|CTTCAAAC | 13,26,53,72 0.65
ture (Figure 1A). Aca| [TcTA TAGA CTTCAAAC | 36,80 0.1
_ ACA| |GCAC GTGC CTTCAGAC | 4,17 0.1

To analyze the sequence re ACA| |GTAC GTAC CTTCAAAC | 14,23,38,52,54,73,81,93 0.1

quirement for catalysis, the ACA| ITCGACTG CC CAGGCGA|| CTTCAA 63,45 0.04
. ) AGA| |cGee GGCG TACCGGTCG| 9,12,18,22,46,47,65,84 0.05

enzyme strand in the catalytic GCA| [GTCGG CCGAC ||CTTCAGAC | 33,39,51,70,78,83,91 0.4

. divided i GCA| |TGC GCA CTTCAGAT | 7,61 0.07
core region was divided into GCA| |[GTGCCT _GAA AGGCAT |[ccTaccaac| 28,34,89,86,50,55,57 0.1
three parts as outlined in Fig-
ure 1A:  the three-nucleotide E) Mutant Number Rate / min™

. -, GCA GTCGG CCGAC CTTCAGAC 1 1.04%0.21
noncanonical base-pairing  re- TCA GTCGG CCGAC CTTCAGAC 2 1.7840. 38

; ; CCA GTCGG CCGAC CTTCAGAC 3 0.37%0.05
gion 1, the stem Ic?op region 2, ACA GTCGG CCGAC CTTCAGAC 4 0.63%0.23
and the bulged region 3. Among GCT GTCGG CCGAC CTTCAGAC 5 0

TCC GTCGG CCGAC CTTCAGAC 6 0
the 86 sequences that were ob-

. . GCA GAGCG CTCGC CTTCAGAC 7 0.0013
tained, 68 of them were aligned GCA GTCGG-3' 5/-CCGAC CTTCAGAC 8 0.55%0. 06
and the rest were abandoned GCA GTCCG ceceac TTCAGAC O 0

GCA GTCGG CCGAC CT CAGAC 10 0
due to the presence of large GCA GTCGG CCGAC CTT AGAC 11 0
fractions of truncation or stretch- GCA GTCGG CCGAC  CTTCAGA 12 0.0071
. " ] GCA GTCGG CCGAC CCCCAGAC 13 0.0026
es of unidentifiable nucleotides. GCA GTCGC CCGAC TCCTAGAC 14 0
GCA GTCGG CCGAC CTTCAAAC 15 0.83%0.03

To relate the sequence informa-
tion with function, alignment
was performed based on the
secondary structure of 39E and
only the sequences close to the

catalytic core were presented and 75 were not measured.
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Figure 1. Secondary structure and sequence alignment of the in-vitro-selected uranyl ion-dependent DNAzymes.
A) Secondary structure of the 39E DNAzyme and conserved sequences of B) the uranium DNAzymes and C) lead
specific 17E DNAzyme are shown. Sequence alignment and activity of the uranium DNAzymes in D) the cis-cleav-
ing form right after selection and in E) the trans-cleaving form after sequence truncation. The nucleotides that are
marked in black in region 2 of D) and E) indicate mismatched base pairs in the stem. The activities of clone 87
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rate constants of each clone right after selection without any
modification are shown in Figure 1D.

We further investigated the sequence requirements for re-
gions 1 to 3 separately by constructing mutated trans-cleaving
enzymes based on 39E (Figure 1E). 39E has a sequence of GCA
in region 1 (Figure 1A) that does not form perfect base-pairing
interactions with the corresponding substrate part. From the
sequence alignment (Figure 1D), it can be observed that in ad-
dition to G, Tand A were also present at the first position. Be-
cause this position is highly tolerable to mutations, it should
not be crucial for catalysis. To identify the optimal DNAzyme,
the first nucleotide in the region was systematically mutated
to C, A, and T (mutant 2—-4, Figure 1E), while keeping all the
remaining nucleotides unchanged. The cleavage rates for the
mutated enzymes were compared, and a result of T> (G, A, Q)
was obtained. From this result, it can be concluded that sub-
strate recognition is the role of this position. The highest rate
constant was obtained when the T-A base pair was formed.
For the second position, C is the most frequently encountered
base in the aligned sequence, although T can also give very
high activity. Therefore, this position is also for substrate bind-
ing. The third position is a highly conserved adenine. Mutation
of this adenine to a thymine or cytosine (Figure 1E, mutants 5,
6), for example, completely abolished the activity of the DNA-
zyme.

It is interesting to compare this result with that for the Pb'-
specific 8-17 DNAzyme (Figure 1C); while a G-T wobble base
pair adjacent to the cleavage site is crucial for the 8-17 DNA-
zyme,"®! the G-A pair is important for the 39F DNAzyme. It is
known that noncanonical base pairs are crucial for the struc-
ture and function of RNA, such as those in tRNA and ribo-
zymes.B23¥ While wobble pairs do not appear to be present
for several other important DNAzymes such as the 10-23 DNA-
zyme and mutated 8-17 DNAzymes that were recently report-
ed by Li et al.,®¥, our results suggest that noncanonical pairs
are useful for tuning the DNAzyme activity and might be im-
portant for formation of specific metal-binding sites in DNA .59
Further biophysical experiments will be performed to under-
stand metal binding, including X-ray crystallography, NMR
spectroscopy, and fluorescence resonance energy transfer
(FRET).B7-40)

It can be observed from the sequence alignment in Fig-
ure 1D that the stem-loop structure (region 2 in Figure 1A) is
highly conserved, although its size can vary significantly. The
stem contains three to six base pairs in the cloned sequences,
and the loop size varies from three to nine nucleotides. This
suggests that the stem loop might not be specific for catalysis
and might play only a structural role. To confirm this hypothe-
sis, several mutated enzymes were further tested. In one ex-
periment, the loop was deleted and the enzyme was split into
two halves. This split DNAzyme (mutant 8, Figure 1E) can still
cleave the substrate efficiently with a rate constant of
0.55 min~", which is comparable to the original 39E. Introduc-
ing mismatches into the stem region, however, significantly
decreased the activity of the DNAzyme. For example, in
mutant 7, two mismatches were introduced to the stem, and
the activity was only 0.0013 min~". Such a replaceable stem-

488

www.chembiochem.org

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

Y. Lu et al.

loop structure has proven to be a useful scaffold for engineer-
ing allosteric DNAzymes or aptazymes.””

As can be observed from Figure 1D, the nucleotides in
region 3 of the enzyme strand are also highly conserved; most
are octamer loops. The first four nucleotides are rich in pyrimi-
dines with a sequence of CTTC for most enzymes. Although
CCCC is also active with a significantly decreased cleavage rate
(mutant 13), TCCT is totally inactive (mutant 14). The next
three nucleotides are rich in purines, and the last one is a cyti-
dine for most sequences, although a thymine is also active.
Insertions and deletions in this region are also observed from
the sequence alignment, and generally significant drops in
activity were seen with such modifications. Based on the
sequence alignment and mutation studies, the essential se-
quence in the DNAzyme is shown in Figure 1B. The bars that
are connected by short dashes indicate Watson-Crick base-
pairing regions, and as long as the base pairs are maintained,
the nucleotide content can be changed without significantly
affecting activity. One of the most optimal DNAzyme secon-
dary structures is presented in the Supporting Information.

Uranyl ion-dependent activities

Because the 39E DNAzyme has been shown to be highly effec-
tive in detecting uranium with a dynamic range from 45 pm to
400 nm,”¥ it is important to study the enzyme activity as a
function of UO,”™ concentration. The study was performed
under single-turnover conditions with approximately 1 nm *2P-
labeled 39S and 2 um 39E. As can be observed from Figure 2A,
the enzyme showed a bell-shaped response with increasing
UO,%" concentration, and the highest activity was observed
with approximately 5 um UO,”*. To determine the apparent
dissociation constant (Ky) for uranium binding, three independ-

A) 1.0
0.8
0.6
K,/ min~' 0.4
0.2 (X}

001{® ot L] .

0.01 0.1 1 10 100 1000

[UO,2]/ v ——=

B)
1.0 o ®

0.8 *
0.6
K, / min'
o 04

0.2
0.0

0 2 4 6 8 10
[U022+] /UM ——=
Figure 2. UO,*"-dependent activity of the 39E DNAzyme. A) Assays were
performed with UO,?" concentrations from 10 nm to 1 mm. B) Assays were

performed in a metal concentration range in which activity increased with
increasing UO,*".
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ent experiments were performed at the low-metal-concentra-
tion region (Figure 2B). The K, for UO,%" was calculated to be
469496 nm, and k,,,, was determined to be 1.234+0.07 min™".
This K, value was approximately fourfold more than that ob-
tained from fluorescence assays,”® thus suggesting weaker af-
finity when measured using gel-based assay. This discrepancy
could be explained by the fact that in the fluorescent assay
the enzyme concentration was only 50 nm, while in the gel-
based assay the enzyme concentration was 2 pum, and the
excess amount of enzyme might bind the uranyl ion and thus
decrease the effective concentration of the free uranyl ion. To
confirm this, the activity assay was performed with varying
concentrations of the enzyme while fixing the substrate and
uranyl ion concentrations. An approximately four-fold decrease
in the rate constant was observed when the enzyme concen-
tration was increased from 1 to 10 pm.

The apparent binding affinity of 39E for UO,*" is relatively
strong compared to the affinity of other DNAzymes for diva-
lent metal ions. For example, the Kj values of 8-17 DNAzyme
for Pb" and zZn" are 15.4 um and 0.997 mm, respectively,!*'
the Kj of the leadzyme for Pb" is approximately 5 um,*" and
the K, values of the 10-23 DNAzyme for Mg", Ca", and Mn" are
180 mM, 60 mm, and 2.6 mm, respectively.*>* This strong af-
finity explains why the uranyl ion sensor has the highest sensi-
tivity among DNAzyme-based metal ion sensors. As it is a hard
Lewis acid, the uranyl ion has a high affinity towards the phos-
phate oxygen, and its binding constant with DNA is on the
order of 10"°m™" at pH 4. Therefore, the very low K; of the
DNAzyme is not unexpected.

Such bell-shaped responses of enzymatic activity with in-
creasing metal concentration were also reported for several
other DNAzymes.'®'%! |n one case, the inhibitory effect at
high metal concentrations was attributed to the disruption of
DNA base-pairing interactions by nonspecific metal/DNA inter-
actions.* To understand the mechanism of inhibition in the
current uranium DNAzyme, we tested the activity of the Pb'-
specific DNAzyme (Figure 1C) in the presence of 100 pm urani-
um, and similar inhibition effects were also observed (data not
shown). Therefore, the inhibition was attributed to the nonspe-
cific interaction between high concentrations of the uranyl ion
and DNA.

pH profile

A pH-dependent study of 39E in the presence of UO,”" was
performed to provide mechanistic insights and to determine
the optimal condition for UO,’" detection. The activity of 39E
was first examined over a broad pH range from 3.5 to 7.0
under single-turnover assay conditions. The DNAzyme was
completely inactive at pH 3.5. As shown in Figure 3A, the pH
curve for 39E is biphasic, increasing approximately linearly
from pH4.0 to 55 and then decreasing almost linearly to
pH 7.0. Interestingly, the optimal pH of 5.5 is exactly the same
as the pH at which the in vitro selection was carried out. These
results further confirmed that in vitro selection can be tailored
to obtain optimal DNAzymes under real-world conditions.
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Figure 3. pH dependence of 39E under single-turnover conditions. Assays
were performed in 50 mm NaOAc (pH 4.0-5.0), MES (pH 5.5-6.5), or HEPES
(pH 7.0). Assays were performed in A) a wide pH range or B) in the low pH
region.

This biphasic pH-dependent behavior has been observed in
other nucleic acid enzymes. Li and co-workers also observed a
similar trend for several DNAzymes selected at different pH
values."® Most of the DNAzymes were dependent on divalent
metal ions and had the highest activity at or near the pH of
the buffer used during the selection. pH-dependent activities
were also reported for a Cu'-dependent DNA-cleaving DNA-
zyme.™ A similar behavior in the leadzyme was attributed to
the formation of insoluble Pb" hydroxide species at higher
pH.*" The same could be true of the uranyl DNAzyme; howev-
er, the poor solubility of UO,** cannot account for all of the
observed trends because precipitation should not result in a
linear decrease of the rate constant with pH with a slope of
—1. The most likely explanation of the result is that pH influen-
ces the uranyl ion speciation in solution and pH 5.5 produced
a uranyl species that is the most effective cofactor for carrying
out the reaction. At pH values higher than 5, hydrolyzed spe-
cies such as UO,(OH)" start to dominate,“® which might not
be the optimal cofactor for catalysis. Indeed, one of the advan-
tages to in vitro selection is that the selected DNAzyme might
be able to distinguish between very similar chemical species.
Future work will be performed to test whether the DNAzyme
reacts with other uranium species such as UO,". More careful
studies were performed at a pH below 5.5, and a linear rela-
tionship between pH and logk,,, was obtained with a slope of
approximately 1 (Figure 3B); this is suggestive of the presence
of a single deprotonation step in the rate-limiting step of the
catalytic process.

Multiple-turnover reactions

To test whether the 39E DNAzyme can perform multiple-turn-
over reactions, assays were carried out by using a fixed 4.3 nm
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39E enzyme and varying the FAM-labeled substrate concentra-
tion from 250 nm to 4 pum. Three independent measurements
were carried out, and the results are shown in Figure 4. The ini-

v,/ M min”

0 1000

2000 3000 4000

[Substrate] / nM ——=

Figure 4. Multiple-turnover property of the 39E DNAzyme. Three independ-
ent assays were performed as indicated by different shapes in the data
points.

tial rate of cleavage (v,) was plotted, and the data were fit to
the Michaelis-Menten equation. A K, of 463 nm and a k., of
146 min~' were obtained. This result indicates that the
enzyme is a real catalyst and can perform multiple-turnover re-
actions. The K}, value is comparable to that obtained for the 8-
17 DNAzyme (K,,=650 nm in 50 mm MES, pH 6.0 with 100 um
Zn"). As shown in Figure 1, these two DNAzymes have very
similar substrate-binding arms and therefore similar K}, values
are expected. In this experiment, saturated UO,** concentra-
tion (4 pm) was used.

Metal specificity studies

We previously showed that the sensor had over 1000000-fold
selectivity for uranium over any other metal ions in the fluores-
cence-based assay, and only uranium induced a fast fluores-
cence increase. Here we investigate whether such high selec-
tivity is due to the intrinsic preference for using UO,’" as a co-
factor for cleavage or due to artifacts of metal-fluorophore
interactions such as quenching. A 5'-fluorophore-labeled 39S
was used as the substrate and the 39E enzyme was unmodi-
fied. Nineteen different metal salts (AgNO,;, MgCl,, CaCl,, SrCl,,
BaCl,, VOSO,, Mn(OAc), Fe(NH,),(S0,), FeCl;, CoCl, NiCl,
Cudl,, ZnCl,, Cd(ClO,),, Hg(ClO,), Pb(NO,),, TbCl;, EuCl;, and
Th(NO;),) were added at three different concentrations (1 um,
20 uM, and 1 mm), and the reactions were allowed to run for
15 min at room temperature. Cleavage products were detected
by denaturing gel electrophoresis. Among all the conditions
tested, only 1 mm Pb" showed approximately 0.7% cleavage
after 15 min, which is approximately 1000000 times slower
than cleavage in the presence of uranium. Other metal ions
were even slower compared to Pb". These data confirmed that
the lack of fluorescence increase in the sensor was mainly due
to the lack of cleavage in the presence of other metal ions.
The above-described metal specificity assays indicate that the
enzyme is not active in the presence of Mg" even at a millimo-
lar concentration level. This lack of Mg"-dependent activity is
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different from that of the 8-17 DNAzyme; even though the 8-
17 DNAzyme is the most active in the presence of Pb', it is still
active in the presence of millimolar concentration of Mg". A
comparison of the secondary structures of 39E (Figure 1B) and
8-17 DNAzymes (Figure 1C) suggests that while the stem
loop, particularly the “AGC” sequence in the stem loop, is
required for the 8-17 DNAzyme activity,"® such a stem loop is
not needed for 39E DNAzyme activity.

Effect of citrate

It is interesting to note that while the 39E DNAzyme activity
was completely inhibited when the UO,?" concentration was
higher than 100 um, the lowest UO,”* concentration used in
the selection process was 100 pum. The reason that highly sensi-
tive UO,>™ DNAzymes can still be selected under such inhibit-
ing conditions was attributed to the presence of 2x citrate in
the selection buffer. Citrate is known to form complexes with
the uranyl ion and the free UO,>" concentration in the selec-
tion buffer would be much lower*”*®¥ Indeed, when citrate
was added to the fluorescent uranium sensor, the sensor re-
sponse went down dramatically as shown in Figure 5.

2.5

2.0

F/F,
15

1.0

t/ min

[

Figure 5. The response of the 39E-based fluorescent uranium sensor in the
presence of 4 nm UO,*™ with varying concentrations of citrate (see legend
for citrate concentration). The y axis is the ratio of fluorescence enhance-
ment. The protocol for the experiment is described in a previous publica-
tion.2®

Conclusions

In conclusion, we have characterized a uranyl ion-specific DNA-
zyme in terms of sequence alignment, enzyme mutation,
metal-binding affinity, specificity, multiple turnover properties
and pH-rate profile. Because the G-A pair next to the scissile
site is found to be important for the uranyl ion-specific DNA-
zyme, similar to the G-T wobble base pair in the Pb"-specific 8-
17 DNAzyme, wobble pairs might be important for formation
of metal-specific metal-binding sites. While many DNAzyme se-
lections have been performed with alkaline earth metals such
as Mg" and Ca" and transition metals such as zZn", Co", Mn",
Cu", and Pb" as cofactors, this is the first example of using an
actinide as a metal cofactor. It further demonstrates that the
selection method can be broadly applied to many metal ions
of choice. The extremely high sensitivity and selectivity of the
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fluorescent uranyl ion sensor can be traced to the strong
uranyl ion binding affinity and specificity. The optimal pH for
the DNAzyme activity matches the pH at which in vitro selec-
tion was carried out, further demonstrating that in vitro selec-
tions can be tailored to obtain DNAzymes with optimal perfor-
mance at specific conditions where practical applications are
required.

Experimental Section

Materials: All DNA samples were purchased from Integrated DNA
Technologies (Coralville, 1A, USA) and were purified by polyacryl-
amide gel electrophoresis (PAGE) or HPLC. Uranium acetate dihy-
drate was purchased from Fisher Scientific and was dissolved in a
50 mm stock solution in water or in sodium citrate (100 mm). Dilu-
tions were made in water. Procedures for selection were described
in a previous publication and are not repeated here.” Except for
the in vitro selection experiment, most biochemical assays were
performed in the absence of citrate. To make the MES buffer (2-[N-
morpholinolethane sulfonic acid), solutions of ultrapure MES mon-
ohydrate and MES sodium salt (from Sigma) were made with Milli-
pore water (500 mm). The solutions were treated overnight with
Chelex beads (iminodiacetic acid, from Sigma) to remove any diva-
lent metal ions present. The solutions were then mixed to obtain
the proper pH, and the resulting buffer was then filtered with a
syringe filter (0.2 pm).

Biochemical assays: The 39S substrate was 5"-labeled with yAT*?P
(GE Healthcare) by using T4 kinase from Invitrogen. The enzyme
and substrate were annealed in a water bath (65 °C) for 2 min and
were then cooled to room temperature in 20 min to equilibrate to
that temperature. All assays were performed at room temperature.
Single-turnover assays were conducted with *?P-labeled substrate
(final concentration approximately 1 nm). The final concentration
of enzyme was 2 um for all assays, unless indicated otherwise. MES
(50 mm, pH 5.5) with NaNO, (300 mm). was used as a buffer. After
annealing the solution of enzyme and substrate and allowing the
solutions to equilibrate to room temperature, an aliquot (2 uL) of
the solution was taken out and added to stop solution (10 pL,
50 mm EDTA, 8 M urea, 90 mm Tris, 90 mm boric acid, 0.05% xylene
cyanol, and 0.05% bromophenol blue) as a control to indicate the
extent of cleavage before the reaction was initiated. The reaction
was initiated by addition of an equal volume of a solution of
UO,*" to the enzyme-substrate solution. At various predetermined
time-points, an aliquot (2 pL) of the reaction mixture was added to
stop solution (10 uL) in a 96-well plate. The uncleaved substrate
and cleaved products were separated by denaturing polyacryl-
amide gel electrophoresis (20%) and quantified by a Molecular Dy-
namics Storm 430 phosphorimager (from Amersham Biosciences).
The percent product at time t, %P, was calculated by dividing the
amount of cleavage product by the total amount of substrate plus
product, after subtraction of background radioactivity in the gel.
Kinetic curves were plotted by using SigmaPlot and fit to Equa-
tion (1):

%P, = %Py + %P..(1—e ™ ) (1

in which %P, is the initial percent product (at t=0), %P, is the per-
cent product at the endpoint of the reaction (t) , and k is the rate
constant of cleavage. The enzyme-dependent activities were ana-
lyzed by plotting k., (in min~') versus enzyme concentration and
fitting the resulting curve to Equation (2)
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kobs = kcat[E]/(KM/ + [ED (2)

in which k., is the second-order rate constant, and k, is the
pseudo-first-order rate constant under steady-state conditions. Kj,’
is the Michaelis-Menten constant that was determined under
single-turnover conditions. For the pH-dependent enzyme activity
study, logk,,, was plotted as a function of pH. The data points
were fit to a line (y=ax-+ b) where a is the slope of the line.

Acknowledgements

This work has been supported by the Office of Science (BER), U. S.
Department of Energy, Grant No. DE-FG02-08ER64568, and the U.
S. National Science Foundation (CTS-0120978, DMR-0117 792, and
DMI-0328162).

Keywords: bioinorganic chemistry - biotechnology - DNA
cleavage - DNAzymes - selection - uranyl ion

[11 K. Kruger, P.J. Grabowski, A.J. Zaug, J. Sands, D.E. Gottschling, T.R.

Cech, Cell 1982, 31, 147-157.

C. Guerrier-Takada, K. Gardiner, T. Marsh, N. Pace, S. Altman, Cell 1983,

35, 849-857.

R. R. Breaker, G. F. Joyce, Chem. Biol. 1994, 1, 223-229.

Y. Lu, Chem. Eur. J. 2002, 8, 4588-4596.

1 V. J. DeRose, Curr. Opin. Struct. Biol. 2003, 13, 317-324.

E. Freisinger, R. K. O. Sigel, Coord. Chem. Rev. 2007, 251, 1834-1851.

7] R. K. O. Sigel, A. M. Pyle, Chem. Rev. 2007, 107, 97.

8] R.R. Breaker, Nat. Biotechnol. 1997, 15, 427-431.

9] D. Sen, C. R. Geyer, Curr. Opin. Chem. Biol. 1998, 2, 680-687.

[10] G.F. Joyce, Annu. Rev. Biochem. 2004, 73, 791-836.

[11] J. C. Achenbach, W. Chiuman, R. P. G. Cruz, Y. Li, Curr. Pharm. Biotechnol.
2004, 5, 321-336.

[12] S. K. Silverman, Nucleic Acids Res. 2005, 33, 6151-6163.

[13] A.K. Brown, J. Li, C. M. B. Pavot, Y. Lu, Biochemistry 2003, 42, 7152-
7161.

[14] J. Li, W. Zheng, A. H. Kwon, Y. Lu, Nucleic Acids Res. 2000, 28, 481-488.

[15] P. Bruesehoff, J. , J. Li, A. J. Augustine, Y. Lu, Comb. Chem. High Through-
put Screening 2002, 5, 327-335.

[16] Z. Liu, S.H.J. Mei, J.D. Brennan, Y. Li, J. Am. Chem. Soc. 2003, 125,
7539-7545.

[17] S. W. Santoro, G. F. Joyce, K. Sakthivel, S. Gramatikova, C. F. Barbas, Il
J. Am. Chem. Soc. 2000, 122, 2433-2439.

[18] M. Hollenstein, C. Hipolito, C. Lam, D. Dietrich, D. M. Perrin, Angew.
Chem. 2008, 120, 4418-4422; Angew. Chem. Int. Ed. 2008, 47, 4346-
4350.

[19] B. Cuenoud, J. W. Szostak, Nature 1995, 375, 611-614.

[20] N. Carmi, L. A. Shultz, R. R. Breaker, Chem. Biol. 1996, 3, 1039-1046.

[21] N. Carmi, H.R. Balkhi, R. R. Breaker, Proc. Natl. Acad. Sci. USA 1998, 95,
2233-2237.

22] J. Li, Y. Lu, J. Am. Chem. Soc. 2000, 122, 10466-10467.

23] J. Liu, Y. Lu, J. Am. Chem. Soc. 2003, 125, 6642-6643.

24] J. Liy, Y. Lu, J. Am. Chem. Soc. 2007, 129, 9838-9839.

25] J. Liu, Y. Lu, Angew. Chem. 2007, 119, 7731-7734; Angew. Chem. Int. Ed.
2007, 46, 7587-7590.

[26] Y. Shen, G. Mackey, N. Rupcich, D. Gloster, W. Chiuman, Y. Li, J. D. Brenn-
an, Anal. Chem. 2007, 79, 3494-3503.

[27] J. Elbaz, B. Shlyahovsky, I. Willner, Chem. Commun. (Cambridge) 2008,
1569-1571.

[28] J. Liu, A. K. Brown, X. Meng, D. M. Cropek, J. D. Istok, D. B. Watson, Y. Lu,
Proc. Natl. Acad. Sci. USA 2007, 104, 2056-2061.

[29] B. Gongalsky Konstantin, Environ. Monit. Assess. 2003, 89, 197-219.

[30] P. Zhou, B. Gu, Environ. Sci. Technol. 2005, 39, 4435-4440.

[31] S.C. Sheppard, W. G. Evenden, Arch. Environ. Contam. Toxicol. 1992, 23,
117-124.

[32] Y. M. Hou, P. Schimmel, Nature 1988, 333, 140-145.

[2

3
4
5
6

[
[
!
[
[
[
[

491

www.chembiochem.org



http://dx.doi.org/10.1016/0092-8674(82)90414-7

http://dx.doi.org/10.1016/1074-5521(94)90014-0

http://dx.doi.org/10.1002/1521-3765(20021018)8:20%3C4588::AID-CHEM4588%3E3.0.CO;2-Q

http://dx.doi.org/10.1016/S0959-440X(03)00077-0

http://dx.doi.org/10.1016/j.ccr.2007.03.008

http://dx.doi.org/10.1021/cr0502605

http://dx.doi.org/10.1038/nbt0597-427

http://dx.doi.org/10.1016/S1367-5931(98)80103-8

http://dx.doi.org/10.1146/annurev.biochem.73.011303.073717

http://dx.doi.org/10.2174/1389201043376751

http://dx.doi.org/10.2174/1389201043376751

http://dx.doi.org/10.1093/nar/gki930

http://dx.doi.org/10.1021/bi027332w

http://dx.doi.org/10.1021/bi027332w

http://dx.doi.org/10.1093/nar/28.2.481

http://dx.doi.org/10.1021/ja035208+

http://dx.doi.org/10.1021/ja035208+

http://dx.doi.org/10.1021/ja993688s

http://dx.doi.org/10.1002/ange.200800960

http://dx.doi.org/10.1002/ange.200800960

http://dx.doi.org/10.1002/anie.200800960

http://dx.doi.org/10.1002/anie.200800960

http://dx.doi.org/10.1038/375611a0

http://dx.doi.org/10.1016/S1074-5521(96)90170-2

http://dx.doi.org/10.1073/pnas.95.5.2233

http://dx.doi.org/10.1073/pnas.95.5.2233

http://dx.doi.org/10.1021/ja0021316

http://dx.doi.org/10.1021/ja034775u

http://dx.doi.org/10.1021/ja0717358

http://dx.doi.org/10.1002/ange.200702006

http://dx.doi.org/10.1002/anie.200702006

http://dx.doi.org/10.1002/anie.200702006

http://dx.doi.org/10.1021/ac070235u

http://dx.doi.org/10.1073/pnas.0607875104

http://dx.doi.org/10.1023/A:1026031224658

http://dx.doi.org/10.1021/es0483443

http://dx.doi.org/10.1038/333140a0

www.chembiochem.org



BIO

[33] J. H. Cate, J. A. Doudna, Structure 1996, 4, 1221-1229.

[34] G. Varani, W. H. McClain, EMBO Rep. 2000, 1, 18-23.

[35] K. Schlosser, J. Gu, L. Sule, Y.F. Li, Nucleic Acids Res. 2008, 36, 1472-
1481.

[36] U. Nagaswamy, N. Voss, Z. D. Zhang, G. E. Fox, Nucleic Acids Res. 2000,
28, 375-376.

[37] J. Nowakowski, P.J. Shim, G.S. Prasad, C.D. Stout, G.F. Joyce, Nat.
Struct. Biol. 1999, 6, 151-156.

[38] J. Liy, Y. Lu, J. Am. Chem. Soc. 2002, 124, 15208-15216.

[39] H.-K. Kim, J. Liu, J. Li, N. Nagraj, M. Li, C. M. B. Pavot, Y. Lu, J. Am. Chem.
Soc. 2007, 129, 6896-6902.

[40] H.-K. Kim, I. Rasnik, J. W. Liu, T. J. Ha, Y. Lu, Nat. Chem. Biol. 2007, 3, 763—
768.

[41] T. Pan, B. Dichtl, O. C. Uhlenbeck, Biochemistry 1994, 33, 9561-9565.

Y. Lu et al.

[42] S.W. Santoro, G. F. Joyce, Biochemistry 1998, 37, 13330-13342.

[43] S.W. Santoro, G. F. Joyce, Proc. Natl. Acad. Sci. USA 1997, 94, 4262-4266.

[44] P.E. Nielsen, C. Hiort, S. H. Sonnichsen, O. Buchardt, O. Dahl, B. Norden,
J. Am. Chem. Soc. 1992, 114, 4967-4975.

[45] N. Carmi, R. R. Breaker, Bioorg. Med. Chem. 2001, 9, 2589-2600.

[46] C. Moulin, P. Decambox, V. Moulin, J. G. Decaillon, Anal. Chem. 1995, 67,
348-353.

[47] M.T. Nunes, V. M. S. Gil, Inorg. Chim. Acta 1987, 129, 283-287.

[48] E.H. Bailey, J. F. W. Mosselmans, P.F. Schofield, Chem. Geol. 2005, 216,
1-16.

Received: September 22, 2008
Published online on January 13, 2009

492

www.chembiochem.org

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

ChemBioChem 2009, 10, 486 — 492



http://dx.doi.org/10.1016/S0969-2126(96)00129-3

http://dx.doi.org/10.1093/embo-reports/kvd001

http://dx.doi.org/10.1093/nar/gkm1175

http://dx.doi.org/10.1093/nar/gkm1175

http://dx.doi.org/10.1093/nar/28.1.375

http://dx.doi.org/10.1093/nar/28.1.375

http://dx.doi.org/10.1021/ja027647z

http://dx.doi.org/10.1021/ja0712625

http://dx.doi.org/10.1021/ja0712625

http://dx.doi.org/10.1038/nchembio.2007.45

http://dx.doi.org/10.1038/nchembio.2007.45

http://dx.doi.org/10.1021/bi00198a023

http://dx.doi.org/10.1021/bi9812221

http://dx.doi.org/10.1073/pnas.94.9.4262

http://dx.doi.org/10.1021/ja00039a003

http://dx.doi.org/10.1016/S0968-0896(01)00035-9

http://dx.doi.org/10.1021/ac00098a019

http://dx.doi.org/10.1021/ac00098a019

http://dx.doi.org/10.1016/S0020-1693(00)86676-1

http://dx.doi.org/10.1016/j.chemgeo.2004.10.011

http://dx.doi.org/10.1016/j.chemgeo.2004.10.011

www.chembiochem.org




DOI: 10.1002/cbic.200800469

Enhanced Cellular Uptake and Cytotoxicity Studies of
Organometallic Bioconjugates of the NLS Peptide in

Hep G2 Cells

Fozia Noor,” Ralf Kinscherf,™ Gabriel A. Bonaterra,® Steffen Walczak,'@ Stefan Wolfl,' and

Nils Metzler-Nolte*!

Intracellular delivery to biomolecular targets is still a major chal-
lenge in molecular and cell biology. We recently found that at-
taching an organometallic group, namely the cobaltocenium
cation, to the SV 40 large Tantigen nuclear localisation signal
(NLS) greatly enhances cellular uptake of the conjugate (Noor
et al., Angew. Chem. Int. Ed. 2005, 45, 2429). In addition, nucle-
ar localisation of the conjugate was observed. In this work, we
present a thorough investigation of this novel cellular delivery
system with respect to the nature of the metal complex and the
peptide sequence. A number of ferrocene ((Fe"), neutral metal
complex) and cobaltocenium ((Co"), cationic metal complex) bio-
conjugates with both the NLS wild-type sequence PKKKRKV and a
scrambled sequence (NLS,., KKVKPKR) were prepared by solid-
phase peptide synthesis (SPPS). Cellular and nuclear uptake of
these bioconjugates was studied by fluorescence microscopy on
living Hep G2 cells. In addition, cytotoxicity screening on the con-
jugates was carried out, as the toxic effects of several simple met-
allocenes have been noted previously. Rapid cellular uptake as
well as nuclear localisation was observed for the metal-NLS con-
jugates, but not for any dipeptide controls, the metal-NLS,., con-
jugates or any metal-free conjugates. It thus appears that the

Introduction

The passage of drugs and gene therapy agents (antisense DNA
or plasmids) through biological barriers such as the cellular or
nuclear membrane still remains a challenge, especially when a
large population of cells is targeted. In gene therapy, the trans-
port of the therapeutic DNA from the cytoplasm into the nu-
cleus is an additional complication. Recent work has led to a
better understanding of the mechanisms involved in the trans-
port of proteins and RNA in and out of the nucleus."™ This
transport involves peptidic nuclear localisation signals (NLSs)
or export signals that bind to nuclear transport proteins
(namely the karyopherins), which mediate their movement in
or out of the nucleus. The mechanism by which NLS delivers
its cargo through the nuclear pore complex has been the sub-
ject of investigation.® NLS peptides have already been used
as carriers to deliver cargo into the cellular nucleus,” " espe-
cially as a nonviral DNA-transfection system. Thus, NLS pep-
tides have been attached covalently"*¥ or noncovalently!>2
to DNA. Conjugates of the NLS peptide with peptide nucleic
acid oligomers (PNA) were shown to have enhanced antisense
activity.'® In another approach, acridine® or pyrene®® conju-
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presence of a metallocene, but not its charge, and the correct
NLS sequence is essential for cellular uptake. Fluorescence micros-
copy co-localisation studies did not reveal a significant endoso-
mal entrapment of the conjugates. The metallocene not only pro-
vides a hydrophobic handle for membrane translocation but also
facilitates the localisation and distribution of the conjugate in
the cytoplasm. The NLS peptide on the other hand is responsible
for the nuclear localisation of the bioconjugate. Finally, none of
the conjugates were found to be toxic up to the highest concen-
trations that was tested (1 mm) against the Hep G2 cells that
were used in this study. In conclusion, this work supports metallo-
cene-NLS bioconjugates, in particular with the very robust cobal-
tocenium group, as a simple but potent, nontoxic system for cel-
lular uptake and nuclear delivery. Concurrently, our finding is rel-
evant to the still-unresolved question of cytotoxicity of metallo-
cenes because it excludes binding and/or damage to the DNA as
a mechanism of metallocene cytotoxicity. This finding is con-
firmed by a combined yeast cytotoxicity/genotoxicity assay,
which also shows very little toxic effects for all organometal-NLS
conjugates that were tested.

gates were used as intercalating agents with improved nuclear
delivery by the NLS peptide. In other studies, a radiolabelled
monoclonal antibody was shown to be translocated into the
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nuclei of acute myeloid leukaemia cells when conjugated with
NLS,”® and a Rh-intercalator complex with the NLS peptide
was used by Brunner and Barton to target DNA mismatches.””
A recent report from our group indeed shows high cellular
uptake and nuclear localisation of PNA-NLS conjugates with
Co complexes by atomic absorption spectroscopy.?®

However, inefficient entry of NLS conjugates into cells' or
their inability to escape endosomes®®*" has been reported in
live-cell studies and is a major hurdle for the applications that
are described above. One solution to this problem and to en-
hance the cellular uptake of NLS conjugates was to increase
the lipophilicity of the NLS peptide by conjugation to other
peptides or fullerenes.®? However, the fullerene conjugate was
not localised in the nuclei, probably due to its inability to
escape the endosomes.®" We have recently suggested the use
of a novel metal-containing NLS conjugate for cellular delivery.
In this conjugate, an organometallic complex (a so-called met-
allocene), namely the cobaltocenium cation, was covalently
linked to the NLS N terminus. We reasoned that the metallo-
cene moiety might facilitate lipid anchoring and translocation
through the cellular membrane, thereby increasing the cellular
uptake of the conjugates.”™ This chemical strategy is intrigu-
ingly simple because conjugation of the metallocene to the
NLS peptides requires only one single additional step in the
chemical synthesis of the NLS peptide. To the best of our
knowledge, this was the first demonstration of a simple con-
struct of a hydrophobic metallocene with a cationic peptide
that showed both cellular uptake and nuclear localisation after
cytoplasmic distribution. The obvious question arises whether
this was a unique finding or a general principle, and if so,
which factors govern the uptake of metallocene-NLS conju-
gates. We have explored the influence of different metals and
the charge of the metallocenes (Co in the cobaltocenium
cation 2 and Fe in the uncharged ferrocene 1, see Scheme 1)
as well as changes in the NLS amino acid sequence on the cel-
lular uptake and nuclear delivery properties of metallocene-
NLS conjugates.

A generally applicable nuclear delivery system obviously
cannot be toxic. Indeed, conflicting reports exist on the toxicity

17,29]

+

S .- &
| Oxidation ]
Pe —. Fe
Q@ Reduction @

Ferrocene (1, FcH)
18 electrons

Ferrocenium lon (1*, FcH*)
17 electrons

o4

Most stable form I\III OH
<D
<D ’
v Oxidation v M = Fe or Co'
Co —— —77— Co Ferrocene carboxylic acid (3) or
4@; Reduction 4®> cobaltocenium carboxylic acid (4)
Cobaltocene (2, CcH)  Cobaltocenium lon (2*, CcH*)
19 electrons 18 electrons

Most stable form”

Scheme 1. Metallocenes that were used in this study: Ferrocene (1) and co-
baltocene (2) in their oxidised and reduced forms, respectively. For conjuga-
tion to peptides, the carboxylic acid derivatives 3 and 4 were used (see
Scheme 2).
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of the prototype metallocene, ferrocene and its derivatives.
Moreover, even the mechanism of ferrocene cytotoxicity is
presently unclear, and unspecific DNA binding or intercalation,
DNA damage,”* topoisomerase inhibition,* or immediate
attack by ferrocene-generated hydroxide radicals (OH’) on the
cell membranes have been suggested.”® Contradictory to
chemical intuition, the antiproliferative activity seems to be in-
dependent of the redox potentials of the tested compounds.
On the other hand, Neuse and co-workers were able to greatly
enhance the antiproliferative activity of ferrocene by loading
polyamines such as polyaspartamide with ferrocenes.’’=*%
These researchers attribute enhanced activity to improved
aqueous solubility and do not consider the iron oxidation state
(411 or +ll) to be relevant for cytotoxicity.”>*? Clearly, the
question of possible cytotoxicity of metallocene-peptide con-
jugates needs to be addressed if their use in biological applica-
tions is considered. Furthermore, in trying to put all the pieces
of the above-described puzzle together, we have developed
an intriguing hypothesis. If DNA damage (direct binding or by
OH' radical generation) were the mechanism of cytotoxicity of
the metallocenes, then it should be enhanced by direct deliv-
ery of the metallocene into the nucleus of a cell. We use ferro-
cene carboxylic acid and cobaltocenium carboxylic acids as
metal moieties in this study. Although both metal complexes
are similar in size and other properties (see Scheme 1), they
differ significantly in two properties pertinent to this study.
First, the stable cobaltocenium species is a cation, but ferro-
cene is a neutral molecule. Second, cobaltocenium compounds
are inert and redox-inactive under physiological conditions. On
the other hand, ferrocene, which contains iron in the +Il oxida-
tion state is readily oxidised to the ferrocenium cation, which
contains iron in the +IIl oxidation state. This oxidation is rever-
sible and resembles the well-known Fenton cycle for OH" radi-
cal generation by using simple iron ions in aqueous solutions.
If intracellular Fe"/Fe" redox activity is essential for cytotoxicity,
then clearly the ferrocene conjugates should be active, but
cobaltocenium cannot be. Thus, by comparing metallocenes
with different charge and redox behaviour, more mechanistic
insight should be gained not only for the cytotoxicity but also
upon the cellular uptake and nuclear localisation of these met-
allocene-NLS bioconjugates.

Results
Synthesis and characterisation

All bioconjugates were synthesised on solid-phase support by
using the Fmoc strategy. In addition to metallocene conjugates
with NLS or scrambled NLS peptides, conjugates that are
devoid of the metallocenes as well as the metal-containing
truncated peptides were prepared as controls. All of the com-
pounds that were used in this study are compiled in Table 1.
The peptide sequences (NLS or NLS,,) were synthesised either
on a computer-controlled peptide synthesiser or manually by
syringe techniques.*® Wang resin that was preloaded with
Fmoc-Val-OH (0.63 mmolg™") was used for NLS and the trun-
cated metal-dipeptides. For the NLS,., sequence, Wang resin

ChemBioChem 2009, 10, 493 - 502
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Table 1. Metallocene-peptide conjugates used in this study.
Compound Sequence/compound Abbreviation® Mass [gmol™']
caled exp. composition
5 FcC(O)-KPKKKRKV FcC(O)-Lys-NLS 1222.7 12235 [M+4H]*
1246.6 [M+Na]*
6 FcC(O)-K(FITC)PKKKRKV FcC(O)-Lys (FITC)-NLS 1611.74 1614.2 [M+42H]*
7 FcC(O)-K(FITC)V FcC(O)-Lys (FITC)-Val 846.2 847.5 [M+4HI*
869.5 [M+Na]*
885.5 IM4-KT*
8 KKKVKPKR Lys-NLS,, 1010.71 1011.8 IM+H]*
1033.8 [M+Na]*
Lys (FITO-NLS,, 1399.74 1402.2 IM+2H]
14241 [M+Na]*
10 FcC(0)-KKKVKPKR FcC(O)-Lys-NLS, 1222.7 1224.1 [IM+H]*
1246.6 [M+Na]*
1 FcC(O)-K(FITC)KKVKPKR FcC(O)-Lys (FITC)-NLS,,, 1611.74 1614.0 [M+2H]*
12 CcC(0)-KKKVKPKR CcC(O)-Lys-NLS,, 1225.7 1226.9 IM+-+HI*
12489 [M+Na]*
12829 [M+K]*
13 CcC(O)-K(FITC)KKVKPKR CcC(O)-Lys (FITC)-NLS,, 1614.73 1615.9 IM4H]*
1637.8 [M+Na]*
14 KPKKKRKV™®! Lys-NLS 1010.71 1011.9 [M4H]*
15 CcC(0)-KPKKKRKV®! CcC(0)-Lys-NLS 1225.70 1226.5 [M+H]*
16 CcC(O)-K(FITO)V®! CcC(O)-Lys (FITC)-V 849.20 849.3 M+
17 CcC(O)-K(FITC)PKKKRKV™ CcC(O)-Lys (FITC)-NLS 1615.8 1616.3 M+H]*
[a] All free acids on C termini, free amino groups on N termini of nonmetallocene peptides. [b] Previously reported in ref. [33].

preloaded with Fmoc-Arg(Pbf)-OH (0.58 mmolg™") was used. In
all cases, acid-labile linkers were used to generate carboxylic
acid groups at the Ctermini of all bioconjugates upon acid
cleavage. The complete synthetic scheme is exemplified for
the FITC-labelled metallocene-NLS conjugates 6 and 17 in
Scheme 2.

Ferrocene carboxylic acid (3) and cobaltocenium carboxylic
acids (4) were used as metal labels. The metallocene carboxylic
acids could be readily coupled to the peptides on the solid
support. A fluorescent label, fluorescein isothiocyanate (FITC),
was added manually in the last step of synthesis to minimise
its exposure to other reagents during the synthesis. FITC was

SPPS
Fmoc—Va\-o

1) Deprotect Fmoc

2) + [M(Cp)CsH,-CO.H]

1) Deprotect Mmt

2) + FITC
P
Cleave from é?jg 3 Pro—Lys—Lys—Lys—Arg—Lys—Val-OH
solid support @ V4
—_—— NH
8=
NH

‘ CO,H
L)
o o OH

6:M=Fe
17: M = Co’

Scheme 2. Synthesis of metallocene-peptide conjugates as exemplified for compounds 6

(M=Fe) and 17 (M=Co™).
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attached to an orthogonally protected Lys(Mtt) residue. HPLC
chromatograms of most crude bioconjugates showed 989%
purity. Therefore, both the labelling of the bioconjugates with
FITC and the addition of metallocenes on solid-phase support
is a fairly clean and easy-to-handle method.

All bioconjugates were comprehensively characterised by
HPLC, mass spectrometry, NMR spectroscopic methods and
electrochemistry. The mass of each compound was determined
by MALDI-TOF mass spectrometry (Table 1). '"H NMR spectra
were also measured for all bioconjugates. A characteristic fea-
ture is the signals that arise from the cyclopentadienyl rings of
the metallocenes around 4 ppm for ferrocene or 5 ppm for co-
baltocenium conjugates, respectively. The FITC sig-
nals were identified in the aromatic region of the
proton NMR spectra. Signal assignments were car-
ried out with the help of 2D NMR spectra where
necessary. All the metal-containing bioconjugates
were electrochemically active, and their redox po-
tentials were determined by square wave voltamme-

M(Cp)CsH,-CO-Lys(FITC)-Pro-Lys™ Lys"—Lysp—Argp—LysF’-Valo try.

Cellular and nuclear uptake

Cellular uptake was studied on Hep G2 cells, which
are an immortalised human liver cancer cell line. The
uptake was monitored on live cells by fluorescence
microscopy. The ferrocene-NLS bioconjugate 6, at a
concentration of 500 um, was found to be localised
in the nuclei (Figure 1B). Fluorescence microscopy
showed homogenous green fluorescence inside the
cells that was much stronger in the nuclei. Some
point-like fluorescence was also observed, which
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Figure 1. Uptake and distribution of metallocene-NLS bioconjugates.

Hep G2 cells were incubated with test compounds for 24 h. The endosomal
staining was carried out with the endosomal marker FM 4-64 (5 um) for

15 min and the nuclei were stained with Hoechst 33342 dye for 1 min.

A) FM 4-64 in live cells (red fluorescence) and nuclear staining by Hoechst
33342 dye (DAPI filter, blue) for bioconjugate 6 at a concentration of

0.5 mm. B) Distribution of bioconjugate 6 and the endosomal marker FM 4-
64 (merged image). C) FM 4-64 in live cells (red fluorescence) and nuclear
staining by Hoechst 33342 dye (DAPI filter, blue) for bioconjugate 7. D) Dis-
tribution of bioconjugate 7 and Hoechst 33342 (merged image). E) Distribu-
tion of bioconjugate 16 in Hep G2 cells.*®' F) Distribution of bioconjugate 17
in Hep G2 cells.>?

seemed to be mostly extracellular with possibly some small
spot-like fluorescence located inside the cells. By using double
fluorescence microscopy, the endosomal marker FM 4-64 re-
vealed that this bioconjugate was not extensively co-localised
in the endosomes (Figure 1B) after 24 h of incubation. The
same result was observed with the lower concentration
(100 pm) of this compound, although less nuclear localisation
was also observed; this indicates a concentration-dependent
availability of the free bioconjugate in the cytosol for its nucle-
ar translocation. In addition, the control compound 7, FcC(O)-
Lys(FITC)-Val-OH accumulated neither in the cytoplasm nor in
the nuclei. This result is consistent with our previous study.®
Most probably, the truncated dipeptide entered the cells to
some extent by passive diffusion, but was not sufficiently accu-
mulated to be visible inside the cells. In this case, bright dot-
like fluorescence was observed outside the cells (Figure 1D).
The NLS peptide alone is unable to enter intact cells.?">*

Furthermore, we set out to determine the role of the NLS
peptide upon cellular uptake and nuclear localisation. For this
purpose, we used the scrambled sequence of the NLS
(KKVKPKR) reported by Cutrona et al.,*¥ which was shown to
be unable to target the nuclei of the cells. The nuclear localisa-
tion function of the NLS is essentially dependent on the pres-
ence of Lys128/7 Various scrambled sequences of NLS in
which Lys128 is replaced by other amino acids have been
shown to be unable to enter cells and translocate into their
nuclei.[29'46'47]

Ferrocene (11) and cobaltocenium conjugates (13) of the
scrambled NLS sequence, both labelled with FITC, were stud-
ied along with a metal-free, FITC-labelled scrambled peptide 9.
All three compounds 9, 11 and 13 showed similar behaviour.
They were not taken up by intact Hep G2 cells, nor were they
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distributed in the cytoplasm, and no nuclear localisation was
observed in the concentrations that were tested (500 um and
100 um). Some bright green spots were seen, which is proba-
bly due to the tendency of these compounds to adhere to the
cell membrane (Figure 2).

Figure 2. Uptake and distribution of metallocene-NLS,, bioconjugates.
Hep G2 cells were incubated with test compounds for 24 h. Pictures shown
for 0.5 mm concentration. The endosomal staining was carried out with the
endosomal marker FM 4-64 (5 um) for 15 min and the nuclei were stained
with Hoechst 33342 for 1 min. A) Distribution of bioconjugate 9, the endo-
somal marker FM 4-64 and Hoechst 33342 (merged image). B) Distribution
of bioconjugate 9 and Hoechst 33342 (merged image). C) Distribution of
bioconjugate 11, the endosomal marker FM 4-64 and Hoechst 33342
(merged image). D) Distribution of bioconjugate 11 and Hoechst 33342
(merged image). E) FM 4-64 in live cells (red fluorescence) and nuclear stain-
ing with Hoechst 33342 (DAPI filter, blue) for bioconjugate 13. F) Distribu-
tion of bioconjugate 13 and Hoechst 33342 (merged image).

Cytotoxicity

It should be noted that none the compounds that were tested
for uptake studies appeared to have a toxic effect on the
Hep G2 cells by visual inspection of cells during the above
experiments. (For example, no irregular cell membrane or con-
densation of chromatin material by DAPI staining was ob-
served). Cell integrity was further assured by incubating the
cells with propidium iodide, which was not taken up by the
cells in any of the experiments (data not shown). As an initial
overview screening, a combined cytotoxicity—genotoxicity test
on transformed yeast strains was carried out. Briefly, this test is
based on yeast strains that carry reporter plasmids that express
a green fluorescent protein (YEGFP) under the control of the
promoters for the genes RNR2 and RAD54, which are induced
in response to genotoxic DNA damage, and a control strain in
which GFP is not expressed due to a frameshift mutation.*s*”
The tests were performed in black 96-well microplates for opti-
mal fluorescence detection. All substances were tested in serial
dilutions by starting from 2 mm stock solutions of the test
compounds (in 4% (v/v) agueous DMSO); the final concentra-
tion ranged from 1.0 mm to 0.002 mm. Measurements were
carried out with a fluorescence/absorption reader and fluores-
cence measurements were corrected for optical density (for
details see the Supporting Information). The results were classi-
fied as inactive, weak positive and strong positive. For the
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latter two, the lowest effective concentration (LEC) at which
GFP fluorescence was detectable was given (Table S1). The
cobaltocenium conjugate 15 was completely inactive in this
assay, whereas the ferrocene conjugate 5 was weakly active on
the RNR2 transformed strain (LEC=1 mwm). However, even the
nonmetallated compound 14 showed weak cytotoxicity on
both strains. From this preliminary screen, we conclude that
there is no metal-based toxicity in these metal-NLS conju-
gates.

After this initial screening, cytotoxicity was determined on
the Hep G2 cells that were used in this work for compounds 5,
8, 10, 12, 14 and 15. For this purpose, we used the WST-1
assay as an easy, nonradioactive, spectrophotometric quantifi-
cation of cell growth and viability.®” At the same time, the
crystal violet cell quantification assay®” was performed after
the WST-1 assay to determine the remnant number of adher-
ent cells. A Hep G2 standard population curve was drawn by
using different cell populations and their treatment with crystal
violet to determine the number of cells that are required for
this dual assay (Figure S1). Similarly, another curve was drawn
to determine the optimal time of incubation with WST-1 for
Hep G2 cells (Figure S2). In the cytotoxicity assay, cells were
incubated with WST-1 reagent at 37°C, and the absorbance
was measured every 30 min for 4 h. In the end, the readings
were further corrected by quantification of adherent cells as
determined by the CV assay (Figure S3).

In the cases of K-NLS (14), Cc(CO)-K-NLS (15) and Fc(CO)-K-
NLS (5), in all of the tested concentrations (0.1, 0.5 and 1 mm)
no statistically significant difference was observed on the pro-
liferation rate of the Hep G2 cells, as compared with the con-
trol (Figure S3). Similarly, in case of K-NLS, (8) and FcC(O)-K-
NLS,., (10), no statistically significant difference was found with
respect to the control at concentrations of 0.1, 0.5 and 1 mm.
However, in case of CcC(O)-K-NLS,, (12) a slight increase in
cell numbers was found in comparison with the control in con-
centrations of 0.5 and 1 mwm; this indicates a stimulatory effect
of this compound on the metabolic activity of the Hep G2
cells. No significant effect was observed at 0.1 mm concentra-
tion for this compound.

Discussion

For nuclear delivery of a given conjugate into intact living
cells, two major obstacles need to be considered: 1) The cellu-
lar internalisation by direct translocation in an energy-inde-
pendent manner or through endocytosis where escape from
endosomes is essential for translocation into various cellular
compartments and 2) passage through the nuclear envelope
into the nuclei.

The cellular internalisation of cationic cell penetrating pep-
tides (CPPs) is dependent on lipophilic interactions on the cell
surface which lead to direct entry by diffusion or endocytosis.
The exact mechanism by which the cationic NLS conjugates
gain cellular entry is controversial. Recent work suggests, how-
ever, that artificial redistribution, at least on some if not all, cat-
jonic peptides might occur upon fixation.®? Our studies were
therefore entirely carried out on live cells. On the other hand,
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the practical utility of CPPs as transfection agents in general is
hampered by their inability to escape the endosomes.”® Re-
lease from endosomes is a complex process which depends on
the physicochemical properties of the endocytosed material.>”
Facilitated endosomal release can be achieved by endosomo-
lytic agents like chloroquine,” Ca""® sucrose,”” and polyion
complex micelles®® or laser illumination® and other photo-
chemical internalisation treatments.®” Once translocated
across the cellular membrane and distributed in the cytoplasm,
the nuclear delivery of NLS peptides such as the SV40 large
Tantigen NLS (PKKKRKV) that was used in this study occurs in
an energy-dependent way. This transport is tightly controlled
at multiple levels® and depends upon the permeability of the
nuclear pore complexes at a given stage in cell cycle®” as well
as the ratio of these pore complexes available for entry.®”

The present study significantly extends our previous work in
which we reported that a cobaltocenium bioconjugate was
showing enhanced cellular uptake and nuclear localisation.®*
Based on this observation, we analysed the effect of the metal-
locene as well as the peptide upon cellular uptake and nuclear
localisation. Thus, conjugates with the cobaltocenium moiety
were compared to conjugates in which the cobaltocenium
group was replaced by ferrocene, which is geometrically very
similar except that it lacks the positive charge. With the ferro-
cene conjugates of NLS we obtained similar results as for the
cobaltocenium-NLS conjugate. At concentrations of 500 um
and 100 pum, the bioconjugates were not only taken up by
intact live cells, but was also localised in the nuclei. Previous
reports on live cells have suggested that the NLS does gain
entry through endosomes.*®%% After internalisation of our
ferrocene-NLS bioconjugate, we could not observe any coloc-
alisation of this compound in the endosomes after 24 h of in-
cubation. Possibly the endosomes were permeable, the com-
pound was quickly released from the endosomes, and then lo-
calised in the nuclei. It might also be possible that the internal-
isation occurred in an endocytosis-independent manner or by
yet another mechanism in addition to the endocytotic path-
way. To further characterise the role of the metallocenes, we
tested the fluorescently-labelled metallocene dipeptides 7 and
16 as controls. These compounds are not observed inside the
cells. In addition, they were not found to have nuclear localisa-
tion. This finding is highly relevant because dipeptide conju-
gates such as 7 and 16 are far more lipophilic than the K-rich
NLS conjugates. Lipophilicity alone is therefore not an impor-
tant factor for cellular uptake of metallocene-peptide conju-
gates.

The role of the NLS in nuclear localisation was further inves-
tigated by using a scrambled peptide sequence that was con-
jugated with the metallocenes. The scrambled sequence
(KKVKPKR) was reported as nonfunctional because it is unable
to reach the nucleus even when it is localised in the cyto-
plasm.B+2447 The bioconjugates of cobaltocenium and ferro-
cene with NLS,, were totally different in their behaviour to-
wards cellular uptake and nuclear localisation when compared
with the wild-type NLS conjugates. These conjugates not only
did not gain entry into the nuclei but were also unable to
enter the intact cells. Rather, they showed a tendency to
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clump together and adhere to the outer membrane, which
was seen as bright fluorescence outside the cells. These results
are surprising because they imply that the correct NLS amino
acid sequence is essential not only for nuclear distribution but
also for the uptake of these compounds into the cells in the
first place. The wild-type metal-free NLS sequence with an ad-
ditional lysine residue at the N terminus was unable to enter
the cells;®¥ this is in line with the finding that NLS alone lacks
the ability to cross the cell membrane.’"” We thus conclude
that the combination of metallocene and the correct NLS se-
quence is necessary for the effects that we observed.

Naturally, all conjugates in this study were FITC-labelled for
fluorescence microscopy. It is thus impossible to assess the
influence of the fluorescence dye on cellular uptake. On the
other hand, because FITC conjugates were used throughout,
its presence is not pertinent to the metal or peptide-specific
effects that are discussed herein.

In summary, the metal moiety helps the NLS to gain entry
into the cells and the NLS is then responsible for shuttling
inside the nuclei. The metallocene does play a role in the cellu-
lar uptake, and its charge does not lead to any drastic conse-
quences upon the uptake. If endosomal uptake is involved,
then the metallocene seems to play an important role in the
rapid escape of these bioconjugates from the endosomes.

Although the antitumour activity of some ferrocene deriva-
tives has been repeatedly reported in a number of studies, the
site or mechanism of action still remains elusive. Another ob-
jective of our study was to obtain insight into the mechanism
of action by directing the metallocene to one of the proposed
sites of activity, namely the nuclear DNA. To this end, the first
step was to confirm that the compounds do reach the nuclear
target to validate the proposed mechanisms of direct DNA in-
teraction or DNA damage by radical generation. Thus, fluores-
cently labelled conjugates were monitored for their uptake
and nuclear localisation as described above. When the cells
were visually inspected, they retained their smooth membrane
structures and excluded propidium iodide. DAPI staining did
not show condensation of the chromatin material, which
would be an indication of DNA-mediated toxicity. Secondly, we
screened nonfluorescent compounds in a WST/CV dual assay
for cytotoxicity. None of our compounds was found to be
cytotoxic in the tested concentrations or up to 1 mm. Com-
pound 12 even had a slight stimulatory effect on the prolifera-
tion in concentrations of 0.5 mm and 1 mm. It can be conclud-
ed that the neutral ferrocene bioconjugate (Fe") as well as the
cationic cobaltocenium bioconjugate (Co") are nontoxic when
they are localised in the nuclei. We assume that ferrocene-NLS
bioconjugate remains in the reduced state (Fe") during the
experiments. A previous study showed that ferrocene-lipid
conjugates in the reduced form were taken up better than the
oxidised ferrocenium conjugates.®’

With regard to the mechanism of cytotoxicity of the metallo-
cenes that were investigated in this study, two conclusions can
be drawn. First, the charge of the metallocene does not play a
role; that is, the unspecific interaction of a positively charged
cobaltocenium cation with the polyanionic DNA can probably
be discounted. Second, the difference in redox properties does
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not play a role for cytotoxicity either. However, this second
conclusion is, of course, strictly true only under the assumption
that the metallocenes are placed inside cells, or more specifi-
cally inside the cellular nuclei. A recent suggestion puts for-
ward the extracellular generation of OH’ radicals, followed by
damage to the cell membrane lipids as a possible cause for
the cytotoxicity of the ferrocenium ion. In line with this, earlier
reports have claimed a lack of activity for neutral ferrocene de-
rivatives.*®*%7" ooking at the problem from a different angle,
our present study supports these reports. No significant activi-
ty could be found in the combined yeast cytotoxicity—-genotox-
icity assay either.

The convenience of metallocene-NLS bioconjugates is that
the metallocene moieties are robust and fairly stable to work
with; this makes them worthy candidates in bioorganometallic
chemistry. In addition, the ease of synthesis, the simplicity and
nontoxicity of the molecules make these bioconjugates ex-
tremely interesting as vectors for drug delivery or as carriers in
biotechnology. It may be noted that while both metal com-
plexes show comparable results, the cobaltocenium conjugate
might have an advantage due to its greater robustness, redox
inactivity and a clean record for nontoxicity. The potential of
metallocenes as organometallic labels to biomolecules remains
far from being completely exploited. Further studies on the
use of metallocene-peptide bioconjugates are underway in
our laboratory.

Experimental Section

General methods and materials: The peptides were synthesised
by using routine methods of solid-phase peptide synthesis on an
Eppendorf automatic synthesiser. DMF for peptide synthesis
(amine-free) was purchased from Roth Chemicals (Karlsruhe, Ger-
many). All other solvents were reagent grade unless otherwise
specified. All amino acids and resins were purchased from Nova-
biochem (Laufelfingen, Switzerland), and pure L-amino acids were
used throughout. Other reagents or chemicals were purchased
from Sigma-Aldrich and used as received. FITC was purchased
from Fluka Chemicals. The synthesis and full characterisation of
compounds 14-17 was described previously.®*

Mass spectra (MALDI-TOF) were measured on a Bruker Biflex Instru-
ment in the mass spectrometry laboratory at the Institute of
Organic Chemistry at the University of Heidelberg. NMR spectra
were measured at room temperature on Bruker DRX 300 ('H at
300.13 MHz) and Varian Unity 400 (‘H at 399.90 MHz) instruments.
Square wave voltammograms were obtained with a three-elec-
trode cell on a Princeton Applied Research Basic Electrochemical
System Potentiostat (Princeton, USA). An Ag/AgCl (0.01m AgCl in
MeCN) reference electrode, a glassy carbon disk working electrode
with 2 mm diameter and a Pt wire auxiliary electrode in MeCN that
contained 0.1m tetrabutylammonium hexafluorophosphosphate
(TBAPF,; Sigma-Aldrich) as a supporting electrolyte were used. Fer-
rocene was used as an internal standard.

Analytical HPLC was carried out on a Varian Prostar Instrument by
using a RP Varian Dynamax analytical column (C18 microsorb 60 A,
diameter 4.5 mm, 250 mm length) by using either method A or
method B. Method A: Linear gradient; 5-95% MeCN in 20 min, elu-
ents: H,0 and MeCN both containing 0.1% TFA). Method B: Linear
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gradient; 5-95% MeOH in 25 min, eluents: H,O containing 0.1 %
TFA and MeOH).

Purifications were done on a preparative column (C18 microsorb
60 A, diameter 21.4 mm, 250 mm length).

Solid-phase peptide synthesis: All the bioconjugates were syn-
thesised by using standard SPPS methods, by using the Fmoc
strategy. Wang resin that was preloaded with Fmoc-Val-OH
(0.63 mmolg ") was used for NLS bioconjugates and for the trun-
cated peptide. In the case of NLS,., sequence, Wang resin that was
preloaded with Fmoc-Arg(Pbf)-OH (0.58 mmolg™") was used. The
resin was swelled in DMF for 1 h. Fmoc groups were cleaved by
using 20% piperidine in DMF. Amino acids (3 equiv) along with O-
(Benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium  tetrafluoroborate
(TBTU; 3 equiv) and 1-hydroxy-benzotriazole (HOBt) as coupling
reagents were used to synthesise the peptide part of the biocon-
jugates. N,N-Diisopropylethylamine (Sigma-Aldrich) was used as a
base, and the activation time was one minute. After the NLS
(PKKKRKV) and NLS,, (KKVKPKR) sequence, another lysine (Fmoc-
Lys(Mtt)-OH) was used as a linker and carrier of the fluorescent
label for compounds 6, 7, 9, 11 and 13. The side-chain of the
linker lysine was used for labelling with FITC. The terminal amino
group was used to carry the metal moiety, which was coupled by
using the standard method on the solid-phase support (by using
3 equiv of cobaltocenium carboxylic acid or ferrocene carboxylic
acid, 3 equiv of TBTU and 3 equiv of HOBt). Upon successful cou-
pling of the metal complex (3 or 4) to the peptide, the resin
changed colour from off-white to orange or yellow, respectively.

For metal-containing compounds, the metallocene was coupled to
the peptide chain on the resin prior to labelling with FITC. The
resin was washed with DMF to remove impurities and after wash-
ing with CH,Cl,, it was shrunk by using MeOH for efficient removal
of the Mtt group. The side-chain Mtt group was removed with 1%
TFA in CH,Cl, (by using 5% TIS in the cleavage mixture). The resin
was treated with the cleavage mixture (2 mL) for 2 min, and this
step was repeated (5x). The resin was washed with CH,Cl, and
again swelled for 30 min in DMF. The resin was then shaken with a
solution of FITC in DMF and iPr,EtN at room temperature for 4 h.

At the end of the synthesis, the resin was washed repeatedly with
DMF, CH,Cl, and finally shrunken with MeOH. The resin was thor-
oughly dried over KOH under vacuum overnight prior to cleavage
of the bioconjugate. Cleavage from the resin was achieved with
95% TFA, 2.5% TIS and 2.5% H,O for 3 h in case of nonmetal and
cobaltocenium-containing bioconjugates. Due to the sensitivity of
ferrocene to harsh acidic conditions the cleavage mixture for ferro-
cene-containing compounds consisted of 10% phenol and 5%
H,O in TFA. The cleaved bioconjugates were filtered and precipitat-
ed from the filtrate upon addition of cold Et,0. The precipitated
product was dried and lyophilised. The crude yield was quantita-
tive in all cases. Purification was achieved by preparative HPLC.
Compounds 14-17 were reported earlier.**

Uptake studies, materials: An immortalised human liver cancer
cell line (Hep G2) was used in this study, which was purchased
from the Deutsche Sammlung von Mikroorganismen und Zellkultu-
ren GmbH (DSMZ, Braunschweig, Germany). All materials for cell
culture were purchased from Invitrogen Corporation (Karlsruhe,
Germany) unless otherwise specified. The culture medium was sup-
plemented with 10% fetal bovine serum (FBS, not heat inactivated,
which was purchased from PAA Lab., Célbe, Germany) penicillin
(100 UmL™"), streptomycin (100 pgmL™"), and glutamine (2 mm)
and will be designated as medium A from henceforth. The
RPMI 1640 medium without FBS was supplemented with penicillin
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(100 UmL™"), streptomycin (100 pgmL™"), and glutamine (2 mm)
and will be referred as medium B in later descriptions. Dubecco’s
phosphate buffered saline for washing and trypsin—-EDTA solution
for trypsinisation were obtained from Sigma-Aldrich. Trypan blue
for cell counting and viability checking was purchased from Serva
Feinbiochemika, (Heidelberg, Germany). Gelatine for coating of
plates and coverslips was from Riedel-de-Haén AG (Seelze, Germa-
ny).

Cell culture and microscopy for uptake: Hep G2 cells were main-
tained in medium A at 37°C in a humidified incubator in an atmos-
phere that contained 5% CO,. For experiments and microscopy,
cells were seeded at 7.5x 10 cells/well on cover slips that were
coated with 0.2% gelatine for 6 h. The cells were incubated over-
night in medium A. Before incubation with the test compounds,
the cells were starved for 30 min in medium B. Hep G2 cells were
then incubated with compounds 6, 7, 9, 11 and 13 in concentra-
tions of 0.5 mm and 0.1 mm for 24 h at 37°C in a humidified incu-
bator (5% CO,). After treatment, cells were washed with medium A
(2x) and with 10 mm phosphate-buffered saline (PBS, 2x). For
nuclear staining, Hoechst 33342 dye (25 pugmL~" from Molecular
Probes, Gottingen, Germany) was used for 1 min on the cells, and
the cells were again washed with PBS (3x). In the case of the en-
dosome marker, the cells were incubated with FM 4-64 (10 mm,
Molecular Probes, Gottingen, Germany) in medium B for 15 min.
Afterwards, the cells were again washed with PBS (3x). The endo-
somal staining was carried out prior to the nuclear staining with
Hoechst dye. Fluorescence was observed by a fluorescent micro-
scope (Axioplan-2, Zeiss, Jena, Germany) that was equipped with
FITC, DAPI and red filters and photographed.

Cytotoxicity, materials: The yeast assay is described in detail in
the Supporting Information. The same Hep G2 cell line was used
for this study as for the uptake studies. All the culture mediums
and the buffered solutions were the same as were used in the
study above. Phenol red-free RPMI 1640 (medium C, Gibco, Invitro-
gen Corporation) was used without FBS supplement. WST-1
reagent  (4-[3-(4-iodopheny)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate) was from Roche Diagnostics. Paraformalde-
hyde was purchased from Riedel-de-Haén (Seezle, Germany). Crys-
tal Violet was purchased from Merck. Sodium-n-dodecyl sulfate
was purchased from Boehringer-Mannheim. For the absorbance
measurement, a Bio-Rad Microplate reader 550 (Tokyo, Japan) was
used.

WST-1 assay: 96-Well plates were coated with gelatine (0.2%) for
6 h at 37°C. After one wash with PBS, 2.0x10* cells in medium A
were seeded in each well. The plates were incubated for 12 h. Be-
cause the doubling time for Hep G2 cells was reported to be 50-
60 h,”>73 the cells were incubated for 48 h with test compounds.
The test compounds were introduced in concentrations of 0.1, 0.5
and 1 mm and incubated in a humidified incubator. The 0 h plate
was used as a control to determine the background absorbance in
the case of both the WST-1 assay and the crystal violet assay. After
treatment, the cells were washed twice with medium A then once
with medium C. Medium C (100 uL) along with WST-1 reagent
(10 puL) was added to each well, and the plates were incubated at
37°C. The reduction of WST-1 to formazan dye by metabolically
active cells at 0, 60 and 90 min was quantified by scanning the
plates at 415 nm against a reference of wavelength 655 nm in a
microtitre plate reader."”

Crystal violet cell quantification assay: After the WST-1 assay, the
cells were fixed with 4% paraformaldehyde for 5 min at room tem-
perature and later washed with PBS (3x) and with 0.1% Triton X
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100 buffer (Serva Feinbiochemika, Heidelberg, Germany) in PBS
(3%). Crystal violet [100 pL, 0.04% crystal violet in 4% (v/v) EtOH]
was then added to each well, and the plates were shaken for
40 min at room temperature. After treatment with crystal violet,
the cells had to be washed with distilled water (7 x), with two mi-
nutes shaking. Finally, SDS (sodium-n-dodecyl sulfate, 1%, 100 uL)
was added to each well, and the plates were incubated at room
temperature with vigorous shaking for 1 h. At the end, the absorb-
ance was measured at 570 nm against a reference wavelength of
655 nm.

Analytical data

FcC(O)-Lys-NLS (5): Orange-yellow solid, soluble in H,0 and EtOH.
HPLC: t;=9.7 min (method A); '"H NMR (400 MHz, D,0): § =4.50 (s,
2H; substituted Cp), 4.45-4.35 (m, 1H; H, Val), 415 (brs, 9H; un-
substituted Cp, H,), 3.99-3.94 (m, 2H; H,), 3.92-3.88 (m, 1H; H, Lys
terminal), 3.79-3.50 (m, 2H; Hy Pro), 3.15 (pseudo t, 2H; H; Arg),
2.99-2.88 (brs, 10H; H, Lys), 2.30-2.24 (m, 1H; Hg Val), 2.10-1.95
(m, 3H; Hg, Pro), 1.90-1.60 (m, 25H; H, Pro, Hg 5 Lys, Hg, Arg),
1.50-1.30 (m, 10H; H, Lys), 0.85 (two overlapping d, J=6 Hz, 6H;
2%CH, Val); MALDI-TOF: m/z calcd for CgHegFeN;Oyp: 1222.7;
found: 1223.5 [M+H]" 1246.6 [M+Nal*.); SWV: E,, =239 vs. FcH/
FcH*;

FcC(O)-Lys(FITC)-NLS (6): Bright orange solid, soluble in H,0 and
EtOH. HPLC: t;=12.2 min (method A); 'H NMR (400 MHz, CD,0D):
0=8.29 (s, TH; FITC), 7.75 (d, J=8.6 Hz, 1H; FITC), 7.39-7.31 (m,
1H; FITC), 7.22-7.17 (m, 1H; FITC), 6.76-6.68 (m, 3H; FITC), 6.58
(dd, J=6.2 Hz, 2H; FITC), 4.77-4.69 (pseudo t, TH; H, Val), 4.49-
443 (m, 3H; H,), 442 (s, 2H; substituted Cp), 4.38-4.31 (m, 4H;
H,), 4.29 (s, 2H; substituted Cp), 4.24 (s, 5H; unsubstituted Cp),
4.04-3.98 (m, 1H; Hy Pro), 3.85-3.76 (m, 1H; H; Pro), 3.26-3.16 (m,
2H; H, Arg), 3.05-2.89 (m, 10H; H, Lys), 2.34-2.26 (m, 1H; H; Val),
2.23-2.18 (m, TH; H, Pro), 2.06-1.98 (m, 2H; Hg,, Pro), 1.96-1.65 (m,
25H; Hg Pro, Hgs Lys, Hg, Arg), 1.60-1.45 (m, 10H; H, Lys), 1.00 (d,
J=62Hz, 6H; 2xCH; Val); MALDI-TOF: m/z «calcd for
CogHiooFeN;,0,55: 1611.74; found: 1614.2 [M+2H]*; SWV: E,,=
166 mV vs. FcH/FcH™.

FcC(O)-Lys(FITC)-Val-OH (7): Dark-orange solid, soluble in DMSO
and MeOH, sparingly soluble in H,O; HPLC: t;=21.8 min (meth-
od B); 'H NMR (400 MHz, CD,0D): 6=8.18 (s, 1H; FITC), 7.79 (d, J=
8.2 Hz, 1H; FITC), 7.17 (d, J=8.2 Hz, 1H; FITC), 6.83-6.75 (m, 4H;
FITC), 6.64 (d, J=8.2Hz, 2H; FITC), 4.67 ((pseudo t, TH; H, Val),
4.45-4.39 (m, 3H; substituted Cp, H, Lys), 4.23 (s, 5H; unsubstitut-
ed Cp), 3.70 (brs, 2H; H, Lys), 2.29-2.19 (m, 1H; H; Val), 2.01-1.89
(m, 2H; Hg Lys), 1.81-1.75 (m, 2H; H; Lys), 1.66-1.51 (m, 2H; H,
Lys), 1.03 (d, /=6.6 Hz, 6H; 2xCH; Val); MALDI-TOF: m/z calcd for
C43HiFeN,O,S: 846.2; found: 847.5 [M+H]™ 869.5 [M+Na]*; SWV:
E,,=258 mV vs. FcH/FcH ™.

H-Lys-NLS,,(8): White solid, soluble in H,O and EtOH. HPLC: t;=
6.7 min (method A); 'H NMR (300 MHz, D,0): 6 =4.63-4.56 (m, 1H;
H, Val), 4.47-4.41 (m, TH; H, Lys), 4.37-4.29 (m, 2H; H,, Lys), 4.28-
4.22 (m, 2H; H,), 4.14 (d, /=73 Hz, 1H; H,), 4.06-3.92 (pseudo t,
1H; H,), 3.92-3.83 (m, 1H; H; Pro), 3.71-3.62 (m, 1H; H; Pro), 3.21
(t, J=7 Hz, 2H; H; Arg), 3.05-2.93 (m, 10H; H, Lys), 2.36-2.24 (m,
TH; H, Val), 2.08-1.98 (m, 2H; H,, Pro), 1.93-1.58 (m, 26H; H,; Pro,
Hgs Lys, Hg, Arg), 1.53-1.33 (m, 10H; H, Lys), 0.92 (dd, J=6.2 Hz,
6H; 2xCH, Val); MALDI-TOF: m/z calcd for ChgHoeoN;Os: 1010.71;
found: 1011.8 [M+H]*.

H-Lys(FITC)-NLS,, (9): Bright-yellow solid, soluble in H,0 and
EtOH; HPLC: t;=10.1 min (method A); '"H NMR (400 MHz, D,0): 6 =
8.06 (s. 1H; FITC), 7.69 (d, J=8.9 Hz, 1H; FITC), 7.42 (pseudo t, 1H;
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FITC), 7.37-7.27 (m, 1H; FITC), 7.20 (pseudo t, 1H; FITC), 7.01 (s,
2H; FITC), 6.86 (d, J=8.9 Hz, 2H; FITC), 4.40-4.25 (m, 7H; H,, 4.15-
4.05 (m, 1H; H,), 3.90-3.82 (m, 1H; H; Pro), 3.70-3.65 (m, 1H; H;
Pro), 3.58-3.51 (m, 2H; H;, Arg), 3.05-2.90 (m, 10H; H, Lys), 2.35-
221 (m, TH; Hg va), 1.95-1.86 (m, 3H; Hg ., py), 1.80-1.55 (m, 25H;
Hg Pro, Hgs Lys, Hg, Arg), 1.49-1.31 (m, 10H; H, Lys), 0.91 (d, J=
6.6 Hz, 6H; 2x CH, Val); MALDI-TOF: m/z calcd for CgH;g;N;,0,,5™:
1399.74; found: 1402.2 [M+2H]*, 1424.1 [M+Nal*;

FcC(O)-Lys-NLS,., (10): Yellow solid, soluble in H,O and EtOH.
HPLC: t;=9.1 min (method A); '"H NMR (300 MHz, D,0): 0 =4.53-
4.60 (m, 2H; H,), 434-4.38 (m, 2H; H,), 4.17-430 (m, 7H; H, un-
substituted Cp), 4.05 (d, J=7.7 Hz, 2H; H,), 3.87-3.76 (m, 1H; H,
Pro), 3.64-3.55 (m, TH; Hy Pro), 3.15 (t, J=6.7 Hz, 2H; Hy Arg),
3.00-2.80 (m, 10H; H, Lys), 2.30-2.20 (m, TH; Hg Val), 2.08-1.92 (m,
4H; Hg, Pro), 1.90-1.52 (m, 24H; Hg; Lys, Hg, Arg), 1.50-1.30 (m,
10H; H, Lys), 0.91 (d, J=6.2 Hz, 6H; 2xCH, Val); MALDI-TOF: m/z
caled for Cy;HggFeNcO;o: 1222.7; found: 1224.1 [M+2H]", 1246.6
[M+Na]*; SWV: E,,=279 mV vs. FcH/FcH™.

FcC(O)-Lys(FITC)-NLS,., (11): Bright-orange solid, soluble in H,O
and EtOH. HPLC: t;=12.0 min (method A); 'H NMR (400 MHz,
CD;0D): 0=28.29 (s, 1H; FITC), 7.70 (d, J=8.2 Hz, 1H; FITC), 7.39-
7.30 (m, 1H; FITC), 7.17 (d, J=8.2 Hz, 1H; FITC), 6.75-6.66 (m, 3H;
FITC), 6.57 (dd, J=6.4 Hz, 2H; FITC), 4.62 (pseudo t, 1H; H, val),
4.50-4.34 (m, 10H; substituted Cp, H,), 4.24 (s, 5H; unsubstituted
Cp), 420 (d, J=7.4Hz, 1H; H,), 3.95-3.85 (m, 1H; Hy Pro), 3.71-
3.65 (m, 1H; Hy Pro), 3.27-3.19 (m, 2H; Hy Arg), 2.98 (brs, 10H; H,
Lys), 2.32-2.21 (m, 1H; Hg Val), 2.11-1.94 (m, 3H; Hg, Pro), 1.85-
1.65 (m, 25H; Hg Pro, Hg; Lys, Hg, Arg), 1.62-1.45 (m, 10H; H, Lys),
0.98 (dd, J=6.2Hz, 6H; 2xCH; Val); MALDI-TOF: m/z calcd for
CygHq0FEN;;0,5S: 1611.74; found: 1614.0 [M+2H]"; SWV: E,,=
279 mV vs. FcH/FcH™.

CcC(O)-Lys-NLS,,, (12): Pale-yellow solid, soluble in H,0 and EtOH.
HPLC: tz=7.4 min (method A); 'H NMR (400 MHz, D,0): 6=6.20 (s,
1H; substituted Cp), 6.18 (s, 1H; substituted Cp), 5.80 (s, 2H; sub-
stituted Cp), 5.70 (s, 5H; unsubstituted Cp), 4.51-4.44 (pseudo t,
1H; H,, Val), 435-4.28 (m, 2H; H,), 426-4.19 (m, 3H; H,), 4.18-
413 (m, 1H; H,), 3.99 (d, J=7.8 Hz, TH; H,), 3.80-3.78 (m, 1H; H,
Pro), 3.61-3.58 (m, 1H; H; Pro), 3.09 (pseudo t, 2H; H; Arg), 2.93-
2.83 (m, 10H; H, Lys), 2.23-2.18 (m, TH; Hg Val), 1.98-1.90 (m, 3H;
Hgy Pro), 1.70-1.45 (m, 25H; Hg Pro Hg,, Lys, Hg, Arg), 1.38-1.18
(m, 10H; H, Lys), 0.93 (d, J=7 Hz, 6H; 2xCH; Val). MALDI-TOF: m/z
calcd for Cs;HggCo™N;¢040: 1225.7; found: 1226.9 [M+H]* 1248.9
[M+Nal* 1282.9 [M+K]*; SWV: E;,=—1.38 V vs. FcH/FcH™.

CcC(O)-Lys(FITC)-NLS,., (13): Bright-yellow solid, soluble in H,O
and EtOH. HPLC: t;=10.7 min (method A); '"H NMR (300 MHz, D,0):
0=7.93 (s, 1H; FITC), 7.60-7.53 (d, J=8.1, 1H; FITC), 7.32 (d, J=
8 Hz, 1H; FITQ), 7.22-7.16 (m, 2H; FITC), 6.95 (s, 2H; FITC), 6.80 (dd,
J=84Hz, 2H; FITC), 6.20-6.15 (m, 2H; substituted Cp), 5.79
(pseudo t, 2H; substituted Cp), 5.72 (s, 5H; unsubstituted Cp),
4.50-4.00 (m, 7H; H,), 3.80-3.37 (m, 2H; H;, Pro), 3.15-3.04
(pseudo t, 2H; H;, Arg), 3.00-2.89 (m, 10H; H, Lys), 2.00-1.85 (m,
9H; Hg,, Pro, Hg Val, Hs, Arg), 1.84-1.56 (m, 20H; Hg, Lys), 1.50-
1.38 (m, 10H; H, Lys), 0.85 (d, J=6.9 Hz, 6H; 2x CH; Val); MALDI-
TOF: calcd m/z for CygH,06Co0 " N;;0,5S: 1614.73; found: 1615.9 [M+
HI™ 1637.8 [M+Nal™; SWV: E;,=—1.35 mV vs. FcH/FcH™.

Abbreviations:Boc: tert-butyloxycarbonyl, Cc: cobaltocene, CcC(O):
cobaltocenium carboxylic acid fragment in peptides, CV: crystal
violet, DMF: dimethylformamide, Fc: ferrocene, FcC(O): ferrocene
carboxylic acid fragment in peptides, FITC: fluorescein isothiocya-
nate, Fmoc: 9-fluorenylmethyloxycarbonyl, HOBt: N-hydroxybenzo-
triazole-H,0, Mtt: 4-methyltrityl, NLS: nuclear localisation signal,
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NLS,,.: scrambled nuclear localisation signal, Pbf: 2,2,4,6,7-pentam-
ethyldihydrobenzofurane-5-sulfonyl, SPPS: solid-phase peptide syn-
thesis, SWV: square wave voltammetry, TBTU: 2-(1H-benzotriazole-
1-yl)-1,3,3-tetramethyluronium tetrafluoroborate, TFA: trifluoroace-
tic acid, TIS: triisopropylsilane, WST-1 reagent: (4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate).
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Heparin Antagonism by Polyvalent Display of Cationic

Motifs on Virus-Like Particles

Andrew K. Udit,* Chris Everett,” Andrew J. Gale,” Jennifer Reiber Kyle,' Mihri Ozkan,"

and M. G. Finn*®

Polyvalent interactions allow biological structures to exploit low-
dffinity ligand-receptor binding events to affect physiological re-
sponses. We describe here the use of bacteriophage QB as a mul-
tivalent platform for the display of polycationic motifs that act
as heparin antagonists. Point mutations to the coat protein
allowed us to generate capsids bearing the K16M, T18R, N10R, or
D14R mutations; because 180 coat proteins form the capsid, the
mutants provide a spectrum of particles differing in surface
charge by as much as +540 units (K16M vs. D14R). Whereas
larger poly-Arg insertions (for example, C-terminal Argg) did not
yield intact virions, it was possible to append chemically synthe-
sized oligo-Arg peptides to stable wild-type (WT) and K16M plat-
forms. Heparin antagonism by the particles was evaluated by
using the activated partial thrombin time (aPTT) clotting assay;
this revealed that T18R, D14R, and WT-(R4G,)ss were the most

Introduction

Polyvalent interactions are essential for triggering numerous
biological functions at all levels."? Cell-cell communication,
antibody-antigen recognition, and cellular uptake™ are a few
examples in which multiple simultaneous ligand-receptor rec-
ognition events combine to initiate and effect subsequent bio-
logical cascades. The ability to manipulate these polyvalent in-
teractions is a prerequisite for using the associated biological
cascades in mechanistic studies, diagnostics, and/or therapeu-
tic agents. Viruses have received much attention in this type of
endeavor:™* their polyvalent and proteinaceous nature, along
with their ease of production and manipulation makes them
attractive agents for targeting physiological function.®”

Bacteriophage Qf is an icosahedral RNA virus comprised of
180 copies of a 14.1 kDa, 132 amino acid coat protein.®! The
virus is readily expressed and purified from E. coli in high yields
and shows good stability to extremes of pH, temperature, and
a variety of solvents.”) Prior studies have shown that the coat
protein can tolerate some genetic insertions,"” and our own
investigations have successfully introduced point mutants as
well as unnatural amino acids."" We have also shown that vari-
ous ligands can be chemically conjugated to solvent-exposed
amines on the outer surface of the capsid""'? with concomi-
tant effects on in vivo behavior such as charge-induced
changes in circulation lifetime.!"

Here we describe the polyvalent display of cationic motifs
on Qf that results in particles that act as potent heparin antag-
onists. Heparin is a sulfated glycosaminoglycan composed of
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effective at disrupting heparin-mediated anticoagulation (> 95 %
inhibition). This activity agreed with measurements of T potential
(ZP) and retention time on cation exchange chromatography for
the genetic constructs, which distribute their added positive
charge over the capsid surface (+180 and +360 for T18R and
D14R relative to WT). The potent activity of WT-(R;G,)ss despite
its relatively diminished overall surface charge is likely a conse-
quence of the particle’s presentation of locally concentrated re-
gions with high positive charge density that interact with hepa-
rin’s extensively sulfated domains. The engineered cationic cap-
sids retained their ability to inhibit heparin at high concentra-
tions and showed no anticlotting activity of the kind that limits
the utility of antiheparin polycationic agents that are currently in
clinical use.

repeating p-glucosamine/L-uroninc acid disaccharide subunits
arranged in linear chains." With chain lengths of up to 100
disaccharides and an average of 2.7 sulfates per subunit, hepa-
rin is the most negatively charged biopolymer known. The pro-
teoglycan heparan sulfate, a close relative of heparin, is pres-
ent at many cell surfaces and participates in numerous and
varied physiological events including inflammation," cell-cell
signalling," metastasis,"” and multiple aspects of develop-
mental biology."® Heparin is used routinely as an anticoagu-
lant because it stimulates inhibition of thrombin by antithrom-
bin,? especially following medical procedures in which post-
operative thrombosis is of concern."” However, complications
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Figure 1. A) Crystal structure of wild-type bacteriophage Qf, highlighting the peptide loops that are composed of coat protein residues 10-18 (red). This
region is further magnified in B) dull green N10; bright green 111; white G12, G15; blue K13, K16; red D14; orange Q17; purple T18.

such as uncontrolled bleeding from heparin overdose are
widely known,”" and are presumably exacerbated by heparin’s
heterogeneity and variations in individual responses.”? These
significant concerns continue to fuel research into novel well-
defined compounds with specific antiheparin activity.>>®

Results and Discussion
Polycationic particles via mutation

The N and C termini of the Qf coat protein are somewhat sol-
vent exposed. In infectious Qf, several of the capsid proteins
bear a large C-terminal extension domain that is used to target
a receptor on the E. coli host for cell entry.?” This observation
has prompted others to successfully use the C terminus for ge-
netically appended additions to the capsid; this is exemplified
by incorporating C-terminal peptide extensions (11-24 amino
acids) after the stop codon to yield mixed particles containing
up to 48% of the read-through coat protein."® In an effort to
prepare well-defined cationic particles with high loadings, we
added oligo-Arg sequences within the open-reading frame of
the QP coat protein at the N or C terminus. However, inserting
Argg, Args, or Arg, peptides in this manner provided no intact
particles, although expression of the mutated coat protein in
E. coli was not severely diminished (see Figure S1 in the Sup-
porting Information); this suggests that proper protein folding
and/or particle assembly was inhibited by the added residues.
No improvement was observed when a Gly, or Glys spacer was
introduced at the C terminus before the oligo-Arg insertions.
As an alternative, we targeted the loop formed by amino
acids Asn10 through Thr18, which comprises the most solvent
exposed and conformationally flexible part of the Qf structure
(Figure 1; note that as the N-terminal Met is generally cleaved
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from the QP coat protein, our nomenclature begins with
Ala1).2% We have previously attached a variety of molecules
to Lys16 within this loop, showing that intact capsids can toler-
ate the addition of functional groups in this vicinity." We
have also expressed large quantities of the K16M point mutant
as a highly robust particle. However, the replacement of
D"GKQT' with Args again gave rise to good coat protein
expression but no isolable assembled particles.

Point mutations proved to be more tractable. While modest
at the single-protein level, such changes can dramatically alter
particle properties because 180 of these sites are assembled
on a compact topology in the final icosahedral structure. For
example, mutation of Asp14 to Arg yields the sequence
G"?KR™GKQ, which falls into the pattern of XBBXBX (B=basic
amino acid) that has been found by Cardin and Weintraub to
associate strongly with glycosaminoglycans.”? The polyvalent
presentation of this construct in the assembled virion would
therefore be expected to provide 180 potential heparin-bind-
ing sites per particle. This D14R mutant protein was found to
assemble into isolable virus-like particles (Figure S2), although
at significantly decreased yield compared to WT (5 vs. 100 mg
per liter of liquid culture). Because a carboxylate sidechain is
replaced with a guanidinium group in this construct, the D14R
particle should exhibit a change in surface charge of 4360
units relative to WT, and +540 units relative to the readily
expressed and purified K16M mutant, assuming full ionization
of surface residues.®”

For comparison purposes, we also generated the N10R and
T18R point mutants, each of which should bear a 4180 surface
charge relative to WT. These two constructs were isolated as
icosahedral particles in yields similar to WT (Figures S3 and S4).
Interestingly, combinations of the stable single point mutations
were not well tolerated: the NTOR/T18R double mutant did not

ChemBioChem 2009, 10, 503 -510
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Figure 2. The azide oligo-Arg peptide RsG, 1 and alkyne oligo-Arg peptide Rs 2 were synthesized by using standard Fmoc chemistry

yield intact particles, whereas D14R/T18R provided low yields
of a very unstable capsid (Figure S5). The poor recovery and
delicate nature of the latter structure made further characteri-
zation of this particle impractical.

Polycationic particles via bioconjugation

Our unsuccessful attempts to produce viable polycationic par-
ticles by distributing multiple arginine residues evenly over the
capsid surface (for example, N10R/T18R) or at locally concen-
trated positions (for example, oligo-Arg loop insertions) meant
that chemical modification of stable particles would be neces-
sary to achieve higher arginine loadings. We have previously
employed such derivatization reactions to decorate Qf and
other virus-like particles with a variety of molecules, including
negatively charged oligonucleotides,®” metal complexes,?
and carbohydrates.®? Thus, amine residues on the outer capsid
surface of Qf (most likely to be accessible are Lys2, Lys13,
Lys16, and the N terminus) were targeted for the polyvalent
display of oligo-Arg peptides 1 and 2 (Figure 2), which were

H
&O\ﬂ/\/\ﬂ/ No~Ns
0 o) Y
(NHz), o

synthesized by using standard Fmoc chemistry (Figure S6 and
the Experimental Section).

Peptides 1 and 2 were conjugated to Q3 by using the two-
step sequence that is shown in Figure 3. The K16M and WT Qf
particles were treated with N-hydroxysuccinimides 3 and 4 to
give the polyvalent azide 5 and alkyne 6, respectively. Conju-
gation to the complementary peptides 1 and 2 by using preca-
talyst 7 in efficient copper-catalyzed azide-alkyne cycloaddi-
tion (CuAAC) “click” reactions®™ provided K16M-(Rs)s, (8) and
WT-(RsG,)os (9). All virus particles were purified by sucrose gra-
dient centrifugation and ultracentrifugation, and were shown
to be intact by size-exclusion FPLC (Figure 4) and transmission
electron microscopy (data not shown). In addition to verifying
the exclusive presence of complete viral capsids, the FPLC
traces also provided information on particle aggregation. As
shown in Figure 4, WT-(R4G,)ss exhibited a higher tendency to
form aggregates than K16M-(R;)s, at the same concentration.

The presence of covalently attached oligo-Arg peptides on
particles 8 and 9 was confirmed and quantitated by using
mass spectrometry, as shown in Figure 5. A single lysine per

5
K16M o z
N 2,7
(NHy), o S H\n/\///}
- (6] 720 H [Iq:N
N\n/\/\n/N\/\/N\/)_Arg5
WT
8 0 o 50+5
1,7 o o
‘ NJ\/\)LN/\/\M]
H H
N=N 130
HMN—ArgBGIyZ } 8
95+ 10

Figure 3. Attachment of oligo-Arg peptides to WT and K16M Q3.
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A B) aggregated taking into account the capping
—— of amine residues performed in

l{\“ — 280 nm s the chemical manipulations,

i i -=-260 nm -~-260 nm K16M-(Rs)s, and  WT-(G,Rg)gs
IAd should possess surface charges

] /\\‘L of —110 and +40 relative to WT,
respectively (Table 1); this allows

0 10 20 30 4 0 5 10 15 20 25 30 for an intriguing decoupling of

elution volume/mL —=

Figure 4. Size-exclusion FPLC of 100 uL of 0.6 mg mL~" A) K16M-(Rs)s, (8) and B) WT-(RsG,)gs (9) in 0.1 m KPi pH 7
buffer, showing intact particles in each case. The elution volumes of the dispersed particles are different due to

different column packing conditions.

subunit of K16M was shown to be labeled with azide linker 3,
and approximately 28% of these (50 out of 180) were ad-
dressed with alkyne 2 (Figure 5B). Similarly, WT was labeled
with four alkyne-containing linkers 4, followed by CuAAC reac-
tion to capture one or two of these with azide 1 (Figure 5C).
The data show that the resulting particle 9 was composed of
subunits bearing zero, one, or two appended R G, chains in
the approximate ratio of 11:6:2, giving rise to an average over-
all loading of 9545 chains per particle, assuming no change in
detection efficiency by MALDI for the derivatized subunits. By

elution volume/mL —

overall charge from the presence
of chains that bear high local
concentrations of arginine resi-
dues.

lon exchange chromatography and ¢ potentials

To evaluate the surface charge state of the resulting particles,
we measured their retention time in cation exchange chroma-
tography and their ¢ potential (ZP) and compared these values
to the maximum expected change in surface charge brought
about by genetic and chemical manipulation (Table 1). Notably,
prior measurements estimated a pl of 5.3 for WT,”) but under
our conditions (25 mm potassium phosphate, pH 7) WT exhibit-
ed a ZP of 0.6 +0.5 mV.?¥

6000 7 A B
5000 ) 1600 1 ¥ 900+ 40007 ¢) F1500-++-1500--1
1200 - : subunit + 3 3000 - I 4—:—:— subunit + 4 units of 4
4000 - = = :
£ subunit+3+2 ¢ : subunit + 4 (4) + 1
S 3000 A 800 f S 2000 L
2000 - 3 L subunit+4 (@) +2()
B 1000 A :
1000 - 400
0 T T 0 T T T 0 T T T 1
12000 14000 16000 12000 14000 16000 18000 12000 14000 16000 18000 20000

m/z /Da —» miz/Da —=

miz/Da —

Figure 5. MALDI-MS of coat proteins from A) WT, B) K16M-(R;)s,, and C) WT-(RgG,)os, following disassembly and denaturation of the capsids with 5.5m urea,

DTT reduction, and cysteine capping with iodoacetamide.

Table 1. Activity and characterization of antiheparin virus-like particles.

Particle Maximum charge relative to WT®  Clotting time [s]  Heparin inhibition [%])  Retention time, [NaCl] at elution™  ZP [mV]®
No heparin n/a 5442 100 n/a n/a
Heparin only n/a 18+4 0 n/a n/a
K16M —180 M7+£1 242 - —0.8+0.6
WT 0 73+2 70+3 - 0.6+05
N10R 180 86+3 50+5 60.3 min, 0.31m 0.5+04
T18R 180 57+1 95+2 42.3 min, 0.2T™m 0.7+£05
D14R 360 54+1 100+2 63.3 min, 0.33m 29+1.2
WT-(RsGy)os 401 5541 9242 - 06403
K16M-(Rs)s, —1109 67+1 80+2 - —11.54+20

[a] The acylation or replacement of an amine-containing residue is counted as —1; the addition of a positively-charged residue counts as + 1. [b] Deter-
mined by the aPTT assay as described in the text. Error limits are the standard deviation from a minimum of three independent experiments. [c] Inhibition
of heparin’s effect on blood plasma clotting (100 % = clotting time in the absence of heparin; 0% =clotting time in the presence of heparin but no candi-
date inhibitor). [d] Retention time on cation exchange chromatography (HiTrap SP HP column, 10 mm KP;, pH 7, eluted with NaCl gradient by increasing by
12.5 mmmin~'). A dash indicates that the particle eluted in the void volume without added NaCl, and therefore does not interact with the cation exchange
resin. [e] Zeta potential determined in 25 mm KP;, pH 7. [f] Includes the removal of 4 positive charges per subunit by acylation of sidechain and N-terminal
amino groups (—720) plus the addition of a maximum of 760 positive charges by attachment of 95 G,Rg chains. [g] Includes the removal of one positive
charge per subunit by K16M substitution (—180), another by N-acylation (—180), and the addition of 250 charges by attachment of 50 R chains.
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The results from the two experimental measurements corre-
late reasonably well with the expected charge for the particles.
K16M, which is expected to have the least amount of surface
positive charge, has a negative ZP and does not bind to the
cation exchange column. WT, N10R, and T18R are predicted to
be moderate in charge and were found to exhibit similar and
more positive ZP values, with two of the three interacting
fairly strongly with the cation exchange resin. D14R, which
should be the most positively charged particle, does indeed
exhibit the greatest cation exchange retention time and ZP.
Neither of the chemically derivatized particles bound to the
ion exchange resin; this is consistent with their resemblance in
total charge to their parent K16M and WT platforms. The WT-
(RgG,)qs5 particle exhibited a small and negative ZP that was not
very different from that of the WT capsid itself, which it should
most closely approximate in overall surface charge. K16M-
(Rs)so, Which is expected to be negatively charged with respect
to WT, did exhibit a negative ZP, although the magnitude of
this value was unexpectedly large. Because the measurement
of ZP correlates the motion of the particle in an applied elec-
tric field with its charge, detailed comparisons between the ge-
netically encoded point mutants and the chemically modified
capsids bearing longer and more flexible oligo-Arg molecules
are likely inappropriate.

Coagulation assays

The chemically and genetically modified particles were tested
for their ability to inhibit heparin-mediated anticoagulation
activity by using the activated partial thrombin time (aPTT)
assay.** Premixed solutions of heparin (10 ng, ca. 0.05 mU) and
virus (15 ug) were added to normal human plasma and aPTT
reagent in HEPES-buffered saline (HBS). Coagulation was initiat-
ed by adding CaCl, to a final concentration of 3.9 mm, and the
clotting time was recorded (Table 1). Under these conditions
the average time for coagulation in the absence of heparin or
virus was 54+ 1 s, and adding heparin significantly extended
this time to 118+ 5 s. The addition of engineered Qf particles
to the heparin solutions gave a variety of outcomes within this
range. K16M showed no effect, as might be expected for the
particle bearing the least number of surface positive charges;
even with 50 pg of added virus (5000-fold mass excess), the
clotting times exceeded 100 s (data not shown). In contrast,
the wild-type particle from which K16M is derived exhibited
moderate heparin inhibition (clotting time 73+25s), and the
cationic capsids T18R or D14R were very potent inhibitors
(clotting times 57+ 1 and 5441 s, respectively, even with as
little as 5 ug (2 pmol) of nanoparticles). NTOR exhibited much
poorer antiheparin activity (clotting time 8643 s) than T18R,
in spite of the expectation that their overall surface charge
densities should be similar. The chemically constructed parti-
cles 8 and 9 were also strong inhibitors, with the WT-(RsG,)gs
structure showing greater activity (clotting time 55+ 1 s) than
K16M-(Rs)s, (clotting time 67 +1 s).

The strong heparin inhibition exhibited by WT-(RgG,)es,
K16M-(Rs)so, and D14R is consistent with charge complemen-
tarity in the first two cases and the expected presence of a
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known glycosaminoglycan recognition motif in the third. How-
ever, the potent activity of T18R was a surprise because it pos-
sesses one fewer net positive charge per subunit than D14R
and presumably does not conform to the heparin-binding se-
quence in the exposed Asn10-Thr18 loop. Equally intriguing is
the relative inactivity of NTOR compared to T18R because both
replace a neutral solvent-exposed amino acid with Arg. It
seems likely that the details of the three-dimensional structure
and dynamics of the accessible loop are important in ways not
fully appreciated, which may well be dependent on the specif-
ic display platform.

Indeed, K16M-(R;)s, and WT-(RgG,)ss show far greater heparin
antagonism than would be expected based on their cation ex-
change interaction and ZP. The binding of heparin to biological
targets and synthetically-tailored molecules is believed to
occur largely through electrostatic interactions (for example,
FGF binding®®). We surmise that the display of highly charged
oligopeptides on solvent-accessible loops enables efficient
local interactions with heparin chains, with the particle having
longer cationic oligo-Arg chains at higher density being the
more effective.

Protamine sulfate, a commercial antiheparin agent, is the
benchmark for comparison in the aPTT assay. Protamine is a 4-
10 kDa peptide isolated from salmon sperm; commercial prep-
arations favor ~4.5 kDa fragments that contain approximately
70% Arg.”” This compound is currently the only approved
drug in North America for treating heparin overdose. As
shown in Figure 6, 1 ug of Protamine (0.2 nmol) readily passi-

> 400 r#—l
-njvv' PrrPrrres —e— peptide 1
—m— protamine
300+ —— K16M
T 250 —— T18R
2001 —»— D14R

oting /S 4 | —— WT-(GzRg)gs

& &
- v —$

e e
v v

o

0 5 10 15 20 25 30
protein added/ug —

Figure 6. Concentration dependence of added virus and peptide on coagu-
lation time in the aPTT assay. The data points for protamine and 1 at >400 s
represent experiments in which clotting was not observed within that time.

vated heparin activity in the aPTT assay. A similar result was
observed for oligo-Arg peptide 1 (1 pg, 0.66 nmol), and as
mentioned above, for 5 ug of the WT-(R¢G,)ys nanoparticle (9).
On a molar basis (0.66 nmol 1 vs. 2 pmol 9), the polyvalent
peptide conjugate is therefore approximately 330-fold more
potent than the free peptide at achieving heparin inactivation.
On a per-peptide basis, these values represent a 3.5-fold en-
hancement in activity (660 pmol 1 vs. 190 pmol 1 displayed on
the nanoparticle surface).

Although it is commonly used in patients, protamine has
several severe drawbacks related to toxicity.*® Figure 6 high-
lights a key clinical risk: while 1 pg of protamine inhibited hep-
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arin activity, samples containing 5 pg or more showed increas-
ing coagulation times in a sharp dose-dependent manner. This
acute heparin-like anticoagulant activity is well known, and
multiple points along the coagulation cascade are suspected
targets;®¥ in the aPTT assay, thrombin inhibition is the likely
mechanism.*” The clinical consequence of administering prot-
amine to parients is careful titration and constant adjustment
of the heparin/protamine ratio.*” Such complications are not
specific to protamine, but instead appear to be a general fea-
ture of cationic polymers.*? Indeed, we found that more than
1 pg of 1 in the aPTT assay also strongly inhibited clotting. In
contrast, none of the virus-based heparin inhibitors showed
any change in activity with three-fold increases in concentra-
tion, and T18R in six-fold excess yielded no adverse effects,
presumably because the particle concentrations were still low.
The solution offered here by the display of accessible heparin-
binding motifs on a structurally defined and stable scaffold dif-
fers from other preparations such as PEGylated* or truncat-
ed™ protamine or structural analogues of protamine,®?¥ all
of which rely on cationic polymers that are likely to have draw-
backs similar to the parent material.

Conclusions

The efforts described here to create polycationic Qf particles
for heparin antagonism have yielded several important results.
The formation of intact capsids was strongly dependent on the
position and nature of mutation: T18R, N10R, and D14R substi-
tutions were all tolerated, but more ambitious cationic inser-
tions (double mutants, oligo-Arg) did not yield assembled par-
ticles. Despite this limitation, the polyvalent scaffold afforded
by Qf allows the effect of a single stable point mutation to be
magnified 180-fold in the final assembled virion; the genetical-
ly encoded structures described here differ in surface charge
by as much as 4540 units with only two point mutations
(K16M cf. D14R). For comparison, a recent and excellent report
described extensive mutational efforts to generate “super-
charged” green-fluorescent proteins ranging from —30 to +48
relative to the wild-type structure.*” For the alteration of bulk
properties, the nature of virus-type scaffolds offers a considera-
ble advantage, allowing one to make substantial changes (for
example, to surface charge) with minimal mutagenesis.
Whereas genetic insertion of poly-Arg moieties proved in-
tractable, stable virions provided polyvalent platforms for the
construction of penta- and octa-Arg-bearing particles in differ-
ent densities. The chemically and genetically engineered virus-
es were then tested for their ability to act as heparin antago-
nists in the aPTT clotting assay. In general, increasing either the
theoretical positive charge on the particle surface or the
number of appended oligo-Arg chains led to greater disrup-
tion of heparin anticoagulant activity; this is likely due to bind-
ing of the polycationic particles to the polyanionic glycosami-
noglycan. On a per-particle basis, the activity of the engi-
neered virus-like particles was substantially superior to that of
Protamine, with the added benefit of no ill-effects at higher
particle concentrations. In contrast, Protamine and naked Arg
peptides showed acute heparin-like anticoagulant activity at
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higher concentrations. Tests of the virus-like particles against
low-molecular-weight heparin and synthetic heparin pentasac-
charide (both of which are receiving increasing attention along
with the still widely prescribed unfractionated heparin), as well
as in vivo experiments, are in progress.

Experimental Section

Mutagenesis, protein expression, and virus purification: 1) WT
and K16M. Expression and purification of these constructs in the
pQE-60 vector transformed into M15 E. coli Met auxotroph cells
proceeded as previously described."" 2) Arginine point mutants.
The WT coat protein (0.4 kbp) was cloned into the IPTG-inducible
pET-11d vector (5.7 kbp) by using the Ncol and BamHI restriction
sites. Point mutations were introduced in whole-plasmid PCR reac-
tions by using primers whose termini contained restriction sites for
subsequent circularization, thereby reforming the whole plasmid
containing the mutated gene. The D14R and T18R mutants were
generated by using the forward primer TC AAT CCC CGC GGG GTA
AAT CCC ACT AAC GGC G, which contains a silent Sacll site for sub-
sequent ligation (priming region underlined, restriction site itali-
cized). Reverse primers were TAC CCC GCG GGG ATT GAG GAC CAG
AGT TTG TTT TCC TCG_TTT CCC GAT GTT ACC TAA AGT for D14R,
and TAC CCC GCG GGG ATT GAG GAC CAG TCG TTG TTT TCC ATC
TTT CCC GAT G for T18R (mutations in boldface). The NTOR mutant
was generated by using the forward primer G ACC ATG GCA AAA
TTA GAG ACT GTT ACT TTA GGT CGA ATC GGG AAA GAT GGA AAA
CAA AC, and the reverse primer A TAC CAT GGT ATA TCT CCT TCT
TAA AG, both containing the Ncol restriction sites. Thus, PCR am-
plification, digestion with the appropriate enzyme, circularization
via ligation, and subsequent transformation into chemically com-
petent E. coli BL21 DE3 pLysS cells (Invitrogen) yielded the desired
constructs. IPTG-induced expression of the Qf coat protein and
purification of the resulting assembled virions proceeded as previ-
ously described."” Protein concentrations were determined by
using the Modified Lowry Protein Assay (Pierce, Rockford, IL, USA).

Azide and alkyne-derivatized Qf: Compounds 3“¢ and 4“° were
prepared as previously described. WT bearing alkynes or K16M
bearing azides at surface-exposed amine residues were prepared
by incubating a 2 mgmL™" solution of protein with 6 mm 3 or 4 in
0.1 m KP; buffer (pH 7) with 20% DMSO overnight at room temper-
ature. The derivatized virions 5 and 6 were separated from excess
reagent by ultracentrifugation by using a 10-40% sucrose gradi-
ent, then isolating the protein bands corresponding to intact viri-
ons, and concentrating by subsequent ultracentrifugation and sol-
vation in 0.1m KP; pH 7 buffer. Size-exclusion FPLC (Superose-6
column) was used to verify the recovery of intact particles in 70-
80% yield.

Peptide synthesis: Peptide synthesis was performed by following
standard Fmoc chemistry by using amino acids (Fmoc-Arg(Pbf)-OH
and Fmoc-Gly-OH), resins (NovaSynTGR for RsG, and Rink Amide
MBHA for Rs, 0.5 mmol scale) and HCTU from Novabiochem (Gibbs-
town, NJ, USA). During synthesis, after the addition of the final
Arg, 7-heptynoic acid or 5-azido-pentanoic acid were coupled to
the elongated peptides to yield azide or alkyne-terminated 1 or 2,
respectively. Peptides were cleaved from the resin with TFA/2% tri-
isopropylsilane for 3 h at room temperature, after which they were
precipitated with Et,0 (50 mL), filtered over a glass frit, washed
with Et,O, eluted with H,0/20% MeCN/0.1% TFA, and the eluant
was finally lyophilized. The crude peptides were purified on re-
versed-phase HPLC, and fractions that corresponded to the sepa-
rated peptides were collected, lyophilized, and confirmed by
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MALDI-MS (1: m/z calcd: 1506.8 Da [M+H]", found: 1508.3 Da; 2:
m/z calcd: 907.1 Da [M+H]*, found: 906.9 Da).

Copper-catalyzed azide-alkyne cycloaddition (CuAAC): CuAAC
reaction to generate WT-(RgG,)os Was conducted under a N, atmos-
phere in a glove box by making a solution containing 0.3 mgmL™'
5 33um 1, 0.17 mm Cu(MeCN),(OTf) (added as a 100 mm stock
solution in acetonitrile), and 0.34 mm sulfonated bathophenanthro-
line in 0.1 m Tris-HCI pH 8 (final volume 3 mL). K16M-(R;)s, was simi-
larly prepared by mixing a solution containing 1.2mgmL™"' 6,
0.5mm 2, 0.5 mm Cu(MeCN),(OTf), and 1.0 mm sulfonated batho-
phenanthroline in 0.1 m Tris pH 8 (final volume 1 mL). The reactions
were agitated by gentle tumbling overnight at room temperature
under N,, and the resulting conjugates were purified and charac-
terized as above.

MALDI-MS of Qf coat protein: A 10m solution of urea (60 pL),
and a 1w solution of DTT (10 pL) were added to the virus-like par-
ticle (20 pg) in 0.1 m KP; pH 7 (40 pL), and the mixture was placed
at 37°C for 1 h. A 100 mgmL™" aqueous solution of iodoacetamide
(100 pL) was then added, and the mixture was left at 37°C for an
additional hour. A 1™ aqueous solution of DTT (50 pL) was added
at room temperature, the mixture was allowed to stand for 10 min,
and the solution was then evaporated to dryness by using a
vacuum microcentrifuge. The samples were resuspended in 0.2%
TFA in H,0O (50 pL) and purified with ZipTips (Millipore) by using
the following solutions in the manufacturer-specified protocol:
wetting solution 50% MeCN in H,O, equilibration solution 0.2%
TFA in H,0, wash solution 0.1% TFA/5% MeOH in H,0, elution so-
lution 5 pL of 0.1% TFA/65% MeCN in H,O. The resulting solutions
of purified peptides (0.5 uL) were spotted onto the MALDI-MS
plate with a saturated solution of sinapinic acid (0.5uL in 1:1
MeCN/H,0).

aPTT Assay: The desired amount of virus capsid in 0.1m KP; pH 7
was added to a 5 ugmL™" solution of porcine heparin (sodium salt,
13.5-15kDa, 174kUg™", EMD Biosciences, 10 uL of), and the
volume was adjusted to 25 uL with 0.1 m KP; pH 7 buffer. Normal
human plasma (40 pL, George King Biomedical, Overland Park, KS,
USA) was then added, and the resulting solution (64 ul) was
added to Platelin LS (50 pL; aPTT reagent, Trinity Biotech, Bray, Ire-
land). The final phosphate concentration was found by control ex-
periments to avoid precipitation of calcium phosphate. The assay
was conducted by using the STart4 Viscosity-based Detection
System (Diagnostica Stago, Parsippany, NJ, USA): the mixture of re-
agents was placed into the cell and allowed to warm to 37°C for
3 min, after which the reaction was initiated by the addition of
21.3 mm CaCl, in HBS (35 pL, composed of 50 mm HEPES, 100 mm
NaCl, and 0.02% NaN;, pH 7.4), and the resulting clotting times
were recorded. Protamine sulfate for control reactions was ob-
tained from MP Biomedicals (Solon, OH, USA).

{ potential measurements: Virus samples were made to
0.01 mg/mL in 25 mMm KP; pH7 buffer, with a final volume of
1.5 mL. Measurements were conducted at 25°C by using a Brook-
haven Instruments Zeta-PALS analyzer. A minimum of eight meas-
urements were recorded and averaged for each sample. The aver-
ages from two independent samples were combined to yield the
final result for each particle.

lon exchange chromatography: Cation exchange chromatography
was performed by using a 1 mL HiTrap SP HP column (GE Health-
care) under the control of an AKTA Explorer FPLC system. The solu-
tions used were A) 10 mm KPi pH 7 and B) 0.5m NaCl. After injec-
tion of the sample and equilibration with A, a linear gradient was
applied that increased the concentration of B from 0-100% over
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40 mL at 0.5 mLmin~". Protein elution was monitored by detecting
UV absorption, with a 260 nm/280 nm ratio of ~2 indicative of
intact Q.
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Assessing Carbohydrate-Carbohydrate Interactions by
NMR Spectroscopy: The Trisaccharide Epitope from the
Marine Sponge Microciona prolifera

J. Ignacio Santos,” Adriana Carvalho de Souza,* F. Javier Cafiada,”” Sonsoles Martin-
Santamaria,*' Johannis P. Kamerling,*® and Jesus Jiménez-Barbero*®

Diffusion-ordered NMR spectroscopy (DOSY-NMR) and TR-NOESY-
NMR experiments are used to detect ligand binding to macromo-
lecular receptors. These techniques have been applied to detect
weak carbohydrate-carbohydrate self-recognition in solution,
making use of sugar-decorated gold nanopatrticles as the “macro-
molecule” and the same carbohydrate as the ligand. Changes in
the diffusion coefficient of the free carbohydrate in the presence
of the glyconanoparticle (only with Ca" ions in the sample solu-
tion), as well as changes in the sign of the sugar NOE peaks—
positive for the free sugar (in the presence or absence of Ca'")
and negative for the sugar only in the simultaneous presence of
the glyconanoparticle and Ca" ions—have been taken as proof

Introduction

Molecular recognition events are at the heart of living systems.
Depending on the chemical natures of the interacting moiet-
ies, different ranges of affinities are accessible; this allows dis-
tinct associated features to be studied. Cell recognition and
adhesion involve many kinds of cell surface molecules that
interact in homotypic and/or heterotypic ways."

Cellular adhesion in marine sponges is an event mediated
by species-specific extracellular proteoglycans, otherwise
known as aggregation factors.” For the species-specific cell ad-
hesion in the marine sponge Microciona prolifera, two highly
polyvalent functional domains of its proteoglycan (MAF) are
held responsible: MAF, the first circular proteoglycan described,
is composed of two N-glycosylated proteins—MAFp3 and
MAFp4—with twenty units of each glycoprotein forming the
central ring and the radiating arms, respectively. Each MAFp3
unit carries one or two copies of a 200 kDa acidic glycan (g-
200), whereas each MAFp4 carries about 50 copies of a 6 kDa
glycan (g-6).”) The MAFp4 arms of the sunburst-like proteogly-
can are linked to cell-surface binding receptors, while the
MAFp3 ring exposes the g-200 glycans so that they can
engage in Ca'-dependent self-association.”

Partial characterization of the g-200 glycan showed that it
contained, among other fragments, two small oligosaccharide
epitopes—the pyruvated trisaccharide Galp4,6(R)Pyr([31-4)-
GlcpNAc(B1-3)Fucp and the sulfated disaccharide GlcpNAc3S-
(B1-3)Fucp (p-configuration for Gal and GIcNAc; L-configura-
tion for Fuc)—that play a role in the carbohydrate-carbohy-
drate interaction process.”) Through the use of the synthetic
sulfated disaccharide, multivalently presented as a bovine
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of weak Ca"-mediated carbohydrate-carbohydrate interactions in
solution. Although different methods such as SPR, TEM, and AFM
have been used in the past to detect carbohydrate-carbohydrate
interactions with the aid of gold nanoparticles and gold self-
assembled monolayers, they are restricted to high-affinity ranges.
The methods used in this study allow expansion of the number
of techniques to tackle this relevant biological problem, also for
approaching ligand-receptor interactions below the high-affinity
range. Additionally, 3D models of trisaccharide-Ca'-trisaccharide
complexes based on results from molecular dynamics simulations
are proposed.

serum albumin conjugate, and surface plasmon resonance
(SPR) spectroscopy it was shown that Ca'-dependent carbohy-
drate self-recognition is a major force in the g-200 association
phenomenon.” Recently, transmission electron microscopy
(TEM) imaging of gold glyconanoparticles (GNPs) decorated
with  GlcpNAc3S(B1-3)Fucp(a1-0)(CH,);S(CH,)¢SH and related
structures, in the presence or absence of Ca" ions, has provid-
ed valuable information about the mechanism of this Ca'-de-
pendent disaccharide self-recognition.®” Atomic force micros-
copy (AFM) experiments showed a force quantum of 30+6 pN
for the interaction of a single disaccharide pair®’ On the basis
of these model studies it was postulated that after the coordi-
nation of Ca" ions by several functional groups, the sulfated
disaccharide would reach a suitable conformation in which
other interactions, such as hydrophobic interactions, would
take place to stabilize the entire complex (Scheme 1).
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Scheme 1. Structures of the pyruvated trisaccharide (1) and the sulfated
disaccharide (2) epitopes involved in the carbohydrate-carbohydrate self-
recognition of the g-200 glycan.

The use of GNPs combined with TEM methodology, as suc-
cessfully applied for the synthetic sulfated disaccharide, did
not allow detection of self-assembly for the second putative
oligosaccharide fragment: Galp4,6(R)Pyr(31-4)GlcoNAc(B1-3)-
Fucp(a1-® It can be speculated that this is due to a lower
affinity, which does not allow for detection of the interaction
by TEM and AFM.

In the study of carbohydrate-carbohydrate interactions, it
has been reported that two Le* units can interact in the pres-
ence of Ca" ions to form a Le*-Ca"-Le* complex, as demonstrat-
ed by a variety of techniques.”) Weak interactions with Ca"
have been detected by NMR for Le* oligosaccharides tethered
to lipid bilayers,"” but Ca'"-induced complexation of Le* glyco-
conjugates has not so far been observed in solution.

Current developments in NMR techniques have allowed ex-
amination of specificity, affinity, and structural aspects of recep-
tor-ligand interaction."” Among the NMR methods suitable for
analyzing ligand binding, transferred NOE"? and DOSY™"*' are
particularly useful for detection of binding based on changes
in the rotational (TR-NOESY) and translational (DOSY) proper-
ties of the ligands upon binding to large receptors. These tech-
niques are particularly useful in the medium-to-low affinity
range, and, therefore it is speculated on whether they could
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be adopted to detect weak-affinity carbohydrate-carbohydrate
interactions such as those described above.

In this context, here we present a 'H NMR-based approach
to exploration of the existence of carbohydrate-carbohydrate
interactions mediated by Ca" ions in the case of the synthetic
trisaccharide components Galp4,6(R)Pyr(1-4)GlcpNAc(B1-3)-
Fucp(a1-0O)(CH,CHCH,) (1-All) and Galp4,6(R)Pyr(31-4)GlcpNAc-
(B1-3)Fucp(a1-0)(CH,);S(CH,)S@Au  (1-S@Au).®! Additionally,
molecular dynamics (MD) simulations have been carried out to
corroborate the experimental observations.

Results and Discussion
DOSY experiments

Diffusion ordered spectroscopy (DOSY) is a method for the de-
termination of molecular size through the measurement of dif-
fusion coefficients (logD). In the context of ligand-receptor in-
teractions, the log D values of ligands can be measured in the
presence and absence of receptor. Each measured logD value
is a weighted average of the diffusion coefficients of receptor-
bound and free ligand. Therefore, ligands with NMR signals
that show increases in apparent molecular weight signify a re-
ceptor-bound population, whereas ligands that do not bind to
the receptor exhibit no change in logD. This approach has pre-
viously been used to characterize the binding of a small pro-
tein receptor (hevein) to different oligosaccharides,™ to detect
the binding of plant extracts to the lectin domain of cholera
toxin," and to characterize the interactions of organic ligands
in suspensions of titanium dioxide nanoparticles.!™

In particular, pulsed field gradient NMR spectroscopy is an in
situ methodology that enables the resolution of mixtures of
different species in solution solely on the basis of their differ-
entiated translational mobility. The use of 2D NMR experi-
ments, which combine a chemical shift scale and a diffusion
coefficient scale in so-called 2D diffusion-ordered (DOSY) NMR
spectroscopy, provides a straightforward assignment of the dif-
fusion correlation peaks associated with the various molecular
species present in the mixture. This analytical tool is therefore
complementary to conventional separation techniques,® such
as size exclusion chromatography (SEC), in which the compo-
nents of the mixture are separated chemically, rather than
spectroscopically.

Figure 1 shows 'H NMR spectra (500 MHz) of 1-All, 1-S@Au,
and a mixture of 1-All and 1-S@Au in the presence of CaCl,
(10 mm), whereas Figure 2 provides a representation of the
corresponding 2D DOSY spectra. The diffusion coefficient is a
property of the molecule as a whole and therefore shared by
all the proton resonances of the molecule, so the signals of 1-
All are therefore spread out along a horizontal line with aver-
age logD values of 9.53. The solvent peak can be seen at
4.75 ppm, and logD=8.76. Overlapping signals are expected
to provide misplaced or distorted peaks, as is the case for one
anomeric 'H signal that overlaps with part of the solvent
signal. This DOSY spectrum does not provide direct informa-
tion about the molecular size, as the calibration of gradients,
temperature, and sample viscosity effects were not fully ac-
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Figure 1. 1D 'H NMR spectra (500 MHz) of 1-All (bottom), 1-S@Au (middle), and a mixture of 1-All and 1-S@Au (10:1, by weight, top) containing Ca" ions.

counted for in this example. Trisaccharide system 1-S@Au has
a log D value around 10.1.

When the same DOSY experiment was carried out with a
mixture of 1-All and 1-S@Au (10:1, by weight), without addi-
tion of Ca" ions, no changes in the DOSY spectrum of 1-All
were observed, indicating that the carbohydrate-carbohydrate
interaction, if present, should be very weak under these condi-
tions. In the presence of an excess of Ca" ions (10 mm CaCl,),
however, the logD values of the allyl resonances of 1-All (see
expansion in Figure 2 for clear evidence), which do not overlap
with the 1-S@Au resonances, changed substantially to an aver-
age value of logD=9.78. Since the average logD value of 1-
S@Au was 10.10, the observed change, in between that mea-
sured for 1-All and 1-S@Au, indicates sugar binding to the
GNP and thus Ca"-mediated carbohydrate-carbohydrate inter-
action. The existence of several clustered units of the sugar
(multivalency) seems to be required for the interaction to be
observable. Indeed, an additional blank experiment with 1-All
and no 1-S@Au, in the presence of Ca'" ions, did not show
changes in the DOSY spectrum of the free trisaccharide. The
DOSY experiment therefore allows the detection of a propor-
tion of the carbohydrate-carbohydrate complex for this trisac-
charide-trisaccharide@Au system.

In view of the success of the DOSY experiments for the pyru-
vated trisaccharide epitope, a similar approach was followed
for the sulfated disaccharide moiety, which had been shown in
TEM experiments to form large clusters of GNPs in the pres-
ence of Ca" ions.™ In this case, however, extreme line broaden-
ing of the signals did not allow the DOSY experiments to be
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performed. This line broadening can be correlated with a tight
interaction under the experimental conditions and supports
the existence of the previously reported strong disaccharide-
disaccharide self-recognition.®”®® It can be concluded that the
success of the DOSY experiments in the case of the trisacchar-
ide epitope is due to the weak-to-moderate affinity values of
the employed system.

On the experimental side, the assays are essentially per-
formed under equilibrium conditions. DOSY is a 2D experi-
ment, collected as a series of 16-64 simple 1D 'H experiments.
Generally speaking, it requires less time to acquire DOSY data
than it does for standard 2D NMR experiments such as correla-
tion spectroscopy and nuclear Overhauser effect (NOE) spec-
troscopy. As mentioned above, disadvantages include the exis-
tence of overlapping NMR resonances, which make the evalua-
tion of well separated signals necessary.

TR-NOESY-based studies

As previously shown for ligands that are not tightly bound and
exchange between the free and the receptor-bound states at
reasonably fast rates, the transferred nuclear Overhauser en-
hancement (TR-NOESY) experiment provides adequate means
to detect binding."? As is illustrated in Figure 3, for the bound
state, strong and negative NOE cross-peaks were only ob-
served for 1-All in the presence of 1-S@Au under the experi-
mental conditions described above for the DOSY experiments
with Ca" ions. This finding contrasts with those made for the
free state (1-All with or without Ca") or in the presence of 1-
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istence of ligand-receptor bind-
ing." In our case, however, no
STD effects were observed in the

trisaccharide signals upon irradi-
ation of the protons of the linker.
Since the kinetic requirements
seem to be fulfiled by the
system (TR-NOESY and DOSY ex-
§ periments did work), there is
' probably not enough proton

density™ in the system to allow
o transfer of saturation from 1-
I S@Au to interacting 1-All, or the

nanoparticle/sugar molar ratio
$ was too low for the accumulative
STD effect to take place.

F1 [m2/s]

Molecular dynamics simulation

| i " :
| W

53 52 5.1 5.0

Figure 2. The DOSY spectra of 1-All alone (red) and in the presence of 1-S@Au (blue). The DOSY spectrum of the
GNPs alone is also shown (black). Clear changes in the diffusion coefficient of the non-overlapping peaks of 1-All

49 F2[ppm]

F2 [ppm] ° . .
of the trisaccharide-trisacchar-
é ide complex in the presence of
= R Ca" ions
w
[e [ H
gl Siacie okl Although.the role of Ca .|ons in
glyconanoparticle homotopic-carbohydrate interac-
*? tions is not yet understood at
Blue: sugar + gold the molecular level, it can be in-
o " .
@ glyconanoparticle ferred from our studies that Ca"
ions have an essential role in the
<
® approach and organization of

the sugar moieties of the pyru-
vated trisaccharide.

With the aim of acquiring fur-
ther insight into the interaction

between the free and bound states are observed when the GNPs and Ca" ions are added to the NMR tube. No

changes were evident when no Ca' ions were present. An expansion of some non-overlapping proton resonances

only present in 1-All is shown at the bottom.

S@Au without Ca", for which NOE cross-peaks were weakly
positive, further supporting Ca"-mediated trisaccharide-trisac-
charide@Au recognition.

The change in sign of the NOE cross-peaks indicates that
the average tumbling rate of the trisaccharide under these ex-
perimental conditions is significantly slower than in the free
state, which can be correlated with the existence of a molar
fraction of trisaccharide molecules interacting with the trisac-
charide-decorated nanoparticle, probably with mediation by
Ca" ions, because no change in sign was observed in the
absence of these ions. Thus, like the DOSY technique,™ the
TR-NOESY experiment provides a suitable means to detect the
possibly multivalent carbohydrate-carbohydrate interaction
enhanced by the nanoparticle system.

STD experiments

As a final exercise, saturation transfer difference (STD) experi-
ments were also attempted. The STD technique is also a
straightforward NMR method that permits deduction of the ex-
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pattern, MD simulations were
performed and putative 3D
models of the carbohydrate-Ca'-
carbohydrate complexes
obtained.

were

The conformation of the trisaccharide as determined by
MM/MD calculations

In a first step, potential energy maps for the constituent disac-
charides were calculated."” Analysis of the distribution map of
the Galp4,6(R)Pyr(p1-4)GlcpNAc(B1- fragment reveals the pres-
ence of one major low-energy conformation and two local
minima. The syn-®@/syn-¥ conformational family is the most
populated, accounting for 92% of the population. This lowest-
energy region is centered around @ =60° and is defined by ¥
values between 90° and —90°. Small populations (about 8%
total) of the anti-® and anti-¥ conformations are also predict-
ed. The calculations therefore suggest that in solution the
Galp4,6(R)Pyr(p1-4)GlcpNAc(B1- fragment behaves similarly
around @/¥ to lactose and N-acetyllactosamine.'® For the
GlcpNAC(B1-3)Fucp(a1-fragment, similar behavior is found. Ac-
cording to the MM3* calculations, the global minimum is cen-
tered around @,¥=60°,0°. Minor populations (about 5% total)

ChemBioChem 2009, 10, 511-519
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A) conformation, which proved to
be  conformationally  stable
during a 5ns MD simulation
(Figure S3 in the Supporting In-
formation) with only minor de-
partures from the computed
global minimum.

F1 [ppm]

- —

The conformation of the trisac-
charide as determined by NMR
spectroscopy

The validity of the theoretical re-
sults for 1-All was verified by
NMR spectroscopy. The 'H NMR
spectrum in D,O was assigned
through a combination of COSY,
TOCSY, and HSQC experiments
(Table 1). The intra-ring vicinal
proton-proton coupling con-
stants showed that the six-mem-
B) C) bered rings adopt either the *C,
6 ‘ Q . k3 (D) (Gal, GIcNAC) or 'C, (1) (Fuc)
J chair conformations (Figure 4
] E’ ! and Figure S4 in the Supporting

Information).
E, [\ Further structural information
A was extracted from NOESY and

H 1
; ROESY experiments to comple-
0 U 0 D ment the MM3* data. The rele-

Iy j vant inter-residue proton-proton
U D distances in terms of the glycosi-
U 40 dic and aglyconic angles for the
major conformer A and for the
fi - distribution are collected in
i Table 2. For the Gal-GlcNAc
moiety, it was calculated that
H1-Gal is at a short distance
" from H4-GIcNAc in the syn-@¥
I “ conformers and from H3-GIcNAc
e I e R e i = ST ppm in the anti-¥ conformer, where-
+50 +80 +70 +60 +50 +40 +50 +80 +70 +60 +50 +40 as H2-Gal is close to H4-GIcNAc

m (12 m (12 . .

PRLIR) PRTLIR) in the anti-®@ geometry. In the
Figure 3. TR-NOESY spectra for 1-All in the absence and in the presence of 1-S@Au and CaCl,. A) Superimposi- NOE spectra, only the H1-Gal-
tions of different spectra are shown. The NOESY spectrum (400 ms mixing time) of 1-All is shown in black (diago- H4-GIcNAc NOE was detected
nal peaks) and red (cross-peaks). Cross-peaks and diagonal peaks have different signs, as would be expected for
small molecules free in solution. In contrast, the cross-peaks in the presence of 1-S@Au (blue) have the same sign
as the diagonal peaks (also blue); thus, this indicates the interaction of 1-All with 1-S@Au. B) and C) The two ex- ] ) .
periments are shown separately. The cross-peaks are always given in red. For the free state (B), the diagonal peaks ~ Major conformer in solution
have different signs (yellow). For the bound state—that is for the 1-All/1-S@Au system in the presence of Ca" (that is, at least qualitatively, the
?ons (C).—they show the s.an?e sig.n (also red); this show.ing the interaction p.rocess. When Ca" ions are not' present predominance of the syn-dﬂlf
in solution, the spectrum is identical to that shown in Figure 3B. No NOEs different from those observed in the . .

orientation). Analogous reason-

free state were observed, indicating that the pyruvated trisaccharide in the bound state shows the same confor-
mational behavior as in the free state. ing was followed for the GIcNAc-

Fuc moiety. Additionally, a more

quantitative treatment was per-
of the anti-®@ and anti-¥ conformations are also calculated.  formed by comparing the distances obtained from MM calcula-
Thus, on combining both fragments (Figure 4 and Figure S4 in  tions with those derived from the NOE intensities by a full re-
the Supporting Information) it is possible to postulate a major  laxation matrix approach.l'®'

above the noise level; this dem-
onstrates the existence of a very
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Galp4,6Pyr

o GlcpNAC

Figure 4. Minimized average 3D structure of 1-All, as derived from solvated
MD simulation in the presence of 50 calcium ions. Five Ca" atoms remain
simultaneously coordinated along the MD simulation with the following
sets of atoms: 1) carboxylate group, 2) At the bottom face 02-Gal and O6-
GlcNAC, 3) O1-Fuc, O2-Fuc, and allyl group. 4) At the top face O4-Fuc, and
endocyclic O-Fuc, and 5) O3-GIcNAc, carboxamide oxygen, and O6-Gal.

Table 1. 'H NMR chemical shifts (5, ppm) of 1-All in D,0 at 298 K.

o o o

H1-Gal 448 H1-GIcNAc 4.67 H1-Fuc 495
H2-Gal 3.62 H2-GIcNAc 3.77 H2-Fuc 3.86
H3-Gal 3.70 H3-GIcNAc 3.59 H3-Fuc 4,01
H4-Gal 4.18 H4-GIcNAc 3.77 H4-Fuc 3.89
H5-Gal 3.64 H5-GIcNAc 3.66 H5-Fuc 4.03
H6%-Gal 3.93 H6°-GIcNAC 3.83 H6-Fuc 1.20
H6%-Gal 4.03 H6"-GIcNAC 3.99

Me-Gal 1.43 Me-GlcNAc 2.038

Table 2. Relevant ensemble average ((r°)~"°) proton-proton distances

(A) calculated for the MD simulations starting with the global minimum
conformation (conformer A) of 1-All, together with a comparison be-
tween the expected NOEs for this MD-based distribution and those ob-
served experimentally.

Proton pair Distances NOE [%)]
@1/¥1(60/0) expected experimental
D2/¥2(60/0) (MD)
H1Gal-H4GIcNAc 24 9.3 9.2
H1Gal-H5Gal 2.4 10.6 10.2
H1GIcNAc-H5GIcNAc 2.4 10.3 9.8
H1GIcNAc-H4Fuc 2.5 7.4 8.2
H1GIcNAc-H3Fuc 2.6 6.7 6.5
H1Fuc-H2Fuc 25 5.8 5.9

In conclusion, it is clear (Table 2) that the agreement be-
tween the observed and the expected NOEs for the conforma-
tional distribution obtained from the MD simulations is more
than satisfactory.

Molecular dynamics simulation of the trisaccharide-
trisaccharide complex

MD simulations with explicit water were carried out in order to
propose a model for the trisaccharide-trisaccharide self-recog-
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nition that was in agreement with the observed NMR data.
Firstly, the geometry corresponding to the global minimum of
1-All resulting from the MM3* calculations (Figure 4 and Fig-
ure S4 in the Supporting Information) was simulated with MD
and explicit water molecules. The structural details (ensemble
average interproton distances and @/¥ values) obtained were
consistent with the experimental data reproducing the confor-
mation inferred from NMR (see the Experimental Section for
details of the MD simulations). Then, MD simulations, carried
out with inclusion of 50 Ca" ions in the water box, also led to a
minimized average conformation for 1-All, in agreement with
the NMR conformation described above. In principle, five dif-
ferent situations were deduced for this simple model, with five
Ca" atoms found to keep simultaneously coordinated with the
following five sets of atoms (Figure 4): 1) carboxylate group,
2) 02-Gal and 06-GIcNAc, 3) O1-Fuc, O2-Fuc, and allyl group,
4) O4-Fuc and endocyclic O-Fuc, and 5) O3-GIcNAc, carboxa-
mide oxygen, and O6-Gal. Each of these regions could, in prin-
ciple, be able to accommodate one Ca" ion, which is suscepti-
ble to coordination by a partner trisaccharide moiety.

In order to simulate the 1-All-Ca"-1-All complex, different
possible means of sharing Ca" atoms in dimeric models were
considered. Coordination through the allyl group (defined
above as set 3) was not considered because this situation does
not occur in the native context. Furthermore, models with two
trisaccharides sharing Ca" through the sets defined as 4 and 5
were excluded for steric reasons, since major conflicts appear
when it is attempted to set the second trisaccharide moiety.
Only two models therefore remained to be studied: the first
one with the participation of the carboxylate atoms belonging
to set 1 (Figure 5), and the second one including interactions

L
e
A

o 4
~ N
\

C

Figure 5. Minimized average 3D structure of the first putative model for es-
tablishing 1-All-Ca"-1-All interactions as derived from solvated MD simula-
tion. One calcium ion bridges the two 1-All entities through the carboxylate
moiety. The other possible ion binding sites have been kept for sake of clari-
ty. No interaction was detected for non-pyruvated oligosaccharide, indicat-
ing the importance of this moiety for the interaction.

of atoms belonging to set 2 (02-Gal and 06-GlcNAc; Figure 6).
All the calcium-oxygen distances were within the expected
ranges found in reported crystal structures of sugar—calcium
complexes (2.30-2.65 AP%),

To provide models of the putative dimeric 1-All entities, the
geometries shown in Figures 5 and 6 were subjected to MD
simulations, with the Ca" ions being kept at the two key sites.

ChemBioChem 2009, 10, 511-519
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Galp4,6Pyr
Galp4,6Pyr /

GlcpNAC

GlepNAc

Fucp
Fucp

Figure 6. Minimized average 3D structure of the second putative model for
establishing 1-All-Ca"-1-All interactions as derived from solvated MD simula-
tion. One calcium ion bridges the two 1-All entities through 02-Gal and O6-
GIcNAc atoms at each sugar moiety.

Initial distance restrictions were applied after the equilibration
period between the Ca" ions and the putative coordinating
atoms, finishing with unrestrained MD simulations. Ca"-mediat-
ed coordination between the two units of sugar was main-
tained along the simulations for both starting geometries, as
shown in Figures 5 and 6. These plausible models of the com-
plexes provide interaction patterns that account for the exis-
tence of binding between the trisaccharides. Additionally, it
should be pointed out that the two coordination models could
co-exist in solution, weaving a network of carbohydrate-carbo-
hydrate interactions in which Ca" ions have a fundamental role
in establishing and maintaining such a molecular recognition
pattern. Figure 7, although merely speculative, shows two dif-
ferent perspectives of one of these possible 3D models that
could account for the observed carbohydrate-carbohydrate in-
teraction. As can be observed, the trisaccharides are gathered
together by bridged calcium atoms, which preclude the disso-

FULL PAPERS

ciation of the complex. The different trisaccharide entities in-
teract in a parallel fashion and are layered in pairs. They thus
show a segmental type of interaction that can explain the
actual interaction observed in nature for the native g-200, in
which the polysaccharide-polysaccharide interaction takes
place through the trisaccharide epitopes.

Conclusions

In conclusion, the employment of DOSY and TR-NOESY NMR
experiments has proven to be useful for the study of weak car-
bohydrate-carbohydrate interactions and can be exploited for
the understanding of other recognition processes, especially
when ligand-receptor binding occurs with low to moderate
affinity. Knowledge of the factors that drive such events, not
only in the carbohydrate field but also in other bioorganic-
related events, is crucial for understanding key processes that
take place in nature.

Experimental Section

Pyruvated trisaccharide components: The synthesis of
Galp4,6(R)Pyr(p1-4)GlcpNAc(B1-3)Fucp(a1-0)(CH,CHCH,) (1-All)
and Galp4,6(R)Pyr(31-4)GlcpNAc(B1-3)Fucp(a1-0O)(CH,);S(CH,)¢-
S@Au (1-S@Au) has been described recently.” The size of the gold
nanoparticles amounts to 1.59+0.5 nm (116 Au atoms), with a
loading of on average 32 trisaccharide molecules per nanoparticle.

NMR spectroscopy: NMR experiments were recorded on a Bruker
Avance instrument at 298 K. A concentration of about 0.5 mm 1-
All was used. Chemical shifts were referenced to external 2,2-di-
methyl-2-silapentane-5-sulfonic acid (DSS) in D,0O. 1D spectra were
acquired by use of 32 K data points, which were zero-filled to 64 K
data points prior to Fourier transformation. COSY, TOCSY, HSQC,
NOESY, and T-ROESY spectra (mixing times of 300, 400 and 500 ms)
were acquired by standard techniques. Acquisition data matrices
were defined by 1024x256 points, multiplied by appropriate
window functions, and zero-filled to 1024 x512 matrices prior to
Fourier transformation. Baseline correction was applied in both
dimensions. 1D-selective NOE spectra were also acquired at four

Figure 7. A putative extension of the interaction between the two 1-All moieties that simultaneously uses both plausible Ca" coordination sites.
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different mixing times (200, 300, 400, and 500 ms). Spectra were
processed with the aid of the Bruker XWIN-NMR program.

Distances were estimated from NOESY/ROESY experimental data as
follows: NOE intensities were normalized with respect to the diag-
onal peak at zero mixing time. Selective T, measurements were
performed on the anomeric and several other protons to obtain
the values described above. Experimentally determined NOEs were
fitted to a double exponential function, f(t)=p0(e"")(1—eP*) with
p0, p1, and p2 being adjustable parameters.”” The initial slope was
determined from the first derivative at time t=0, f(0)=p0p2. From
the initial slopes, interproton distances were obtained by employ-
ing the isolated spin pair approximation.

Furthermore, the experimentally determined NOE intensities at a
given mixing time were compared to those determined for single
conformers or ensemble average distributions, calculated accord-
ing to the complete relaxation matrix, automatically performed by
a home-made program, which is available from the authors upon
request."*?? |sotropic motion and external relaxation of 0.1s™"
were assumed. A correlation time of 110 ps was used to obtain the
best matching between experimentally measured and calculated
NOEs for the intraresidue proton pairs H1-H3 and H1-H2 of the Gal
and Fuc moieties, respectively.

DOSY: The standard Bruker protocol was used with a 500 MHz
Avance spectrometer equipped with a broad-band z-gradient
probe; 32 1D 'H spectra were collected with a gradient duration of
2ms and an echo delay of 100 ms for 1-All, or 250 ms for the 1-
All/1-S@Au complexes. Acquisition times of about 16 and 32 min
were required for the oligosaccharide samples and complexes,
respectively. The ledbpg2s pulse sequence, with stimulated echo,
longitudinal eddy current compensation, bipolar gradient pulses,
and two spoil gradients, was run with a linear gradient
(53.5 Gem™") stepped between 2% and 95%. The 1D 'H spectra
were processed and automatically baseline-corrected. The diffusion
dimension, zero-filled to 1k, was exponentially fitted according to
pre-set windows for the diffusion dimension. To carry out the ex-
periments with Ca" ions, CaCl, (10 mm) was added to the same
sample.

TR-NOESY: TR-NOESY experiments were recorded on a Bruker
Avance 500 spectrometer at 298 K. Samples were prepared in D,0.
The concentration of 1-All was 0.5 mwm, and the 1-All/1-S@Au ratio
was about 10:1 (w/w). Mixing times of 250 and 400 ms were used.
For the free state, only the 400 ms mixing time was employed. To
carry out the experiments with Ca" ions, CaCl, (10 mm) was added
to the same sample.

Molecular mechanics calculations: Firstly, the trisaccharide was di-
vided into its two disaccharide components: Galp4,6(R)Pyr(31-
4)GlcpNAC(B- and GlcpNAc(B1-3)Fucp(al-. Relaxed (@W) energy
maps for both fragments were then generated by systematic rota-
tions around each glycosidic linkage and aglyconic bond with use
of a grid step of 18°, optimization of the geometry at every @¥
point by means of conjugate gradients iterations until the rms de-
rivative was smaller than 0.05 kJmol™'A~", and energy calculation
with Macromodel and the MM3* force field®® (¢ =80) as integrated
in the MAESTRO 7.5 package.”” The gg and gt orientations of the
GlcNAc unit were considered, because these have been shown to
be much more stable than the alternative tg conformers. Two start-
ing structures were thus considered for each disaccharide frag-
ment, and in total 800 conformers were calculated. The probability
distribution was calculated for each point according to a Boltz-
mann function at 298 K.
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Molecular dynamics simulations: The molecular dynamics simula-
tions were performed for 1-All by use of the MM3* force field with
a dielectric constant of 80 within MAESTRO 7.5. For the MD simula-
tions, several geometries corresponding to the combination of the
different low-energy minima were used as input. A simulation tem-
perature of 300 K was employed with a time step of 1.5 fs and an
equilibration time of 100 ps. The total simulation time was 5 ns.

Molecular dynamics simulations in explicit water: Coordinates of
the global minimum of 1-All, resulting from the above MM3* cal-
culations, were used in the construction of the initial model. The
pyruvate moiety was considered to be in the carboxylate state.
Electrostatic potential-derived charges for the three non-standard
monosaccharides were obtained by the RESP methodology™’ with
a 6-31G* basis set as implemented in the Gaussian 98 program,®®
and GLYCAM-04"%" parameters were used to build the prep files.
Systems including Ca" cations were neutralized with the corre-
sponding CI~ anions. Each of the different starting geometries was
immersed in a periodic water box that extended up to 10 A away
from any solute atom. Periodic boundary conditions were applied,
and electrostatic interactions were represented by the smooth par-
ticle mesh Ewald method™® with a grid spacing of 1 A. Molecular
dynamics simulations were carried out at 300 K and 1 atm with the
SANDER module in AMBER 8.7 SHAKE®® was applied to all bonds
involving hydrogens, and the integration time step was 2 fs. The
simulation protocol consisted of a series of progressive energy
minimizations followed by a 20 ps heating phase and a 250 ps
equilibration period, after which a 2 ns unrestricted dynamics simu-
lation was performed. For the two models considering one trisac-
charide-trisaccharide complex sharing Ca" atoms, the equilibration
period was followed by a 250 ps restricted dynamics simulation
(5 kcalmol™'A™?) to maintain the Ca" ions attached to the putative
coordinating atoms. Finally, 1 ns of unrestricted dynamics simula-
tion was performed for both models.
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Understanding the Plasticity of the a/pf Hydrolase Fold:
Lid Swapping on the Candida antarctica Lipase B Results
in Chimeras with Interesting Biocatalytic Properties

Michael Skjgt,” Leonardo De Maria,” Robin Chatterjee,™ Allan Svendsen,"
Shamkant A. Patkar,”” Peter R. @stergaard,”” and Jesper Brask*"”

The Candida antarctica lipase B (CALB) has found very extensive
use in biocatalysis reactions. Long molecular dynamics simula-
tions of CALB in explicit aqueous solvent confirmed the high mo-
bility of the regions lining the channel that leads into the active
site, in particular, of helices a5 and a.10. The simulation also con-
firmed the function of helix a5 as a lid of the lipase. Replacing it
with corresponding lid regions from the CALB homologues from

Introduction

Candida antarctica lipase B (CALB) has found very extensive
use in biocatalysis reactions."™! Applications include both
aqueous hydrolysis and nonaqueous acylation reactions; these
reactions utilize the enzyme’s high activity on a broad range of
substrates, which is often combined with outstanding chemo-,
regio-, and/or enantioselectivity. Numerous examples from aca-
demia and industry illustrate CALB's versatility in asymmetric
biocatalysis; typically it is used to generate chiral building
blocks by (dynamic) kinetic resolutions or desymmetrizations.*-
8 Substrates in these applications are usually chiral secondary
alcohols (or esters thereof) or the isosteric primary amines
(RCHNH,R), but examples also exist with chiral primary alco-
hols or chiral carboxylic acids (or esters thereof). In the resolu-
tion of secondary alcohols, CALB displays Kazlauskas selectivity,
that is, the R alcohol (or ester thereof) is most often the faster-
reacting enantiomer.”’ Further, the impressive activity of CALB
in acylation reactions under mild conditions has also been uti-
lized for applications not involving stereochemistry, such as en-
zymatic polymerizations®® or chemoselective esterifications."”
Despite its versatility, CALB also has limitations in its accommo-
dation of substrates. Bulkiness, such as branching in the ao-
position of the carboxylic acid, is problematic, and various
functionalized or sterically hindered secondary alcohols™ and
all tertiary alcohols are poor substrates. For such applications,
the other lipase from C antarctica, CALA, is often a much
better starting point."?

Not counting the signal and propeptide sequence (18+7=
25 amino acids), the CALB sequence is 317 aa with the catalytic
serine at S105. We have previously reported thermostability,
activity, and enantioselectivity for a few single point mutated
CALB variants.">' More recently, other groups have also gen-
erated and reported CALB variants with improved properties.!"
A group from Schering-Plough used error-prone PCR to pro-
duce mutants with increased thermostability™® and DNA
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Neurospora crassa and Gibberella zeae resulted in two new
CALB mutants. Characterization of these revealed several interest-
ing properties, including increased hydrolytic activity on simple
esters, specifically substrates with C, branching on the carboxylic
side, and much increased enantioselectivity in hydrolysis of race-
mic ethyl 2-phenylpropanoate (E > 50), which is a common struc-
ture of the profen drug family.

family shuffling to produce other mutants with increased hy-
drolysis activity toward a prochiral diester substrate."” In the
latter work homologous lipases from C. antarctica, Hypozy-
ma sp. and Crytococcus tsukubaensis were shuffled. Mutants
were also identified with increased thermostability relative to
CALB (thermostability close to that of the Hypozyma parent).
Chodorge et al. used error-prone PCR to generate CALB var-
iants, which were screened for enhanced thermostability."®
The variant N292Y showed 7.5-fold increased activity after in-
cubation at 90°C for 15 min. In a series of publications, Hult
and co-workers report the effect of rational single point muta-
tions in the CALB active site. With a T40A or T40V substitution,
enantioselectivity could be dramatically improved for hydroly-
sis of ethyl 2-hydroxypropanoate.'” The authors highlight this
as an example of substrate-assisted catalysis. With a S47A mu-
tation, the enantiomeric ratio (E) was doubled for acylation of
certain racemic secondary alcohols (halohydrins).”” Similarly, a
W104A mutant expanded this pocket and showed increased
activity with alcohols such as heptan-4-ol and nonan-5-ol.?"
Interestingly, Hult and co-workers have also investigated aldol
and Michael additions,”**' and Baeyer-Villiger oxidations®®
with the catalytic serine variant S105A. In a novel approach,
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Understanding the Plasticity of the a/f Hydrolase Fold

Lutz and co-workers reported increased catalytic activity of
CALB variants produced by circular permutation.””? Variants
were identified with increased k., and k./K, for hydrolysis of
4-nitrophenyl (pNP) butyrate and 6,8-difluoro-4-methylumbelli-
feryl (DIFMU) octanoate. One variant, cp283, was further immo-
bilized and assayed in nonaqueous esterification and transes-
terification reactions. This demonstrated in general very similar
E values for the variant and the wild-type (wt) enzyme. Specifi-
cally for esterification of 2-phenylpropanoic acids (profen-like)
approximately twofold increased E and k./K, values were
found.

Here, we describe the design and characterization of novel
CALB mutants in which the entire CALB lid region is substitut-
ed with that of homologues.

Results and Discussion

The CALB structure — molecu-
lar dynamics and alignment

The crystal structure of CALB
was solved already in 1994 by
Uppenberg etal. as only the
sixth lipase structure.® It was
found that CALB is a globular a/
B-type protein composed of
seven central f strands that are
flanked on both sides by ten
o helices. This a/f hydrolase fold
was first identified in 199287
and has been extensively re-
viewed in recent years.'® A
still-growing number of lipases
and esterases are members of
this fold. Although the sequence
similarity between them is low, 2.0

3.0p

2.5

ot
their structures share a signifi- P i 5
cant number of secondary ele- g ’

r
ments arranged in similar tertiary A 1.0

structural motifs. As pointed out
by Heikinheimo etal., the a/f

hydrolase fold is arguably the 0.049
most plastic of protein folds be-

cause it tolerates large insertions 8
into a single-domain protein.®? <
Uppenberg etal. found the g 6
CALB structure in what appeared i i
to be an “open” conformation %

with the active site accessible to 2

the solvent, and the short a-
helix, a5 (defined as residues
142-146), was pointed out as a
putative id.*® The long C-termi-
nal a10 (residues 268-287) was
hypothesized to play a role in
CALB activation and active-site
accessibility. In 1995, Uppenberg

ChemBioChem 2009, 10, 520- 527
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et al. published the structure of CALB with a covalently bound
phosphonate inhibitor.? It was then suggested that the
a5 helix interacts with the acyl part of a substrate, but does
not act as a proper lipase lid. Hence, it was concluded that
CALB in fact lacks a lid structure—an issue that has been de-
bated ever since.

In this study, we have addressed the mobility of CALB in
aqueous solution. Our molecular dynamics (MD) simulation fol-
lows the enzyme over 10 ns, which is four-times longer than
previously reported simulations.?** The most striking event
that was observed during this investigation is a large motion
of the a5 helix towards the C-terminal part of the a.10 helix. A
representative configuration was extracted from the simulation
and is compared with the crystal structure of CALB in Figure 1.

Figure 1. CALB conformations. Left: the crystal structure 1TCA. The a5/a.10 helices and flanking regions are
shown in orange/blue. The catalytic triad and W104 are shown with sticks and spheres. Right: CALB as obtained
from the MD simulation, with the same color code.

— 1TCA
— 1LBS
*’

Ty Wﬁ:_ I

0
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

Residue number

Figure 2. CALB mobility. Upper graph: the Ca isotropic root mean square fluctuations (iRMSF) as obtained from
the MD simulation, and two representative crystal structures (PDB ID: 1TCA and 1LBS). Lower graph: the Ca-Ca
distance between corresponding residues after optimal superimposition of the CALB structure from Figure 1
(right) onto the crystal structure (1TCA). Regions that are more distant from the crystal structure overlap clearly
with the a5/a10 helices and flanking regions.
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During this motion D145 becomes fully solvated and loses its
interactions with both S150 and T158, and P143 comes in con-
tact with L285 on the C-terminal part of the a10 helix. The
displacement of the a5 helix leaves also parts of the a6 helix
exposed to the solvent.

The isotropic root mean square fluctuations (iRMSF) for the
C, atoms obtained from the above-mentioned simulation are
consistent with those of the monoclinic crystal form of the
enzyme (Figure 2, upper panel) as well as with those obtained
by Trodler and Pleiss in their recent simulation study.?® The a5
and a10 helices are the most mobile elements in the polypep-
tide chain. In Figure 2, lower panel, a detailed comparison of
the average configuration that arises from the simulation and
the crystal structure used to start it, confirms the mobility
data. Taken together with the crystallographic work, our simu-
lation results point to the a5 helix in the CALB structure as a
very mobile element that interacts loosely with the rest of the
polypeptide chain and consequently is not particularly con-
strained from a sequence point of view.

This line of thought is confirmed when CALB and homo-
logues are aligned. From regular BlastP searches, six molecules
can be identified with >30% identity to CALB: Ustilago maydis
(Q4PEP1), Gibberella zeae (Fusarium graminearum) (Q4HUY1),
Debaryomyces  hansenii  (Q6BVP4), Aspergillus  fumigatus
(Q4WG73), Aspergillus oryzae (Q2UE03) and Neurospora crassa
(Q7RYD2). We aligned these molecules as well as the previous-
ly described CALB homologue from Hyphozyma sp.B® to CALB
in their mature forms as determined by SignalP analysis.*” This
clearly indicated a region of high complexity that corresponds
to the CALB a5 helix and flanking residues, which span the
residues from 135 to 155 (Figure 3). Marked differences in lid
regions have previously also been observed among pancreatic
lipases.®

Lid swapping-design, cloning, expression and purification

In their work with circular permutation, Qian and Lutz recently
identified the a5 helix of CALB as a region where backbone
cleavage could be allowed (leading to functional molecules),
but the tested variants did not show significantly improved
activity in hydrolysis of pNP butyrate and DiFMU octanoate.””
The above-mentioned results from MD simulations and the
alignment, however, prompted us to further investigate the
role of this region. We accordingly embarked on a project of
generating CALB variants with this region substituted with the
corresponding regions from the homologues. A similar strat-
egy of “lid swapping” has previously been explored by Secun-
do, Jaeger and co-workers, who mainly worked with Candida
rugosa lipase isoenzymes, but they also investigated lid muta-
tions in the Pseudomonas fragi lipase, as well as insertion of lid
fragments from homologues on the lid-less Bacillus subtilis li-
pase AP In our work with CALB, in particular the transfer of
lids from the N. crassa and G. zeae homologues resulted in chi-
meric lipases with interesting properties. These enzymes were
“CALB-N. crassa” (with a lid from Q7RYD2): Y135F K136H,
V139M, G142Y, P143G, D145C, L147G, A148N, V149F, S150G,
KVAKAGAPC, A151P, W155L, and “CALB-G. zege” (with a lid
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from Q4HUY1): V139, G142N, P143l, L144G, D145G, L147T,
A148G, V149L, S150IN, A151T, S153A, W155V. Variants were
made by splicing by overlapping extension PCR (SOE-PCR)“"
followed by sequence confirmation of the resulting variants.
The inserted regions were designed to be encoded by optimal
Aspergillus codon usage, and the resulting fragments were
cloned into an Aspergillus expression vector and expressed
from recombinant Aspergillus essentially as described by Huge-
Jensen and co-workers.*" Following filtration of the culture
broth, the variants were chromatographically purified and their
identity was confirmed by N-terminal sequencing.

Characterization of CALB-N. crassa and CALB-G. zeae

Initially, for kinetic characterization of these two CALB variants
in comparison to the CALB wt enzyme, hydrolysis assays based
on the pNP esters of butyric acid (1), (R,S)-2-methylbutyric acid
(2) and lauric acid (3) were conducted (Scheme 1). Whereas 1

NO! NO

SN ¥
A~ /k)LO
1 2

NO.
0 /@/ 2
PN NN .
3

Scheme 1. Structures of pNP substrates.

is the standard substrate of choice, the other two structures
were included to investigate how the variants accommodate
carboxylic C, branching and longer acyl chains. This focus was
based on the earlier observations by Uppenberg et al. that the
a5 helix interacts with the acyl part of the substrate.** Mi-
chaelis-Menten constants of the two variants and the wt
enzyme are shown in Table 1. The assays were performed in
sodium phosphate buffer (0.5m, pH 7.0) that contained Tri-
ton X-100 (1 %) to avoid turbid solutions at high substrate con-

Table 1. Kinetic constants and enantiomeric ratio for hydrolysis of pNP

esters.

Substrate Enzyme Keat K ko/Kw  E

s [um] 5'm™

CALB wt 1641 484+ 11 33000 na.

1 CALB-N. crassa 39+ 11 250+12 160000 n.a.
CALB-G. zeae 8+2 169432 47000 na.
CALB wt 0.09+£0.02 525+99 170 1.05+0.02

2 CALB-N.crassa 1.24+0.2  318+24 3900 2.4+0.2
CALB-G. zeae  0.30£0.03 335+111 900 1.08+0.02
CALB wt 3.1+03 535+32 5800 na.

3 CALB-N. crassa  2+1 4504251 4400 na.
CALB-G. zeae  23+6 170£15 140000 na.
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Figure 3. Alignment of CALB homologues. Black on white: dissimilar residues. Blue on cyan: consensus residues derived from a block of similar residues at a
given position. Black on green: consensus residues derived from the occurrence of greater than 50% of a single residue at a given position. Red on yellow:
consensus residues derived from a completely conserved residue at a given position. Green on white: residues weakly similar to consensus residues at a
given position. The region of high complexity targeted for replacement in CALB is boxed.

centrations. The enantiomeric ratio (E) could be calculated for
hydrolysis of substrate 2 by acidification of the reaction mix-
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ture, followed by extraction into diethyl ether and analysis of
the 2-methylbutyric acid product by chiral GC.
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Our results indicate that under the stated conditions, the
CALB-N. crassa mutant had a five-times higher k./K, ratio
compared to the wt lipase when assayed with pNP butyrate
(1), and a 23-times higher k_/Ky, ratio with the branched sub-
strate 2; however, with the longer substrate 3, CALB-N. crassa
performed much like the wt, whereas CALB-G. zeae had a 24-
times higher k./K,, ratio. Both the wt enzyme and CALB-
G. zeae were almost completely unselective towards substrate
2, but CALB-N. crassa did show very modest enantioselectivity
(E=2.4). For comparison, Gaub et al. recently reported k.=
325" and Ky=4612um for hydrolysis of 1 in phosphate
buffer (50 mm, pH 7.0), NaCl (150 mm), Triton X-100 (0.5%),
iPrOH (5%) by CALB expressed in Aspergillus.*® In the same
publication the authors reported very similar kinetic constants
for CALB expressed in E. coli. Qian and Lutz reported k. =55"
and Ky=410 um for CALB wt with the same substrate in a
pH 7.5 buffer (Triton or cosolvents were not mentioned).””!

Whereas pNP esters are frequently used for assaying enzyme
activity, these activated esters are both electronically and steri-
cally significantly different from the simple alkyl esters that are
typically of interest in biocatalytic reactions. To address this
issue, a second assay was designed with hydrolysis of a small
but diverse set of eight simple esters substrates (Scheme 2). In-
itially a range of additives and cosolvents were evaluated for
their ability to emulsify or dissolve the substrates, and hence
increase accessibility for the enzyme. Two conditions were
found to be favorable for all substrates, 1) 0.1% Triton X-100
and 2) 5% acetone, both in 50 mm Tris buffer pH 7.0. Reactions
were then performed in Eppendorf tubes at 30°C over 24 h,
after which a sample was withdrawn for GC analysis, which
was used to calculate both conversion and enantiomeric ratio.

This simple assay revealed several interesting results
(Table 2). The most striking was the remarkably improved

0 0
o™

/\n/o\)\

IO A

Scheme 2. Structures of ester substrates used for hydrolysis assay.
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Table 2. Conversion (%) and enantiomeric ratio (E)*¥ after 24 h reaction

for the systems with either Triton X-100 (0.1 %) or acetone (5 %).

Substrate Condition CALB wt CALB-N. crassa CALB-G. zeae

4 Triton 92 (1.1) 99 (1.0 97 (1.0)
acetone 92 (1.1) 98 (1.0) 97 (1.1)

5 Triton 0 24 (>50) 26 (>50)
acetone 0 7 (>50) 4 (>50)

6 Triton 30 30 24
acetone 36 38 27

7 Triton 41 (1.0) 24 (>50) 30 (23)
acetone 44 (1.3) 24 (>50) 23 (>50)

s Triton 97 96 96
acetone 97 94 97

9 Triton 38 (>50) 47 (>50) 46 (>50)
acetone 42 (>50) 38 (>50) 40 (>50)

10 Triton 93 73 79
acetone 86 75 67

1 Triton 58 (3.9) 53 (5.1) 40 (15)
acetone 40 (12) 49 (5.5) 33 (14)

[a] E>50 means that only one enantiomer could be detected by the

standard GC analysis. The same amount of enzyme (0.5 mg) was used in

all reactions.

enantioselectivity for hydrolysis of ethyl (R,S)-2-phenylpropa-
noate (7). The wt enzyme showed no enantioselectivity with
this substrate at all; this is also described in the literature.*® In
contrast, both mutants hydrolyzed the substrate with excellent
enantioselectivity (it has not been investigated if the selectivity
is R or S). Because 2-arylpropanoic acid is a common core
structure of the profen drug family (ibuprofen, ketoprofen,
etc.), there is significant interest in finding such selective
enzymes to facilitate resolution of the racemic drugs or inter-
mediates.***! Both variants also showed increased activity
with the difficult C,-branched ethyl (R,S)-2-ethylhexanoate (5),
with which the wt enzyme had no detectable activity. Further,
with this substrate, enantioselectivity was excellent (E>50) for
both variants, and interestingly, conversion was higher with
0.1% Triton X-100 compared to 5% acetone (for all other re-
actions the two media gave very similar results).

The two mutant enzymes were further characterized and
compared by measuring the denaturation temperature (T,) by
differential scanning calorimetry (DSC), and specific activity in
the hydrolysis of tributyrin at pH 7 (the “LU assay”).*® For the
wt enzyme we found a T, of 62°C, which confirms previously
published data.'" The two mutants showed little variation rela-
tive to the wt denaturation temperature: the T, values were
determined to be 60 and 63°C for CALB-N. crassa and CALB-
G. zeae, respectively. For comparison, Lutz and co-workers de-
termined T, for CALB wt to be 53.5°C by fitting thermal dena-
turation CD spectroscopy data, with the circular permutated
variants giving significantly reduced T, values.”® When we
measured the specific activity with the LU assay, CALB wt gave
a familiar bell-shaped pH profile with a optimal specific activity
at pH 7, which is close to what we have previously reported
(Figure 4)." The two variants, on the other hand, yielded sur-
prisingly low specific activities in this assay. Furthermore, the
pH profiles were entirely different: there was no clear opti-
mum, but a tendency to higher activity under more alkaline

ChemBioChem 2009, 10, 520-527
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Figure 4. The pH profiles of the enzymes studied in the LU assay.

conditions. Whether the poorer performance of the variants in
this assay is due to the triglyceride substrate structure or other
reaction conditions, is not certain.

Finally, to investigate the performance of the two mutants in
acylation reactions under nonaqueous conditions, the enzymes
were immobilized on porous polypropylene beads. The enan-
tioselectivity was then evaluated for acylation of a racemic sec-
ondary (hexan-3-ol; 12) and primary (2-ethylhexan-1-ol; 13) al-
cohol in hexane by using vinyl acetate or propionate as acyl
donors (Scheme 3). With the secondary alcohol 12, both wt
and the two variants showed excellent enantioselectivity (E>
50), but the primary alcohol 13 gave poor enantioselectivity, al-
though it was slightly improved in the variants compared to
the wt (Table 3). Reaction rates were similar for the three en-
zymes, though the two variants appeared slightly slower than
the wt in acylation of substrate 13. The increase in enantio-
selectivity for acylation of 13 is small but significant, and indi-

o0F
S i i thd
OH CALB Oj]/\
(0]

12
o (¢]

/\/}AOH 9 e /\/}/\OJ\
CALB

13
Scheme 3. Transesterification reactions catalyzed by immobilized CALB.
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Table 3. Enantiomeric ratio (E) determined from nonaqueous transesteri-
fication reactions with alcohols 12 and 13.

12 13
CALB wt >50 1.9
CALB-N. crassa >50 3.0
CALB-G. zeae >50 3.2

cates that the lid plays a role in dictating the selectivity in
apolar nonaqueous media too.

Conclusions

Historically, the significance and even presence of a CALB lid
has been debated, though the a5 and 10 helices originally
were suggested as lid candidates. We have now been able to
establish with MD simulations that a5 and a10 are in fact
highly mobile regions in the CALB structure, and also exhibit a
relative motion between them. The simulations presented in
this work also point at the a5 helix and its flanking residues as
loose regions that have few physical contacts with the rest of
the molecule. This was further confirmed by sequence align-
ments in which this residue stretch was found to have remark-
able low similarity in seven CALB homologues. To investigate
the role of this region, mutant lipases were created in which
this sequence of the wt CALB was replaced with that of the
homologues from the alignment. We succeeded in expressing
several of these molecules in Aspergillus, and from this handful,
two were initially selected to be studied further, based on high
activity measured with a simple pNP butyrate assay directly in
the fermentation broth. These were CALB-N. crassa, which had
a very large lid, and CALB-G. zeae, which had a much smaller
lid structure. The biocatalytic screening of these two mutants
revealed several interesting properties, including increased hy-
drolytic activity with a range of ester substrates, in particular
those with C, branching on the carboxylate, as well as much
increased enantioselectivity in hydrolysis of a 2-arylpropanoic
acid ester. From an application point of view, this positions
CALB-N. crassa and CALB-G. zege as two potentially very inter-
esting enzymes for a range of biocatalytic reactions. The re-
sults also illustrate that the CALB sequence stretch around the
a5 helix can indeed significantly influence the catalytic proper-
ties of the enzyme, including the enantioselectivity, which con-
sequently seems not only to be dictated by the fit of the sub-
strate into the enzyme’s active site pocket. Finally, this work
provides evidence in support of the high plasticity of the a/f8
hydrolase fold, and shows how entire regions of the polypep-
tide chain that are loosely bound to the rest of the protein
matrix can be completely interchanged.

Experimental Section

Molecular dynamics and alignment: CHARMm® was used to pre-
pare the CALB (PDB ID: 1TCA) structure for the simulations, as de-
scribed in previous studies.*** D134 was neutralized by adding a
proton to ensure a neutral enzyme at neutral pH values. Hydrogen
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atoms were added to both protein and waters by using the com-
mand HBUILD. The system was embedded in explicit water mole-
cules and confined to a 90 A cubic box. There were in total 24630
water molecules, including those that were already present in the
1TCA structure. A simulation at constant temperature (300 K) and
constant pressure (102668 Pa) was performed for a total of 10 ns
by using NAMD."” Berendsen’s coupling method® was used to
keep the temperature and the pressure at the desired values. The
temperature coupling constant was set to 0.25 ps ' and the com-
pressibility parameter for the barostat was set to 4.55x 107° bar™".
Hydrogen atoms were constrained by the SHAKE algorithm by al-
lowing for a 2fs time step.”” Long-range interactions were
switched from 8 to 12 A, at which point they were cut off. More
details about the simulation can be found in the Supporting Infor-
mation. The alignment was done by using the AlignX program
from the Vector NTI package (Invitrogen) version 10.3.0 by using
standard parameters.

Cloning and expression: CALB variants were created by SOE-PCR
by using a vector that harbored the wt CALB coding region as
template for the primary PCR. Insertion of Q7RYD2 lid: PCR-A:
primer 387: 5-TGG CGA CCT TGC CGA AGT TGC CGG CGC AGA
GGC CGT AGG CGA GCA TGG TGC CGT GGA AGT CGG GCG CAA
AGG CCA TAA GTC GAT C-3'+ primer 399: 5-CCG GTG ACC CTC
GAG ACC ATG AAG CTA CTC TCT CTG ACC-3' and PCR-B:
primer 388: 5-TCT GCG CCG GCA ACT TCG GCA AGG TCG CCA
AGG CCG GCG CCC CCT GCC CCC CCT CCG TCC TCC AGC AAA
CCA CCG GTT CGG CAC TCA CC-3'+primer 400: 5'-TCA CCC TCT
AGA TCT TCA GGG GGT GAC GAT GCC GG-3'. Insertion of Q4HUY1
lid: PCR-C: primer 398: 5'-GCC AAC ATC GGC GGC GCC ACC GGC
CTC ATC AAC ACC CCC GCC GTC GTC CAG CAA ACC ACC GGT TCG
GCA CTC ACC-3'+ primer 400 and PCR-D: primer 387 + primer 399.
The resulting fragments were gel purified and small aliquots of
PCR-A+B and PCR-C+D were mixed and used as templates for
the generation of the Q7RYD2 and Q4HUY1 lid mutants, respec-
tively, by using primers 399 and 400 for the secondary amplifica-
tion. The Phusion™ High-Fidelity DNA Polymerase (Finnzymes) was
used as described by the manufacturer for all amplifications. Pri-
mers 399 and 400 introduced Bglll/Xhol In-Fusion (Clontech Labo-
ratories, Inc.) capable overhangs. The vector pENI1898Link, which
contained the TAKA promoter and a downstream AMG terminator
that enabled the expression of the variants in Aspergillus,*® was di-
gested with Bglll/Xhol, and the final amplification products were
introduced by In-Fusion™ PCR cloning. The two variants were se-
quenced by using a ABI 373 DNA sequencer (Applied Biosystems)
to confirm that only the desired mutations were introduced. The
two resulting plasmids were transformed into A. oryzae as previ-
ously described.®" A selection of transformants were grown in
YPM (10 g yeast extract (Difco), 20 g peptone (Difco), water to 1L,
autoclaved; added sterile-filtered maltose to 2%, w/w) for four
days at 30°C with vigorous shaking, prior to purification of the
variants.

Purification: The culture broth was first filtered though filtration
cloth and subsequently through a 0.2 um filtration unit (Nalgene)
to remove the Aspergillus host. Solid NaCl was added to 1m final
concentration and the pH was adjusted to 7 with AcOH (20%). The
adjusted lipase solution was applied to a decyl-agarose column
(prepared by immobilizing decyl groups on activated agarose) and
equilibrated in 50 mm HEPES/NaOH, NaCl (1.0m), pH 7.0. After
washing the column with the equilibration buffer, the column was
eluted with 50 mm HEPES/NaOH, pH 7.0. The eluted peak, which
containing the lipase, was dialyzed, overnight, in 20 mm AcOH/
NaOH, pH 4.5 and applied to a SOURCE S column (GE Healthcare)
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that had been equilibrated in 20 mm AcOH/NaOH, pH 4.5. The
column was washed with the equilibration buffer and eluted with
a linear NaCl gradient (0 to 0.5m) over ten column volumes. The
lipase, which eluted as a sharp peak was collected, and the purity
was analyzed by SDS-PAGE; only one band was found on the Coo-
massie-stained gel. Finally, N-terminal sequencing was performed
by Edman degradation by using an Applied Biosystems 494 Procise
system, by following standard procedures recommended by the
manufacturer.

DSC and pH profile: Denaturation temperatures (T,) were deter-
mined by using a MicroCal VP-DSC instrument in HEPES buffer
(50 mm, pH 7) with approximately 1 mgmL~' enzyme concentra-
tion. The scan range was 20-90°C at 90°Ch™". The pH profiles
were based on LU activity measurements. The LU assay is a pH-
stat-based titration of the enzymatic hydrolysis of tributyrin
(0.17 M) emulsified with gum Arabic (0.1%), as previously de-
scribed.“

Determination of Michaelis-Menten constants: The pNP sub-
strates were dissolved in propan-2-ol to make a 100 mm stock so-
lution. This was added to sodium phosphate buffer (0.5wm, pH 7.0)
with Triton X-100 (19%) to obtain substrate concentrations in the
range 0.01-2 mm (high concentrations were not possible for pNP
laurate). Next, the substrate solutions (150 pL) was transferred to a
a microtiter plate, and enzyme (10 pL) was added. Absorption was
measured at 405 nm every 15s over 20 min. Reaction rates
(A4ss™") were converted to ms™' by using an experimentally deter-
mined pNP standard curve (in the given buffer) and the data were
plotted against substrate concentration. Next, v, and Ky, were cal-
culated from a direct fit to the Michaelis—-Menten plot by using the
solve function in MS Excel. Finally, v,,,, was converted to k., by di-
viding with enzyme concentration, which was calculated from
measured A,g, by using a theoretical molar extinction coefficient
that was calculated with GPMAW (http://www.gpmaw.com). The
given standard deviations refer to k.. and K, calculations from
three different batches of each of the three enzymes (individual
fermentations and purifications).

Determination of E for pNP 2-methylbutyrate hydrolysis: Reac-
tions were performed on the 2 mL scale by using 2 mm substrate
and the same buffer system as for the determination of the kinetic
constants. Three reactions were stopped by the addition of HCI
(2m, 0.1 mL) and then extracted into Et,0 (2 mL). After analysis by
chiral GC (Varian CP-Chiralsil-DEX CB 10 m column, temperature
program 80 to 180°C at 2°Cmin™"), E was calculated from Equa-
tion (1):

_Infee,(1—ee;)/(ee,+-ee,)]
" In[ee, (1+ee;)/(ee,+ee,)]

M

Reactions were performed in triplet for each enzyme (stopped at
different conversions) and E is reported as an average.

Hydrolysis reactions with simple ester substrates: Reactions
were performed with substrate (50 ul) in Tris buffer (50 mwm,
pH 7.0) that contained either Triton X-100 (0.1%) or acetone (5%).
Enzyme (0.5 mg, calculated based on A,g,) was added and the reac-
tion was incubated for 24 h at 30°C, 1200 rpm; the total volume
was 1.5 mL. To stop the reactions, HCl (1™, 0.1 mL) was added and
the mixture was extracted with CH,Cl, (0.9 mL). The organic phase
(20 pL) was transferred to a GC vial that contained Et,0 (980 pL).
GC analysis and calculation of E was performed as described
above. Conversion was calculated directly from the GC integrals
without the use of standards.

ChemBioChem 2009, 10, 520-527



www.chembiochem.org



Understanding the Plasticity of the a/f Hydrolase Fold

Immobilizations and nonaqueous reactions: Enzymes were im-
mobilized on Accurel MP1000 porous polypropylene beads by
physical adsorption (loading 20 mgg™', based on A,). After 18 h
of shaking at room temperature in phosphate buffer (1M, pH 7) no
residual enzyme was found in the supernatant, and the beads that
contained the immobilized enzyme were filtered and dried. Acyla-
tion reactions were performed in Eppendorf tubes with each re-
agent (1 mmol), hexane (0.8 mL) and immobilized enzyme (5 mg)
at 40°C, 1400 rpm. Samples were withdrawn for analysis by NMR
spectroscopy (conversion) and chiral GC at specific time intervals.
The E value was calculated as previously specified.

Keywords: enantioselectivity enzyme catalysis - ester

hydrolysis - gene expression - molecular dynamics
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Ex vivo Activities of }-Lapachone and a-Lapachone on
Macrophages: A Quantitative Pharmacological Analysis
Based on Amperometric Monitoring of Oxidative Bursts by

Single Cells

Danielle C. M. Ferreira,> " Issa Tapsoba,™ Stéphane Arbault,” Yann Bouret,"’
Magna Suzana Alexandre Moreira,” Anténio Ventura Pinto,'” Marilia O. F. Goulart,*® and

Christian Amatore*™

p-Lapachone (1) has been widely used for its pharmacological
activity, particularly against cancer. However, its mechanism of
action at the cellular level remains unclear, although a common
major hypothesis involves its prooxidant properties. Electrochemi-
cal measurements with microelectrodes were taken in order to
quantitatively investigate the activity of 1 at different concentra-
tions and several incubation times, on the oxidative bursts re-
leased by single macrophages. The exact natures of the electro-
active reactive oxygen species (ROS) and reactive nitrogen species
(RNS) released by macrophages under the effect of 1 were char-
acterized, and their fluxes were measured quantitatively. This al-
lowed the reconstruction of the primary O, and NO production

Introduction

The search for natural products leading to the discovery of
promising new drugs has always attracted much attention in
pharmacology. The vast biodiversity inherent to regions of
tropical rainforests undoubtedly harbours numerous potential
compounds that could be used as (or serve as the basis for) in-
expensive drugs for the treatment of human or plant diseases,
particularly in underdeveloped countries.

p-Lapachone  (2,2-dimethyl-3,4-dihydro-2H-naphthol1,2-b]-
pyran-5,6-dione, 1) and its position isomer a-lapachone (2,2-di-

0 o)
I ]
O o}

(1) p-lapachone (2) a-lapachone

methyl-3,4-dihydro-2H-naphtho[2,3-b]pyran-5,10-dione, 2) are
among such potential candidates. These are naturally occur-
ring products present in the bark of the South American lapa-
cho tree (Tabebuia avellanedae), which grows mainly in Brazil.
B-Lapachone is also easily synthesized by the chemical trans-
formation of lapachol, which is extracted from the bark of spe-
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by the cells. In the first hour, at 10 um, the decrease in the oxida-
tive burst involved mainly RNS, while the amount of H,0, was
found to be higher than in controls. After a longer incubation
time—that is, 4 h—at 1 um, the total amount of ROS and RNS
had increased, with significant enhancements of H,0, and NO. In
contrast, a-lapachone, the pharmacologically inactive para-qui-
none isomer, was unable to increase the production of RONS by
macrophages significantly. Over much longer incubation periods
(about one day), however, each quinone induced cell death by
apoptosis. All these effects were interpreted by consideration of
two different mechanisms involving opposite reactivities of qui-
nones in living cells.

cies of the Bignoniaceae family or from lomatiol, a compound
isolated from lomatia seeds.""*"’

Compound 1 presents a large spectrum of pharmacological
activities, including antibacterial,? antifungal,” antimalarial®*
and trypanocidal activities.”™® B-Lapachone was found in vitro
to be the most active compound against bloodstream forms of
Trypanosoma cruzi, but was completely inactive in vivo in the
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Activities of Lapachones on Macrophages: Amperometric Oxidative Burst Monitoring

presence of blood.® One of the hopes for this compound is its
recognized action against cancer cells. Indeed, it is reported to
present significant antineoplastic activity against human
cancer cell lines originating from leukaemia,”” prostate,®'” ma-
lignant glioma,"” hepatoma,"” colon,"*'¥ breast," ovarian"®
and pancreatic tumours,!'”'¥ at concentrations in the 1-10 um
range (ICy,). Other studies have shown that, in combination
with taxol, B-lapachone is an effective agent against human
ovarian and prostate xenografts in mice."® It is currently in use
in phase Il clinical trials against pancreatic cancers and was
also reported to be effective against nonsmall cell lung cancer
(NSCLC).™ Lee et al. found that B-lapachone in the micromolar
concentration range inhibited the viability of human bladder
carcinoma T24?” and human prostate carcinoma DU145%"
cells by inducing apoptosis; this was established by the obser-
vation of the generation of apoptotic bodies and DNA frag-
mentation.

[-Lapachone may be also useful as a potential anti-inflam-
matory agent to attenuate inflammatory diseases.”” However,
fundamental principles underlying the clinical efficiency of this
drug remain to be understood. Moreover, the precise origin of
the cytotoxicity of P-lapachone has not yet been clarified.
Many possible mechanisms to explain its anticancer® and par-
asiticidal activities have been suggested in the literature; these
include possible inhibition of DNA, RNA and protein synthesis,
as well as the production of DNA strand breaks in T. cruzi para-
site® or even the poisoning of topoisomerase 1122

Although B-lapachone has multiple effects, these effects are
today known to be cell-type specific. Similarly, the wide variety
of active concentration ranges (concentration and duration of
exposure) described in previous reports®?? suggest that it
might involve several mechanisms, depending on its adminis-
tration protocol and the cell type. Among the numerous pro-
posed mechanisms®® a central common feature is the rate of
formation of reactive oxygen species (ROS)—that is, the
amount needed to invoke control of oxidative stress. ROS are
known to be toxic to biological systems®” > and are therefore
probably responsible for tumour cell death during treatment
with B-lapachone, as has been reported.*3"

Conversely, a decrease in ROS and/or RNS production should
decrease oxidative stress damage in redox-imbalanced cells.

ROS and RNS (H,0,, ONO,”, NO, NO,") femto- or attomolar
fluxes released by stimulated single cells may be monitored ki-
netically and quantitatively by means of platinized carbon fibre
ultramicroelectrodes (Figure 1A).>*" Positioning of the active
disk surface of the electrode at a micrometric distance from
the membrane of a single cell produces a synaptic-like config-
uration (termed “artificial synapse;” Figure 1B), in which the
electrode surface acts as a quantitative detector of cell secre-
tion. The volume of the sub-picoliter solution lying between
the electrode surface and the cell membrane acts as a synaptic
cleft in which minute releases of (bio)chemicals provoke high
concentration jumps, thereby giving rise to significant current
fluxes monitored at the electrode through oxidation of the
released species.?**! With such a configuration, femtomoles of
electroactive species (ROS and RNS in this study) released by
an individual cell® or by a cell performing within a functional
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Figure 1. A) Microphotograph of the microelectrode tip that shows the
black platinum deposit. B) Scheme summarizing the experimental principle
(“artificial synapse” configuration). The mechanical depolarization of a cell
membrane is induced by a capillary and used to activate its secretion of
electroactive metabolites. These are detected at the surface of a microelec-
trode.

tissue**"! can be quantitatively detected and their kinetics of
release can be monitored with a precision of about a thousand
molecules per millisecond; this means that release can be
monitored with a quantitative and kinetic efficiency equivalent
to that of a natural synapse.

Much interest has been displayed in the use of amperometry
with platinized carbon microelectrodes to analyse and to quan-
tify bursts of reactive oxygen and nitrogen species released by
immune cells®” or skin cells®%3*3 and their biomedical rele-
vance in the initial oxidative mechanism of carcinogenesis.*?

This paper reports on an investigation into the changes in-
duced by a- and B-lapachones on oxidative bursts released by
single immune cells—macrophages from the cell strain
RAW 264.7—by use of the artificial synapse method with am-
perometry. A specific feature of macrophages is their ability to
produce large amounts of ROS and RNS after their activation,
which is achievable by multiple biological, chemical or physical
agents or means.”? Macrophages incorporate specific arsenals
of calcium-controlled constitutive enzymes, geared towards
ready production of large amounts of ROS and RNS in re-
sponse to different means of activation, including physical
membrane stress,”” because this allows a sudden intake of
calcium into the cell cytosol. Model RAW 264.4 macrophages
have been incubated for different lengths of time in the pres-
ence of various concentrations of [-lapachone and a-lapa-
chone, and their stimulated®” oxidative bursts have been
found to represent the ability of the investigated single cells to
produce ROS and RNS.

The exact natures and amounts of released electroactive
species (H,0, ONOO~, NO, NO,") were characterized molecu-
larly, and their fluxes were measured and deconvoluted to
those of the primary species—O, ™ and NO—that originated all
the ROS and RNS detected.
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Results

In this paper we use the classical biological terms “antioxidant”
and “prooxidant,” although their meaning is somewhat unclear.
In our understanding, these terms qualify the effect of a com-
pound in reducing or increasing cells’ abilities to produce ROS
and/or RNS species after stimulation.

The effects of various concentrations of a- and B-lapachones
on the production of oxidative bursts by macrophages were
investigated by amperometry with platinized carbon micro-
electrodes. In a first series of experiments, the cell responses
were detected at +850 mV versus SSCE, a potential that en-
sured the simultaneous and quantitative collection of all the
electroactive ROS and RNS released during an oxidative burst
(H,0, NO°, NO,~ and ONOO).?” This allowed for the delinea-
tion of the global effects (time and concentration dependen-
cies) produced by each quinone on the overall intensity of oxi-
dative bursts. When this had proved informative, a second
series of experiments was then conducted at several specific
potentials (300, 450, 650, 850 mV vs. SSCE) in order to identify
and to characterize each ROS and RNS individually, as well as
to quantify their individual fluxes.®”

Concentration- and time-dependent overall effects of §- and
a-lapachones on RAW macrophages

As previously reported,®”** each oxidative burst produced
by a macrophage was characterized as an amperometric spike,
which precisely tracked the kinetics of the species released
(Figure 2A). Immediately after stimulation of the cell mem-
brane with a sealed glass capillary (Figure 1B), the current
resulting from the macrophage response increased sharply,
reaching its maximum within about one second. It then gradu-
ally subsided until it had decayed to the baseline level after
about 50 s (Figure 2 A). These general features of amperometric
responses, applied to all the results obtained under different
conditions, are described below.

Firstly, as illustrated in Figure 2A, a net decrease in the am-
perometric response was observed after one hour of incuba-
tion with p-lapachone (0.1 pum). This indicates that, in the short
term, B-lapachone was able to induce a reduction in ROS and
RNS release by macrophages. The antioxidant activity of the
treatment was more easily characterized by comparing the de-
tected charges (that is, the area of the current/time responses)
with or without cell treatment (1 h) with (-lapachone, as illus-
trated in the inset of Figure 2 A. Indeed, according to Faraday's
law, the charge (Q) corresponding to the electrolysis of the
whole quantity of species reaching the electrode surface repre-
sented the total amount of ROS and RNS released under each
set of conditions.

The cell responses were measured, as described above, in
cells treated for one hour with various concentrations of f-la-
pachone (0.01, 0.1, 1 or 10 um). The total amount of ROS and
RNS generated by each RAW macrophage was quantified by
integrating the current/time responses detected under control
conditions or after the B-lapachone incubation conditions (see,
for example, Figure 2 A, inset). To facilitate the comparison of
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Figure 2. A) Amperometric detection of oxidative bursts after membrane
physical depolarization on a murine macrophage (RAW 264.7 cell line) under
the control conditions (solid curve) or after 1 hour of incubation with B-lapa-
chone (0.1 um, dashed curve). Each curve represents the mean of at least 40
different cell responses. Inset: mean coulometric charges (pC) corresponding
to the area of the curves shown in A. B) Variations in the mean charges (nor-
malized versus controls), depending on the concentration of -lapachone;
cells were incubated for 1 h at concentrations of 0.01, 0.1, 1 or 10 um. Each
bin represents the relative charge detected after incubation versus that mea-
sured for a separate series of controls performed with the same cell prepara-
tion. Measurements were conducted with platinized carbon fibre micro-
electrodes at +850 mV versus SSCE, in phosphate buffer PBS (pH 7.4). The
statistical significance (p value) was calculated for each pair of control and f3-
lapachone experiments and is reported as: * for p <0.05, ** for p <0.01 and
*** for p<0.001.

effects under each set of conditions depicted in Figure 2B, the
mean charge (Q) determined for each set of conditions of incu-
bation was normalized with respect to the mean charge deter-
mined for the same cell preparation kept under controlled
conditions. In this presentation, therefore, the horizontal line
at unity represents the absolute (that is, with no uncertainty
attached to it) behaviour of the controls. Values below unity
thus denote an antioxidant activity of the treatment, whereas
values above unity (see below, Figure 4) indicate a prooxidant
one. As indicated in Figure 2B, the normalized charge after in-
cubation with B-lapachone (0.01 um) did not differ significantly
from that of the controls. Increasing the B-lapachone concen-
tration up to 10 um, while applying the same incubation time

ChemBioChem 2009, 10, 528 - 538
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(1 h), caused the charge to decrease slightly. Under these con-
ditions, P-lapachone had a slight but clearly concentration-
dependent “antioxidant” effect; that is, increasing its concen-
tration in the incubation solutions resulted in a decrease in the
amount of released ROS and RNS relative to the controls (Fig-
ure 2B).

The effect of various concentrations of a-lapachone on the
production of oxidative bursts by macrophages was also inves-
tigated by the same method. No net decrease in the ampero-
metric response was observed in the presence of a-lapachone
(1 um) after one hour of incubation, indicating that, at least in
the short term, a-lapachone did not induce any significant al-
teration in the release of reactive oxygen and reactive nitrogen
species by macrophages (Figure 3). However, a close inspec-

160 1
(]
a
T 3 600
>
2
80 1 &)
8
< 2
2 0
2 b \ CTRL 1.0
A\ [o-lapachone] / um
0 T T = |
0 40 80
t's —>

Figure 3. Amperometric measurements of oxidative burst responses from
murine macrophages (RAW 264.7 cell line) in the absence of a-lapachone
(—) or after 1 h incubation with a-lapachone (1 um, ----- ). The inset com-
pares the mean charges resulting from time integration of the mean current
responses observed for controls (CTR) or after the treatment with a-lapa-
chone. Measurements were conducted with platinized carbon fibre micro-
electrodes at +850 mV versus SSCE, in phosphate buffer PBS (pH 7.4), and
represent mean values of at least 30 individual measurements in each case.

tion of the shapes of the two curves in Figure 3 revealed that
the kinetics of release induced by a-lapachone were different
from those observed in the controls, with sharper decays at
short times but with longer tails at longer release times. This
perhaps indicates some subtle kinetic effects, but this is also at
the limit of significance of our measurements. Anyway, this
was not comparable to the changes observed for the (-isomer.

The responses of macrophages in cells treated for one hour
with higher concentrations of a-lapachone—10 and 100 pm—
were also analysed. In the incubation using 10 and 100 um
concentrations of a-lapachone and a constant (1 h) incubation
time, the charges did not vary significantly relative to the con-
trols (data not shown). The whole set of experiments demon-
strated that, under the testing conditions, a-lapachone did not
have any essential effect on the amount of released ROS and
RNS relative to B-lapachone.

ChemBioChem 2009, 10, 528 - 538
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The effect of duration of incubation was investigated by car-
rying out the same analyses for two series involving either (3-
lapachone (0.1 um or 1 um) or a-lapachone (1 um or 10 pm).

At 1 and 10 um concentrations and over a broad range of in-
cubation times, a-lapachone did not produce any statistically
significant effect on the oxidative burst responses of macro-
phages. The only significant change was a decrease observed
after 24 h of incubation time at the 10 um concentration (not
shown).

The B-lapachone results differed remarkably, as indicated in
Figure 4A and B. In the first hour, slight decreases in the cell
responses were observed after their incubation with either 0.1
or 1.0 um of B-lapachone. In contrast, at longer incubation
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Figure 4. Normalized charges of oxidative bursts detected on macrophages
after cell incubation for different periods of time with A) 0.1 um, or B) 1.0 um
of B-lapachone. Measurements were conducted with platinized carbon fibre
microelectrodes by amperometry at +850 mV versus SSCE, in phosphate
buffer PBS (pH 7.4). Each bin represents the average value =+ standard error
of at least 30 different individual cell responses. Each mean result shown is
normalized to the mean charge measured for a separate series of controls
performed with the same cell preparation. Statistical significance (p value)
was calculated for each pair of control and (3-lapachone experiments and is
reported as: * for p <0.05, ** for p<0.01 and *** for p <0.001.
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times there were evident increases in the entire quantity of
ROS and RNS released, whereas at much longer times (24 h)
drastic decreases occurred. The time-dependent effect of B-la-
pachone hence displayed a pronounced peak, which was more
evident at higher concentrations (Figure 4B). Because the rela-
tive measurement in the absence of treatment is indicated by
the horizontal line at unity, this suggests that (-lapachone
induced at least three different mechanisms, depending on its
concentration and period of action in a cell. At short incuba-
tion times the first mechanism was antioxidant, whereas at
longer incubation times the second mechanism was prooxi-
dant. Finally, after 24 h of incubation, the prooxidant activity
appeared to peak while the antioxidant activity was apparently
restored. However, that observation may be an artefact, be-
cause the cells simultaneously became less viable. After 4 h of
incubation with B-lapachone and at a higher concentration—
that is, at least 10 pm—the cells had undergone shrinkage and
rounding and showed the characteristic membrane blebbing
(bubble formation) seen in cells dying by apoptosis, with loss
of most of the cellular organelle structures when compared
with control macrophages (Figure 5). This phenomenon was
augmented when the incubation time was increased. These
morphological observations therefore suggest that the de-

tincubation / h

24

0 (Control)

_—

[B-lapachone] / pm

Figure 5. Microscopic observations of controls (left) and of macrophages (RAW 264.7)
treated either with 1.0 um (centre) or with 10 um (right) of B-lapachone, after 1, 4, 6 or
24 h of treatment, as indicated in each row. The number of cells displayed for each con-
dition is not to be regarded as informative, owing to the variability in cell preparations.
However, the changes in cell morphologies are conclusive. The scale bar (10 pm) shown
in the top-left photograph (control, 1 h) applies to all the microphotographs shown.
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creases observed after 24 h of incubation (Figure 4A and B)
did not reflect a second antioxidant stage but actually an over-
all decrease in the cell metabolism due to p-lapachone cyto-
toxicity.

Effect of -lapachone on the nature of species released
during oxidative stress bursts

The results shown in Figures 2, 3, 4 were all obtained from am-
perometric measurements taken at a single electrode potential
(+850 mV versus SSCE) and thus represent the magnitudes of
the collective fluxes of all the ROS and RNS released by the
tested macrophages under control conditions or after different
incubation protocols with B-lapachone.® The identification of
fluxes of individual species monitored under each set of con-
ditions was based on the use of a specific set of detection
potentials.

It has been demonstrated®®3” that recording of the intensi-
ties of oxidative stress responses at four potentials (+300,
+450, 4650 and +850 mV versus SSCE) allows for the chemical
and quantitative characterization of the release kinetics of the
four main electroactive ROS and RNS produced by living aero-
bic cells. In fact, electrochemical currents are additive, but the
oxidation of a given species at the platinized carbon
surface of the ultramicroelectrode (Figure 1) is only
feasible if the electrode potential is sufficiently high.
Thus, at 4300 mV versus SSCE, only H,0, and
ONOO™ can be detected, and the oxidation of each
species contributes differently to the resulting cur-
rent because, although they partially overlap, their
electrochemical waves differ significantly. At
4300 mV, the oxidation wave for H,O, is almost fully
developed, so that its current plateau is reached.®”
At the same potential, the ONOO™ wave is hit on its
rising portion, so that only a fraction of its released
flux is detected. Conversely, at +450 mV versus SSCE,
the two species are quantitatively detected, the elec-
trode potential being sufficiently anodic to hit both
wave plateaux, but no other ROS or RNS may be
detected at this potential.®” Each individual flux (¢")
can therefore be extracted from a linear combination
of the two current values detected at 300 and
450 mV versus SSCE.B74

1.88 x PP?°—0.59 x [*°
0 = X SF % (1)
1450 300
¢ONO{ _ 1.77 x I 1—F210 X | (2)

where F is the Faraday. The coefficients in Equa-
tions (1) and (2) were established independently,
based on the in vitro characterization of each species’
electrochemical wave and its coulometry (2e per
molecule for H,0, and 1e per molecule for
ONOO").1¢
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At +650 mV versus SSCE, NO (1e per molecule) was detect-
ed quantitatively, in addition to H,O, and ONO,". Its individual
flux was determined by subtracting the current monitored at
+450 mV versus SSCE (due to H,0, and ONO,") from that mea-
sured at +650 mV versus SSCE [Eq. (3)]:

[650_ 450

o =" )

The current detected at +850 mV versus SSCE represented
the sum of the individual currents of all four detectable ROS
and RNS, and its increment in relation to that measured at
+650 mV versus SSCE afforded the individual flux of nitrite
ions (2e per molecule) [Eq. (4)]:*

[850_ (650

g =1 )

The denominators in Egs. (1-4) involved different coefficients
to account for the different electron stoichiometries of each
electrochemical oxidation process (n=1 for NO and ONOO~,
whereas n=2 for NO,” and H,0,).*¥ This shows that the cur-
rents measured at 4850 mV versus SSCE, as reported in the
first section of this study (Figures 2 and 4), were not directly
proportional to the sum of the four fluxes, although all the
species were oxidized at this potential. Nevertheless, the
values shown in Figures 2 and 4 provided direct useful esti-
mates of the magnitude of oxidative stress responses under
the conditions examined here.

We had also established previously that the bursts of ROS
and RNS observed at single cells follow the initial cell produc-
tion of only two small reactive molecules that originate all of
them: the superoxide radical anion and the nitric oxide radical
(see Scheme 1). The H,0, detected at the microelectrode re-

Superoxide dismutase

H,0,
NADPH-oxidase

—_ . diffusion

m ONoz'
fast
. ONO,
L-arginine | NO-synthase quenching NO,
20, decomposition

> NO°

- v -~ Oxidative
Intracellular compartment(s) burst

Scheme 1. Reaction scheme depicting the origins of the reactive oxygen
and nitrogen species detected in the oxidative bursts of RAW 264.7 macro-
phages.[”]

sulted from the rapid, spontaneous or superoxide dismutase-
catalysed (SOD-catalysed) disproportionation of O, initially
produced by the cell (20, per H,0,); similarly, ONOO~ was
formed by the extremely rapid, diffusion-limited reaction be-
tween NO" and O, (10, and 1NO" per ONOO™). NO,™ result-
ed from the spontaneous decomposition of peroxynitrite
under our conditions,”” and hence represented the same pro-
portion of the primary species as in peroxynitrite (10, and
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1NO" per NO, ), whereas excess NO" freely diffused to the mi-
croelectrode surface. Nitric oxide was detected quantitatively,
because its reaction with O, over the cell-electrode distance
(5 um) was negligible.””

These stoichiometries enabled the reconstruction of the
fluxes of the primary oxidative stress species O,~ and NO" on
the basis of the fluxes of the individual species (Eqs. 1-4),
according to Equations (5) and (6).
(Po, )P = 2(Pyy,0,) " +(Ponoo )™

(Do, )™ (5)

((I)No)pmd = (Pno)™ +H(Ponoo )™ +(Pro, )™ (6)

Although nitrate ions might also be produced in combina-
tion with nitrite during the decomposition of peroxynitrite,”®
they could not be considered in evaluation of the initial O,
and NO production because they were not detectable at our
microelectrodes. However, we wish to emphasize that nitrates
(if any were released by the cell) should then contribute equal-
ly to the quantification of native quantities of O,”~ and NO,
and so should not modify the difference in flux of these spe-
cies.

Amperometric studies at several potentials are time-consum-
ing, due to the need to take extensive series of measurements
to obtain statistically significant data, and so they were only
performed for the interesting situations delineated in the
series of experiments performed at +850 mV described above.
A series of experiments involving the above set of four poten-
tials were conducted after incubation of macrophages with -
lapachone either at 1 um for 4 h or at 10 um for 1 h, with use
of the same protocols as described above.

The results shown in Figure 6 (10 um incubation for 1 h) es-
tablished that, under these conditions, the main effect of [3-
lapachone was to significantly (compare the reduction of NO
production by about 50% of the controls in Figure 6C, right)
whereas the production of anion radical superoxide versus the
controls remained unaffected (Figure 6 C, right). This drastic re-
duction in NO production was also reflected in the significant
decrease in peroxynitrite and a corresponding increase in hy-
drogen peroxide (see Scheme 1).

The results shown in Figure 7 (1 um incubation for 4 h) es-
tablished that after longer incubation periods NO production
was restored to the same levels as in the controls, but those of
superoxide were significantly increased (Figure 7C, right). Ac-
cordingly (Scheme 1), peroxynitrite formation again declined
whereas that of hydrogen peroxide increased (Figure 7C,
centre).

Discussion

Antioxidant and prooxidant activities of f§-lapachone and
o-lapachone

The above series of results (Figures 2-7) established unequivo-
cally that B-lapachone presented antioxidant activity on macro-
phage oxidative bursts over the concentration range of 0.1-
10 uMm, provided that the incubation times did not exceed one
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Figure 6. A), B) Comparison of the mean currents (average of at least 30 indi-
vidual experiments in each case) detected at 4850 (solid), +650 (thin dash),
4450 (thick dash) and +300 mV (dash-dot) versus SSCE during the ampero-
metric oxidation of ROS and RNS released by RAW 264.7 macrophages,

A) under control conditions, or B) after 1 h incubation with B-lapachone

(10 pm). Q) Left to centre: comparison of the mean quantities (average of at
least 30 individual experiments in each case) of each ROS and RNS released
by RAW 264.7 macrophages under control conditions (grey bins) or after 1 h
incubation with B-lapachone (10 um, black bins). Right: reconstruction (ac-
cording to Egs. 5 and 6) of the primary fluxes of NO and O, released after
1 h incubation (black bins) with B-lapachone (10 um) or under control con-
ditions (grey bins). Measurements were conducted with platinized carbon
fibre microelectrodes in phosphate buffer (PBS, pH 7.4).

hour. Antioxidant activity thus increased with the concentra-
tion of B-lapachone. Conversely, when the cells were subjected
to the same incubation procedures but for longer incubation
times, they increased their mean production of ROS and RNS.
This increase proceeded until a new decrease was observed at
much longer times (24 h). This later decrease, though, presum-
ably involved severe metabolic changes that ultimately led to
apoptosis, culminating at around 4 h (10 pum), as evidenced by
the drastic and characteristic morphological changes observed
by optical microscopy (Figure 5). For this reason we do not, for
the time being, wish to focus on the decrease in oxidative
stress illustrated in Figure 4A or B, except to note that it char-
acterizes the consequence of quinone-induced apoptotic be-
haviour.

This dichotomy of B-lapachone activity was even more ap-
parent after examination of the production of NO and O, by
the cells. Thus, for short incubation times (1h, Figure 6C,
right), the main effect of B-lapachone was to reduce the initial
NO production drastically without affecting that of superoxide.
Superoxide can be consumed by two main competitive path-
ways (Scheme 1): its disproportionation (overall second-order
kinetics in [0,"7]) or its diffusion-limited reaction with NO (over-
all first-order kinetics in [0,""] and [NO]). A decrease in NO pro-
duction while constant superoxide production was maintained
necessarily favoured an increase in hydrogen peroxide produc-
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Figure 7. A), B) Comparison of the mean currents (average of at least 30 indi-
vidual experiments in each case) detected at +850 (solid), +650 (thin dash),
4450 (thick dash) and +300 mV (dash-dot) versus SSCE during the ampero-
metric oxidation of ROS and RNS released by RAW 264.7 macrophages,

A) under control conditions, or B) after 4 h incubation with p-lapachone

(1 um). Q) Left to centre: comparison of the mean quantities (average of at
least 30 individual experiments in each case) of each ROS and RNS released
by RAW 264.7 macrophages either under control conditions (grey bins) or
after 4 h incubation with B-lapachone (1 um, black bins). Right: reconstruc-
tion (according to Egs. 5 and 6) of the primary fluxes of NO and O, re-
leased either after 4 h incubation (black bins) with (-lapachone (1 um) or
under control conditions (grey bins). Measurements were taken with plati-
nized carbon fibre microelectrodes in phosphate buffer PBS (pH 7.4).

tion and a decrease in that of peroxynitrite, as indicated in Fig-
ure 6C (left).

After longer incubation times and at an even lower concen-
tration (1 pm, Figure 7C, right), the NO production rate was
comparable to that of the controls, whereas superoxide pro-
duction had increased significantly. The restoration of NO pro-
duction suggests that the cells may counteract the effect of f3-
lapachone by increasing their NO synthase activity, or possibly
by expressing higher amounts of these enzymes. Indeed, we
have recently reported such modulations of NO synthase activ-
ity in phagocytes, in which NADPH oxidase activity was geneti-
cally down-regulated, with NOS producing both NO and O,
in equivalent quantities.”” In view of that earlier study, it is
conceivable that the stress enforced by long incubation with
B-lapachone induced overexpression of NOS, so that the initial-
ly reduced flux (as observed at short times) of NO and unal-
tered flux of O, were both increased. Indeed, this would lead
to the overall finding that NO production was restored to the
same level as in the controls whereas that of superoxide was
increased.

In contrast, incubation of macrophages with a-lapachone
led to no significant effects on basal levels of ROS and RNS,
except for cell death that occurred at excessively high concen-
trations of a-lapachone. This was an unexpected finding in

ChemBioChem 2009, 10, 528 - 538



www.chembiochem.org



Activities of Lapachones on Macrophages: Amperometric Oxidative Burst Monitoring

view of the great similarity of the two lapachone isomers, but
it offered a clue as to the origin of the antioxidant activity
found for B-lapachone after short incubation times (Figure 2B).
The enzymatic pools responsible for the production of NO are
calcium-dependent, whereas ortho-quinone derivatives have
well established intracellular calcium-chelating properties.””
The antioxidant effects of (3-lapachone observed after short in-
cubation times may be explained by this complexation proper-
ty, which would decrease the amount of available intracellular
calcium ions, a factor that would necessarily reduce the activity
of calcium-dependent enzymes such as NO synthases. Con-
versely, para-quinones such as a-lapachone are not able to
chelate calcium ions efficiently.*” They can certainly coordinate
them through single bonds, but the steric constraint imposed
by the two methyl groups in the quinone ring is undoubtedly
too strong to allow for the cooperative clustering of several o-
lapachone molecules around one strongly hydrated calcium
ion.

The prooxidant activity of -lapachone observed after long
incubation times can be explained on the basis of another well
documented property of quinones in living aerobic cells. Qui-
nones are prone to accept electrons from different intracellular
redox centres and mediate the formation of superoxide anion
radical through redox cycling or “futile cycling” (Scheme 2).

alkylation of proteins, DNA

-+
2e 2H ?

N O
(J OO

OH
OO :
H5C CM H,C CH‘>_( 5C" CH,
¢ Oz

apoptosis «--- ROS ---m= cellular damage

Scheme 2. Redox cycling of B-lapachone; this leads to ROS and RNS produc-
tion in most cell compartments.

Such increased activity is, in fact, consistent with reports in the
literature®'” relating to the effects of B-lapachone on tumour
cells. Those studies established that this compound exerts
prooxidant activities after long incubation times (4 and 6 h)
and eventually becomes toxic even for immune cell lines. This
was explained in terms of a variety of quinone-induced biolog-
ical activities, all ultimately based on the fact that they easily
accept one and/or two electrons from many cellular electron
donors. The reduced quinone derivative may diffuse into many
cellular compartments, where it may act as an electron donor
to dioxygen (Scheme 2). This would be expected to initiate the
intracellular production of reactive oxygen species (ROS), accel-
erating intracellular oxidative conditions®” and damaging sev-
eral cell components,”**? including enzymes such as, for ex-
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ample, PTPs (protein tyrosine phosphatases), which catalyse
the hydrolysis of phosphoryl groups in tyrosine residues in
proteins®**¥ and are emerging as important redox sensors in
cells. PTPs each contain a catalytically essential cysteine residue
in the signature active site motif, which can be reversibly oxi-
dized by ROS to inactivate the PTP.*>* Protein tyrosine phos-
phorylation is a fundamental mechanism for many signal trans-
duction pathways that control cell growth, differentiation and
motility.®¥ Ortho-quinones have been identified as inhibitors of
PTPa, and their mechanism of action has been shown to be
mediated by hydrogen peroxide.®”

Support for this interpretation is again afforded by the dif-
ference between the two lapachone isomers. Indeed, the
redox cycling and oxygen activation leading to increased levels
of ROS is closely related to the quinones’ redox poten-
tials.***%>? Consistently with this view, it may be noted that
previous experiments with lipoamide dehydrogenase (the
enzyme that catalyses redox cycling and superoxide produc-
tion) established that ortho-naphthoquinones catalyse the oxi-
dation of lipoamide by oxygen more efficiently than para-
naphthoquinones.® The same trend was previously reported
for Trypanosoma cruzi,®” where a-lapachone was found not to
induce the release of ROS.

In this respect, it should be noted that because of the ab-
sence of a styrene-like structure, as well as the lack of the vici-
nal electron-withdrawing carbonyl group,”-%%=# which makes
the carbon atoms in these bonds more electron-deficient, the
para-quinone is reduced at more negative potentials than the
ortho-isomer [AE°~100 mV (DMF/TBAP),*® AE°> 100 mV (phos-
phate buffer, pH 7.2)].%>% This has also been predicted on the
basis of calculated LUMO atomic charges.®” Such differences
in E° values may suffice to slow down the rate of redox cycling
(Scheme 2), thereby reducing the prooxidant activity of a-lapa-
chone with respect to f-lapachone. According to the Nernst
potential law and the Marcus equation, a variation of 100 mV
between the two standard potentials implies that for an iden-
tical intracellular concentration and over the same duration,
p-lapachone would be expected to be about 25 times more
active than a-lapachone in the redox cycle (Scheme 2).1°®

Support for this interpretation was provided by this investi-
gation, which found (Figures 6C and 7C) that B-lapachone,
within its prooxidant domain of activity, induced strong pro-
duction of hydrogen peroxide, which is the natural outcome of
redox cycling (Scheme 2). a-Lapachone should thus not induce
a similar effect before about 24 h, on the basis of their com-
pared redox properties (see above), a result in overall agree-
ment with our observations.

Finally, it should be noted that hydrogen peroxide is normal-
ly disproportionated under the influence of catalase. However,
this enzyme is deactivated by its substrate when the substrate
reaches very high intracellular concentrations. Beyond this
threshold, H,0, may accumulate in the cell, in agreement with
our findings shown in Figures 7 and 5. Under such conditions,
it may diffuse into most of the cellular compartments, where it
is prone to evolve by a Fenton reaction® into the hydroxyl
radical HO", which is highly reactive to most biological cellular
components.
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This may explain the cell death process observed after 24 h
of incubation. Indeed, sustained production of hydrogen per-
oxide would be expected to cause increasing damage to most
of the cell’'s machinery through the generation of hydroxyl rad-
icals by the Fenton reaction. Furthermore, in their seminal
work, Tagliarino and co-workers®™ observed that the bioactiva-
tion of B-lapachone (5 um) by reductases [for example, NQO1
(diaphorase)] led to futile cycling and consequently to deple-
tion of NADH and NADPH, the electron donors for reductases
(NQO1). Exhaustion of reduced enzyme cofactors may there-
fore be a critical event for the activation of the apoptotic path-
way in NQO1-expressing cells after sufficiently long durations
of exposure to B-lapachone. This pathway may well explain
the cell death that was observed after 24 h of incubation with
both lapachone isomers, although the effect of the a-isomer
was weaker than that of the (-isomer, again consistently with
their distinct reduction potentials. Indeed, higher concentra-
tions and/or prolonged incubation times can initially induce
prooxidant activity, but subsequently cause very severe
damage to the cell, leading to its death, as we found here at
concentrations above 10 um and incubation times exceeding
6 h.

Conclusions

Electrochemical measurements with microelectrodes are highly
interesting for the investigation of biological processes associ-
ated with the production of superoxide and/or nitric oxide and
their derivatives. The advantages of electrochemical analysis
over the traditional biophysical methods include the possible
direct detection of the initial onset of oxidative stress condi-
tions, the rapid response time and selectivity of the detection,
the possibility of characterizing species that decay rapidly,
such as peroxynitrite and NO, and above all, the fact that
single cells can be analysed. Taking advantage of the artificial
synapse configuration involving a platinized carbon fibre ultra-
microelectrode, we were able to investigate the effect of f3-
lapachone on the nature and strength of cellular oxidative
bursts produced by model RAW 264.7 macrophages quantita-
tively and kinetically. These precise amperometric measure-
ments of minute released quantities performed on single cells
confirmed that B-lapachone affects cellular behaviour through
two main processes. At short times, the ability of ortho-qui-
nones to chelate calcium ions decreases the efficiency of ROS
and RNS production by calcium-dependent enzymes, with the
overall result that an antioxidant effect is observable. In con-
trast, after long incubation times, a prooxidant effect becomes
apparent, most presumably due to the outcome of redox cy-
cling through which p-lapachone mediates electron transfer to
dioxygen, with the result that lethal quantities of ROS and RNS
are produced within the cell (Scheme 2). This second mecha-
nism eventually leads to cell death, as reported previously by
several authors. In both cases the ortho configuration makes f3-
lapachone more efficient than its para isomer. This fact has
been ascribed, on the one hand, to a weaker ability to chelate
calcium ions, and on the other, to a more negative reduction
potential for the para-quinone.
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Experimental Section

Materials and buffer solutions: Phosphate-buffered saline solution
(PBS) was used as buffer throughout the experiments. PBS was pre-
pared from tablets composed of NaCl (137 mm), Na,HPO, (10 mm)
and KCl (3 mm, pH 7.4), dissolved in pure water. Water was ob-
tained from a Milli-Q purification system (resistivity =18 MQcm™’,
Millipore, Billerica, MA, USA). B-Lapachone (1) and a-lapachone (2)
were synthesized by Prof. Dr. Antonio Ventura Pinto (NPPN, Univer-
sidade Federal do Rio de Janeiro, Brazil), and fully characterized by
IR, NMR and MS. The analytical data were in full agreement with
each molecular structure. Stock solutions in ethanol (5x103m)
were prepared and stored at 4°C. All the chemicals were supplied
by Sigma (St. Louis, MO, USA) except where indicated otherwise.

Microelectrode fabrication: The procedure for microelectrode fab-
rication is described elsewhere.”®’" Briefly, the main steps are as
follows: individual carbon fibres (10 um diameter, Thornel P-55S,
Cytec Engineered Materials, West Paterson, New Jersey, USA) were
aspirated into glass capillary tubing (1 mm diameter, GC120F-10,
Clark Electromedical Instruments, Harvard Apparatus, Edenbridge,
UK). Each capillary was then pulled with a microelectrode puller
(Model PB-7, Narishige, Tokyo, Japan), and the carbon fibre pro-
truding from the glass tip was subjected to electrochemical depo-
sition of polyoxyphenylene from a precursor solution [allylamine
(0.4m), 2-allylphenol (0.23m), and 2-butoxyethanol (0.23m) in
water/methanol (1:1,v/v)], by a previously described method."”
Deposition was accomplished by application of a potential of +4 V
to a platinum wire counter electrode for 3 min. The polymer depo-
sition was monitored under a microscope. Subsequently, the mi-
croelectrodes were washed in distilled water and the polymer was
cured for 3 h at 150°C in order to reticulate it and to form an insu-
lating shield on the carbon fibre surface. The tip of the microelec-
trode was polished on a diamond particle whetstone microgrinder
(Model EG-4, Narishige, Tokyo, Japan) at an angle of 45° for 3 min
to expose a clean and regular surface of freshly cut electrochemi-
cally active carbon surface. In order to increase the microelectrode
sensitivity and selectivity to the reactive oxygen and nitrogen spe-
cies released by the cells, the polished carbon surface was plati-
nized through reduction of hydrogen hexachloroplatinate (Sigma)
in the presence of lead acetate (Sigma) at —60 mV versus SSCE
(sodium saturated calomel electrode).”™ The linear increase in the
reductive deposition current was recorded, and the process was in-
terrupted when the electrical charge reached the desired value of
30-40 pC. Independent tests showed that this value corresponded
to the optimal activity of the electrode surface for these experi-
ments. Under these conditions, detection was quantitative and did
not depend on the exact quantity of black platinum deposited.

Cell culture and incubations: The macrophage cell line RAW 264.7
(American Type Culture Collection) was cultured at 37°C under a
CO, atmosphere (5%) in Dulbecco’s modified Eagle’s medium
(DMEM) containing b-glucose (1.0gL™") and sodium pyruvate
(110 mg L™, Invitrogen, Carlsbad, CA, USA). The medium was sup-
plemented with foetal bovine serum (5%, Invitrogen) and genta-
mycin (20 ugmL~', Sigma). The cell lines were maintained at a cell
density of 2-5x 10 cells per mL by subculturing every three days
following a 1:10 dilution of the cell suspension in fresh medium.
Confluent monolayers of RAW 264.7 macrophages were harvested
mechanically, resuspended in Petri dishes (35 mm diameter, Nunc,
Rochester, NY, USA) and used for electrochemical studies at least
24 h later, a delay that was necessary to allow the cells to recover
and start growing. The effects of lapachone derivatives were then
assayed by subsequent incubation of cells (1 to 24 h) either with
B-lapachone (0.01 um to 10 um) or with a-lapachone (1.00 um to
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100 um), in agreement with conditions applied in former studies of
lapachone activities. Solutions were prepared from stock (10 mm)
in ethanol and diluted in culture medium before incubation to a
final solvent concentration below 1% (v/v). At this concentration,
ethanol affected neither the viability nor the responses of macro-
phages, as indicated by a comparison of the different control re-
sponses before and after incubations with the same solutions but
in absence of added quinone of either type.

Single-cell measurements: Amperometric measurements were
taken at controlled room temperature (22+1°C) on the stage of
an inverted microscope (Axiovert 135, Zeiss, Gottingen, Germany)
placed inside a Faraday cage. For the experiments, each Petri dish
containing macrophages was washed three times with PBS buffer
and was then filled with it (4 mL) immediately prior to the meas-
urements.®” The microelectrode tip was positioned precisely with
a micromanipulator (MHW-103, Narishige) at a fixed distance
(5 um) above the surface of an isolated cell. At this point, the tip
of a sealed glass microcapillary [1 mm glass rods, GR100-10, Clark
Electromedical Instruments, pulled with a PB7 Puller (Narishige) to
afford a tip of 1T um diameter at most] was positioned with a
second micromanipulator between the microelectrode surface and
that of the cell. The tip was then used to stimulate the cell’s re-
sponse by means of a rapid back and forth movement to trigger a
mechanical depolarization of its membrane, returning to its initial
position in less than 1s (Figure 1B). This rapid intrusion of the mi-
crocapillary tip into the cell membrane suffices to allow calcium
ion to enter the cell cytoplasm and activate the enzymatic pools
(NO-synthases and NADPH-oxidases) responsible for generating
oxidative stress bursts.”? The immediate time-dependent burst of
ROS and RNS released by the macrophage was detected in real
time by amperometry (PRG-DEL amperometric detector, Radiome-
ter Analytical, Copenhagen, Denmark) at a constant potential (E)
versus a sodium saturated calomel (SSCE) reference electrode. The
time-course of the amperometric current was monitored and
stored on a PC computer (Dell, Austin, TX, USA) through a D/A
converter (Powerlab 4SP, AD Instruments, Colorado Springs, CO,
USA) and its software interface (Chart version 5.0). A series of mi-
croelectrode potentials (E, 850, 650, 450 and 300 mV vs. SSCE) that
enabled selective measurements of the time-dependent flux for
each species released by the cells was used as determined previ-
ously on the basis of in vitro voltammetric studies of the oxidation
of independent solutions of H,0,, ONOO~, NO and NO,™ (each at
1 mm in PBS).?”

Statistics: To account for the cellular variability and to obtain stat-
istically significant information, data were processed on the basis
of pairs of control experiments (Q.) and experimental test condi-
tions (Q,). At first, a simple analysis of variance was carried out to
ascertain that the average values <Q.> and <Q.> were signifi-
cantly different; p values < 0.05 were regarded as indicating signifi-
cant differences. Secondly, it appeared that both log(Q) and
log (Q.) were distributed as normal distributions (that is, Q. and Q,
are distributed as log-normal variables). Accordingly, the variable
log (p) =log(Q./Q,) obeyed a normal distribution with a mean
<p>. This allowed us to compute the 90% confidence interval of
log (<p>) between <p>—Ap and <p>-+ Ap. The values of ratio
<p> and its confidence limits, as well as the p value, could thus
be determined for each pair of control conditions and experiment
conditions and are reported in the figures (*for p<0.05, **for
p<0.01 and *** for p <0.001).
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Structural Effects on ss- and dsDNA Recognition by a

f-Hairpin Peptide

Amanda L. Stewart and Marcey L. Waters*"

The interactions involved in the binding of a designed (-hairpin
dimer to single-stranded and duplex DNA have been explored.
Previously the peptide dimer had been found to bind ssDNA with
a dissociation constant of 3 um through a combination of aro-
matic and electrostatic interactions, whereas binding to duplex
DNA was primarily driven by electrostatic interactions. In this
report, the effects of folding and chirality were studied to deter-

Introduction

Protein—-DNA interactions are involved in a variety of biological
processes such as transcription, translation, and DNA repair.
Protein interactions with single-stranded DNA (ssDNA) are par-
ticularly critical in DNA recombination, replication, and re-
pair,"¥ telomere regulation,” and cold shock response.”’ Pro-
teins recognize ssDNA through a combination of electrostatic,
aromatic, and hydrogen-bonding interactions. Almost all pro-
teins recognize ssDNA through an OB-fold domain (oligonu-
cleotide/oligosaccharide binding fold),**! which is a solvent-
exposed f-sheet surface composed of two three-stranded anti-
parallel (-sheets that form a five-stranded f-barrel in which
the first strand is in both sheets (Figure 1).%*¥ Replication pro-
tein A (RPA)"* and cold shock protein™ are well studied exam-
ples of proteins containing single-stranded DNA binding do-

7

Figure 1. Structure of the Bacillus caldolyticus cold shock protein bound to
oligothymidine (PDB ID: 2hax; top)." The aromatic side chains involved in
binding are explicitly shown.
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mine the factors that contribute to affinity and selectivity for
ssDNA versus dsDNA. Binding studies showed that 1) folding is
crucial for binding to both ss- and dsDNA, and 2) chirality affects
binding for duplex DNA but not for ssDNA. Taken together, these
studies reveal different modes of binding for ss- and duplex DNA,
with different driving forces, but in each case peptide structure
contributes significantly to binding.

mains. This laboratory has designed a (3-hairpin peptide dimer
that functions as a minimalist mimic of the OB-fold for recogni-
tion of ssDNA.® This peptide was designed to recognize nucle-
ic acids and to determine the favorable interactions that pro-
vide affinity and selectivity for recognition of ssDNA. In this
study, the contributions of B-hairpin structure and chirality to
binding affinity and selectivity for ssDNA and double-stranded
DNA (dsDNA) were investigated.

Originally, the peptide WKWK (Scheme 1A) was designed to
bind nucleotides through a binding cleft of two tryptophan
residues and two flanking cationic lysine residues. The name of
the peptide reflects the residues on the binding face of the -
hairpin. It was shown by fluorescence quenching of the trypto-
phan residues to bind ATP with a K value of 170 um.”
Through a combination of salt studies, mutation studies, and
NMR and circular dichroism (CD) investigations of the peptide-
ATP complex, the binding mode of WKWK was characterized.
Binding was found to be driven by both aromatic and electro-
static interactions. Aromatic interactions between the nucleo-
base and the cleft made up of the two Trp side chains were
found to contribute about 2 kcalmol™" to binding, whereas
electrostatic interactions between the triphosphate and basic
residues on the peptide were found to contribute about 3 kcal
mol .7

Dimerization of WKWK through a disulfide bond to give
(WKWK), (Scheme 1B) provided two aromatic pockets for bind-
ing to oligonucleotides. (WKWK), was shown to bind a single-
stranded 11 mer (Scheme 1E) with a K value of 3 um in 10 mm
sodium phosphate buffer (100 mm NaCl, pH 7.0) at 298 K.

[a] A. L. Stewart, Dr. M. L. Waters
Department of Chemistry, CB 3290, University of North Carolina
Chapel Hill, North Carolina 27599 (USA)
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A) WKWK: Ac-Arg-Trp-Val-Lys-Val-Asn-Gly-Orn-Trp-lle-Lys-GIn-NH,

B) (WKWK),:
(Ac-Cys-Gly-Arg-Trp-Val-Lys-Val-Asn-Gly-Orn-Trp-lle-Lys-GIn-NH,),

AR
¥ 5 §\
- irir?vﬁw

C) (WKWK-N6P),:
(Ac-Cys-Gly-Arg-Trp-Val-Lys-Val-Pro-Gly-Orn-Trp-lle-Lys-GIn-NH,),

D) (o-WKWK),:
(Ac-DCys-Gly-DArg-pTrp-bVal-oLys-bVal-DAsn-Gly-bOrn-pTrp-plle-dLys-
DGIn-NH,),

E) 5'-CCATCGCTACC-3'

F) 5'-CCATCGCTACC-3'
3-GGTAGCGATGG-5'

Scheme 1. A) B-Hairpin sequence WKWK. The bold residues are those
thought to be involved in the nucleic acid binding pocket. Those residues
are all on the same face of the peptide. B) Sequence and structure of pep-
tide (WKWK),. C-D) Mutations to (WKWK), with specific mutations under-
lined. E) ssDNA sequence. F) dsDNA sequence.

This binding affinity is comparable to that found in the cold
shock protein A (K4~6 um), which consists of a single OB-
fold.® Binding of (WKWK), to a duplex DNA strand of the
same length (Scheme 1F) was found to display similar affinity
(K4~5-9 um),® despite the doubling of the negative charge.
Studies have shown that aromatic interactions between
(WKWK), and the unpaired bases in ssDNA provide selectivity
over dsDNA under high-salt conditions in which the electro-
static interactions are screened. In duplex DNA, the bases are
packed inside the duplex and are not accessible to stacking
with residues in the peptide. The preference for ssDNA over
dsDNA at physiological salt levels is thus modest, but it is a
starting point for a system to improve selectivity for ssDNA
over the duplex structure. These studies aimed to explore the
modes of binding to ss- and dsDNA by the hairpin dimer to
provide insight into approaches for optimizing selectivity.

Results and Discussion
Sequence design

The peptide (WKWK-N6P), (Scheme 1C), based on the previ-
ously reported B-hairpin dimer (WKWK),, was designed to in-
vestigate the importance of structure to binding. Replacement
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of the Asn residue in the turn with L-Pro has been shown to
disrupt the turn and to prevent folding into a B-hairpin struc-
ture.” This allows us to probe directly whether the aromatic
cleft in the B-hairpin contributes to binding.

A second peptide, (D-WKWK), (Scheme 1D), was synthesized
with all p-amino acids to determine the importance of chirality
in binding. While (WKWK), has a right-handed twist—as do all
B-hairpins with all L-amino acids—(p-WKWK), takes on a left-
handed twist. Whether the macromolecular chirality of the
peptide influences the binding affinity will depend on the
mode of binding to ss- and dsDNA.

Characterization of structure

Circular dichroism spectra were obtained to verify the secon-
dary structure of each of the mutants studied. The parent pep-
tide, (WKWK),, has a characteristic -sheet spectrum with a
minimum at 210 nm (Figure 2). This is consistent with previous

20000 ~
—— WKWK Dimer
T 15000 - T — = = = -p-WKWK Dimer
7 * WKWK-NBP Dimer

. 10000 ,;-" .
o .~ \‘
£ Mo
,:.c 5000 4 A
g 0 ! ' _——  ——
)] 1 200 210 220 /-?50_' 240 250
o -5000
=]
= -10000 4

-15000 A

-20000 - Alnm —»

Figure 2. CD data for WKWK dimer and mutants. Data were obtained at
30 pum peptide in Na,HPO, (10 mm), pH 7.0, 298 K. b-WKWK dimer indicates
the dimer with all p-amino acids.

NMR data, which indicated that both the monomer and the
dimer have high p-hairpin populations under physiological
conditions.”™ The CD spectra of (WKWK-N6P), verified that it
is unstructured, with a minimum at about 200 nm (Figure 2).
The CD spectrum of (p-WKWK),, containing all b-amino acids,
showed the expected signal for the enantiomer of the parent
peptide (WKWK),, with a positive peak at 210 nm indicating a
D-peptide with B-sheet structure (Figure 2).

Binding measurements

Binding of ssDNA and duplex DNA to each of the peptides
was determined by quenching of the Trp fluorescence as de-
scribed in the Experimental Procedures. A correction for the
inner filter effect arising from absorbance of the nucleobases
at the excitation wavelength of Trp was performed for all bind-
ing data except for the binding of (WKWK-N6P), to duplex
DNA, where binding was weak (see Experimental Procedures).
In this case, the inner filter effect was too large to correct for,
so the reported dissociation constant is uncorrected and repre-
sents a lower limit. In the case of (WKWK-N6P),, CD mixing
experiments were also performed to confirm that folding of

ChemBioChem 2009, 10, 539 - 544



www.chembiochem.org



DNA Recognition by f-Hairpins

the peptide was not induced upon binding (see the Support-
ing Information).

The stoichiometry of binding was determined for (WKWK),
by fluorescence quenching by using the molar variation meth-
od (see the Experimental Section). A 1:1 binding stoichiometry
for the interaction between (WKWK), and the 11-mer ssDNA
sequence (Scheme 1E) was determined (see the Supporting In-
formation), in agreement with the stoichiometry reported for
the (WKWK), interaction with dA..”” The binding stoichiometry
for the interaction between (WKWK), and the duplex DNA
sequence (Scheme 1F) was also found to be 1:1 (see the Sup-
porting Information).

Influence of folding on binding

To probe the importance of the aromatic pocket in the p-hair-
pin dimer, we measured binding of the unstructured pep-
tide—(WKWK-N6P),—to ss- and dsDNA. In both cases, binding
was significantly weaker than with (WKWK), (Figures 3 and 4A,
Table 1). Binding is nearly ten times worse for both ssDNA and

-
-
-4

3 B VWKWK Dimer & ssDNA
094 OD-WKWK Dimer & ssDNA
T 084 & WKWK-N6P Dimer & ssDNA
~. 074
he] | ] &
£ 0640 S
“‘é’ 05 1 ) )
=044 ® N
& 03 - * o
0.2 -
e
0.1 1 | Ne)
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0 . . : : : .
0 10 20 30 40 50 60

Concentration / ym —>

Figure 3. Fluorescence titrations of (WKWK), and mutant peptide dimers
with the single-stranded DNA sequence 5'-CCATCGCTACC-3’ (Scheme 1E)
corrected for the inner filter effect (see Experimental Section): peptide (2—
8 um), sodium phosphate buffer (10 mm), NaCl (100 mwm), pH 7.0, 298 K. “p-
WKWK dimer” indicates the dimer with all p-amino acids.

dsDNA." However, evidence suggests that the reasons for the
loss of binding upon disruption of B-hairpin structure differ for
ss- and for dsDNA. In the case of ssDNA, the decrease in bind-
ing affinity associated with loss of structure is consistent with
previous data indicating that the interaction of ssDNA with the
B-hairpin is mediated by stacking interactions with the aromat-
ic pocket.”

As for dsDNA, the role of structure on binding is less clear.
The influence of folding on binding is surprising given that
previous studies indicated that binding of (WKWK), is primarily
electrostatic in nature. Differences in charge density of the
folded and unfolded peptides or differences in the entropic
cost of binding may play a role. Another possibility is that
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Figure 4. Fluorescence titrations of (WKWK), and mutant peptide dimers
with duplex DNA (Scheme 1F): peptide (2-7 pm), sodium phosphate buffer
(10 mm), NaCl (100 mm), pH 7.0, 298 K. A) (WKWK), and (WKWK-N6P), uncor-
rected for the inner filter effect. B) (WKWK), and (p-WKWK), corrected for the
inner filter effect (see the Experimental Section). “D-WKWK dimer” indicates
the dimer with all b-amino acids.

Table 1. Affinity constants for binding of peptide dimers to ssDNA and
dsDNA sequences.”?

Peptide Ky (error) [um] ssDNA Ky (error) [um] dsDNA
(WKWK), 3.5(0.2) 9.2 (0.9)®
(WKWK-N6P), 24.7 (1.6) ~80"
(D-WKWK), 3.4(0.2) 17.5 (1.3)

[a] Conditions: sodium phosphate buffer (10 mm), NaCl (100 mwm), pH 7.0,
298 K. Each value is the average of at least two measurements. The error
is from the fitting. [b] This K, value was previously reported as 5 um. See
ref. [6]. [c] This value is not corrected for the inner filter effect and thus is
only approximate."”

binding might occur in a structurally defined manner, such as
groove binding.

Influence of chirality on binding

Because the peptide structure is important to binding, the
chirality of the peptide might be important as well. In particu-
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lar, it may be more important in binding to duplex DNA, due
to its macromolecular chirality arising from the double helix,
than to single-stranded DNA, which is unstructured.

Fluorescence binding studies of the all b-amino acid peptide
(D-WKWK), to ssDNA gave binding affinities identical to those
of its enantiomer (Table 1, Figure 3). In the case of ssDNA, with
no macromolecular structure, this suggests that the ribose ring
is not directly involved in binding. This is reminiscent of the
binding mode of cold shock protein and ssDNA, in which the
ribose rings are solvent-exposed and are not in direct contact
with the protein (Figure 1).5¥ The fact that the all p-peptide
binds with equal affinity to the ssDNA sequence is also signifi-
cant, because all p-peptides typically display enhanced resist-
ance to cleavage by proteases.™”

In contrast to its binding to ssDNA, the enantiomeric pep-
tide dimer (p-WKWK), binds to duplex DNA with a somewhat
weaker affinity than does (WKWK), (Figure 4B). Chirality thus
has some influence on binding to duplex DNA, unlike to
ssDNA. For duplex DNA, the small but measurable difference in
the binding affinities of the L- and p-peptides indicates that
the diastereomeric complexes are of different stabilities. This is
consistent with the finding that folding influences binding of
the parent peptide to dsDNA and provides further support for
a structurally defined binding event such as groove binding, in
which the twist of the hairpin would be expected to influence
its binding affinity.

Structural models for binding ss- and dsDNA

The studies performed here, in conjunction with our previous
studies, are consistent with a binding model in which ssDNA
interacts with the hairpin dimer through a combination of aro-
matic and electrostatic interactions defined by the secondary
structure of the peptide. In the parent peptide—(WKWK),—
recognition of ssDNA is approximately 1.5 to three times more
favorable than recognition of duplex DNA, despite the fact
that the net charge on the duplex is twice that of the single-
stranded oligonucleotide. This selectivity is attributed to aro-
matic interactions between the unpaired bases and the aro-
matic cleft in the B-hairpin.® Disruption of the hairpin struc-
ture results in a reduction in binding affinity of nearly tenfold
and is attributed to loss of the aromatic pocket. Because the
ssDNA is unstructured, the chirality of the peptide does not in-
fluence binding. (D-WKWK), thus provides selectivity for ssDNA
over dsDNA by a factor of five.

The binding mode for duplex DNA is quite different. Previ-
ous studies indicated that binding is primarily electrostatic in
nature,™ suggesting nonspecific binding, as has been observed
with unstructured cationic peptides."”? However, the impor-
tance of both folding and chirality for binding provides a more
complex picture. These studies suggest that binding occurs
through a structurally defined complex, likely involving groove
binding of the hairpin to the duplex DNA. In this case, the Trp
side chains may simply provide a well folded structure or may
supply hydrophobic contacts in the major groove (alternatively,
the aliphatic side chains on the opposite face of the hairpin
may provide such contacts).

542

www.chembiochem.org

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

M. Waters and A. L. Stewart

Groove binding by a B-hairpin is not unprecedented in pro-
tein-DNA interactions; binding of (-hairpins within the major
groove of duplex DNA has been observed in a number of pro-
tein-DNA complexes such as those shown in Figure 5."* A -

A)

Figure 5. Protein-DNA complexes of A) the GCC-box binding domain of
AtERF1 (PDB ID: 1gcc),"* and B) the methyl-CpG-binding domain of human
MBD1 (PDB ID: 1ig4)."*"’

hairpin, for example, is key in recognizing the target sequence
GCC-box in the GCC-box binding domain of AtERF1 (Fig-
ure 5A)."* The GCC-box binding domain (GBD) binds to the
major groove of the GCC-box through a three-stranded f3-
sheet and an a-helix. The -sheet enters into extensive interac-
tions with the DNA, with arginine and tryptophan residues rec-
ognizing the DNA and forming contacts with eight base pairs
in the major groove. Arg and Trp also bind the sugar phos-
phate backbone. The a-helix is known to make only one con-
tact with the DNA, binding a phosphate group. Interestingly,
the binding of GBD to DNA is similar to binding by zinc finger
proteins, except that the a-helix that binds to the major
groove in the zinc finger is replaced by the [(-hairpin in
GBD."

In the human methylation-dependent transcriptional regula-
tor methyl-CpG binding domain 1 (MBD1), a hairpin loop
forms several contacts deep within the major groove near the
methylated DNA site (Figure 5B)."** Specific recognition of the
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methylated bases is mediated by two arginine residues, a tyro-
sine residue, and an aspartic acid residue. Side chain-side
chain interactions seem to play an important role in binding,
because mutations of the Asp residue weaken DNA binding
despite its lack of direct contact with the DNA.I"*

The Chlorella virus DNA ligase recognizes nicked DNA
through a f-hairpin loop that stems from an OB-fold domain
to form a latch that binds the major groove flanking the nick.
The OB-fold domain binds the minor groove behind the
nick."¥ The homing endonuclease |-Scel in yeast also recogniz-
es DNA primarily through interactions with a long B-hairpin
loop that extends into the major groove of the duplex DNA.™

There are recent examples of designed B-hairpin peptides
that bind to RNA™ but to the best of our knowledge this
peptide is the only example of a designed [-hairpin that binds
to duplex DNA. Moreover, there are examples of synthetic -
hairpins that mimic helical protein domains in protein—pro-
tein” and protein-RNA interactions,"® but not in DNA. Our
findings suggest that (3-hairpins may be promising mimics for
a-helical DNA binding domains. This is appealing in that f3-
hairpins provide more robust structures than a-helices and can
easily be cyclized to reduce entropic costs and to provide in-
creased protease resistance.

Conclusions

In conclusion, these studies provide insight into the factors
that contribute to p-hairpin recognition of both ss- and
dsDNA, which has relevance to protein receptors for each of
these types of DNA. These studies indicate that folding is re-
quired for binding of both ss- and dsDNA even though the
driving forces for binding them are different. In the case of
ssDNA, folding provides an aromatic cleft to form favorable
stacking interactions with the nucleobases. In the case of
duplex DNA, folding allows for binding in a structure-depen-
dent manner, such as groove binding, through favorable elec-
trostatic interactions. The observed differences in binding sug-
gest approaches to improving selectivity for ss- versus dsDNA
with biomimetic receptors.

Experimental Section

Peptide synthesis and purification: Peptides were synthesized by
automated solid-phase peptide synthesis with an Applied Biosys-
tems Pioneer Peptide Synthesizer. Fmoc-protected amino acids
were used with a PEG-PAL-PS resin. Amino acid residues were acti-
vated with HBTU (O-benzotriazole-N,N,N',N',-tetramethyluronium
hexafluorophosphate) and HOBT (N-hydroxybenzotriazole), togeth-
er with DIPEA (diisopropylethylamine) in DMF (N,N-dimethylforma-
mide). Amino acids were deprotected by treatment with DBU (1,8-
diazabicyclo[5.4.0lundec-7-ene) (2%) and piperidine (2%) in DMF
for approx. 10 min. Each amino acid was coupled in an extended
cycle of 75 min to improve coupling. The N terminus of each pep-
tide was acetylated with acetic anhydride (5%) and lutidine (6%)
in DMF (30 min). Cleavage of the peptides from the resin was per-
formed in trifluoroacetic acid (TFA, 94 %), H,0 (2.5%), ethanedithiol
(EDT, 2.5%), and triisopropylsilane (TIPS, 1%) over 3 h. TFA was
evaporated by bubbling with nitrogen, and ether was added to
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the resulting product. The peptide was then extracted with water
and lyophilized to a powder.

Peptides were purified by reversed-phase HPLC. A Vydac C-18 semi-
preparative column was used for separation with a gradient of
solvent B (5-35%) over 25 min with solvent A water/acetonitrile
(95:5), TFA (0.1%) and solvent B acetonitrile/water (95:5), TFA
(0.1%). Peptides were then lyophilized, and the peptide sequences
were confirmed by MALDI mass spectrometry. Peptide dimers were
formed by oxidation of the cysteine residues through stirring in
DMSO (1%) in phosphate buffer (10 mm), pH 7.5 for 3-7 h. After
purification, all peptides were desalted with a Pierce D-Salt Poly-
acrylamide 1800 desalting column.

DNA sample preparation: Two strands of DNA were purchased
from IDT (Integrated DNA Technologies). The strands obtained
were 5-CCATCGCTACC-3' and its complement. All DNA samples
were prepared in triethylammonium acetate (TEAA) buffer [acetic
acid (5.6%), triethylamine (TEA, 13.86%) in water, adjusted to
pH 7.0]. DNA samples were dissolved in TEAA buffer (1 mL). Buffer
was added individually to DNA (1 pmol). The DNA solution was
pooled, and additional TEAA buffer (1 mL) was added to each DNA
sample. This was then pooled and filtered before purification by re-
versed-phase HPLC. Purification was performed on the same
column as that used for peptides with a gradient of solvent B (25-
75%) over 20 min (6 mLmin~' flow rate). Solvent A was acetonitrile
(5%)/TEAA buffer (95%), and solvent B was acetonitrile (15%)/
TEAA buffer (85%). Samples were lyophilized after purification, and
the resulting product was then dissolved in water and re-lyophi-
lized to remove any remaining salts. Concentrations of both DNA
strands were determined with a Perkin-Elmer Lambda 35 UV/Vis
Spectrometer. Absorbance values were determined at 260 nm, and
concentrations were calculated from the extinction coefficients
of the two DNA strands (g6 sona=95500M 'cm™' and
€260, ssDNA complement = 112600 M~ cm™"). Equal concentrations of the
two strands (in sodium phosphate buffer, pH 7.0) were pooled in a
final concentration of NaCl (100 mm). The solution was heated at
95°C for 5 min to anneal the strands and was then allowed to cool
to room temperature before storing at —20°C.

Circular dichroism: All peptide dimers were analyzed by CD to
verify their structures. CD measurements were performed on an
Aviv Model 62 DS circular dichroism spectrometer. The peptides
(30 um) were dissolved in Na,HPO, (10 mm), pH 7.0. Wavelength
scans were performed at 298 K from 260-185 nm. CD mixing ex-
periments were performed by the same method. Individual pep-
tide and DNA samples had the same concentration (50 um), and
the mixtures contained equal concentrations (50 um each). Mixing
experiments were performed in phosphate buffer (10 mm) contain-
ing NaCl (100 mm) because NaCl is required for DNA annealing.

Fluorescence titrations: To determine the recognition of single-
stranded and duplex oligonucleotides by the peptide dimers, fluo-
rescence titrations that monitored the Trp quenching with increas-
ing oligonucleotide concentration were performed. Peptide and
nucleotide samples were prepared in sodium phosphate buffer
(10 mm), NaCl (100 mm), pH 7.0. Peptide concentrations were de-
termined in guanidine hydrochloride (5m) by recording the ab-
sorbance of the Trp residues at 280 nm (¢=5690m~'cm™") by UV/
Vis spectroscopy. Concentrations of nucleotides were determined
by UV/Vis spectroscopy by observation of the absorbance at
260 nm. Fluorescence scans were obtained on a Cary Eclipse Fluo-
rescence Spectrophotometer from Varian. Experiments were per-
formed at 298 K with an excitation wavelength of 297 nm. Fluores-
cence emission intensities of the Trp residues at 348 nm were
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fitted as a function of nucleotide concentration to the binding
Equation (1) on Kaleidagraph by nonlinear least-squares fitting."®

I:I0+Ioc([L]/Kd) ('])
1+ ([L]/Kq)

where [ is the observed fluorescence intensity, I, is the initial fluo-

rescence intensity of the peptide, I, is the fluorescence intensity at

binding saturation, [L] is the concentration of added nucleotide,

and K is the dissociation constant.

Oligonucleotides display observable absorbance at the excitation
wavelength of Trp (297 nm), and so there is an inner filter effect
that one must take into account. The absorbance of the oligonu-
cleotides at 297 nm was monitored at known concentrations, and
the extinction coefficient was determined. Absorbance values were
determined for each oligonucleotide concentration. Corrected fluo-

rescence values were determined from Equations (2) and (3)].1")
Fc = Fo/ci (2)
1-107%
= 3
G 23034, 3

where F_ is the corrected fluorescence, F, is the fluorescence ob-
served, and C; is the correction factor for each absorbance value (j).
A, is the absorbance value for each concentration determined by
the extinction coefficient.

Stoichiometry of binding: The stoichiometry of binding was deter-
mined by the molar variation method by monitoring the quench-
ing of tryptophan fluorescence. Conditions were such that the
peptide and DNA should be fully bound. Peptide concentrations
varied (25-45 um) depending on the maximum DNA concentra-
tions used. The conditions were limited to low concentrations for
ssDNA (~60 um) and duplex DNA (~40 pum) because of the inner
filter effect. After correction for the inner filter effect, the fluores-
cence intensity was plotted against the ratio of DNA/peptide con-
centrations to give the stoichiometry of binding. The stoichiometry
of binding is shown in plots (Figure S2 and S3 in the Supporting
Information) with the x-intercept of the dashed lines indicating the
stoichiometry for each.
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The Protein Environment Drives Selectivity for Sulfide
Oxidation by an Artificial Metalloenzyme

Pierre Rousselot-Pailley,” Constance Bochot,” Caroline Marchi-Delapierre, Adeline Jorge-
Robin,” Lydie Martin,”™ Juan C. Fontecilla-Camps,™ Christine Cavazza,*™ and

Stéphane Ménage*®

Artificial metalloenzymes based on the incorporation of Mn-
salen complexes into human serum albumin display high efficien-
¢y and selectivity for sulfoxide production during sulfide oxida-
tion. The reactions carried out by the artificial metallozymes are

Introduction

Pressure from society has placed restrictions on industrial oxi-
dation technology; this has emphasized the need for sustaina-
ble and environmentally friendly processes. Different strategies
have generated both biological™ and bioinspired catalytic ap-
proaches in an effort to fulfill the demands of “green chemis-
try.” @ Artificial metalloenzymes combine these two domains.
These hybrids, created by the insertion of unnatural, active,
metal sites into proteins, combine the specific properties of
proteins and enzymes (substrate specificity and/or stereoselec-
tivity) with those of nonbiological catalysts.*"" The main inter-
est of these novel systems resides in the potential to apply
man-made catalysts under biological catalytic conditions. Thus,
the polypeptide chain transfers properties such as water solu-
bility, solvent accessibility and a chiral environment to the inor-
ganic catalyst. Moreover, the optimization of these catalysts is
facilitated by the chemical modification of the catalyst ligands
and by site-directed mutagenesis of the protein.

One of the main technological barriers for the synthesis of
these hybrid molecules is the selective insertion of the active
site into the protein. Several strategies have been used. Amino
acid residues can be functionalized by organometallic moieties,
as shown by the pioneering work of Kaiser et al."? Noncova-
lent interactions are also useful. Whitesides et al. pioneered the
supramolecular approach known as the “Trojan horse.” ¥ It in-
volves the modification of an enzyme substrate by a moiety
containing the synthetic active site, and it is still the most suc-
cessful approach. For example, the biotin-(strept)avidin system,
in which biotin is modified in order to insert rhodium com-
plexes, can afford very efficient enantioselective hydrogenation
reactions." "1 Other noncovalent approaches for embedding
catalysts in protein scaffolds have been recently validated. The
introduction of metal-salen complexes into myoglobin is effec-
tive thanks to the coordination of the metal ion of the catalyst
by a histidine residue.'® The binding of a porphyrin ring into
serum albumin was made possible by the introduction of sul-
fonated substituents."”
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comparable to those carried out by natural biocatalysis. We have
found that the polarity of the protein environment is crucial for
selectivity and that a synergy between both partners of the
hybrid results in the novel activity.

Examples of catalysis by these artificial metalloenzymes
range from hydrolysis,*® hydroxylation,”" Diels-Alder reac-
tions® and hydroformylation®®” to hydrogenase activity."*"”
However, examples of selective oxygenases are rather
scarce.”>?” Enantioselective sulfide oxidations have been re-
cently obtained with an enantiomeric excess (ee) of up to 70%
with iron or Mn corroles bound to human serum albumin
(HSA).2®

The optimization of these bioinorganic catalysts is then of
great interest, and requires the elucidation of the principles
governing the activity of artificial metalloenzymes. Among
these principles, the contribution of the protein scaffold to the
selectivity and stability needs to be assessed. A suitable hybrid
should have a genuine original property when compared to its
two separate components. This could be accomplished, for in-
stance, by the tuning of the selectivity by the hydrophobicity
of the inorganic catalyst binding site in a protein. Herein, we
report the design of novel Mn monooxygenase mimics ob-
tained by the insertion of Mn"-salen complexes into HSA. Such
hybrids are very efficient, stable and selective biocatalysts and
are easy to handle in aqueous medium for the sulfide oxida-
tion by sodium hypochlorite. The impact of the protein envi-
ronment on both reactivity and selectivity is discussed, and
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the properties of the hybrids are compared to those of the
synthetic complex alone. We demonstrate that the protein
environment induces the selective oxidation of sulfide to sulf-
oxide, in contrast to the inorganic catalyst, with which only sul-
fone is obtained. This work validates the artificial enzyme strat-
egy for catalysis because activity values, in terms of both
number of catalytic cycles and selectivity, are close to those of
enzymes.

Results and Discussion

The design of artificial enzymes requires the selection of a pro-
tein capable of binding a catalyst that will drive the targeted
reaction. In this context of supramolecular anchoring of cofac-
tors, serum albumin plays a key role; it functions as a transport
protein in plasma and shows a unique ability to bind a variety
of hydrophobic molecules, including steroids, fatty acids and
heme.” In addition, serum albumins, especially the bovine
one, have been shown to catalyze enantioselective transforma-
tions such as oxidations,*®*" reductions® and Diels-Alder cy-
cloadditions with moderate to good enantioselectivity.*® We
have chosen Mn-salen catalysts, which are well-known systems
for selective oxidation catalysis in organic solvents, because of
their broad catalytic properties.* The hybrids were character-
ized in terms of complex location and sulfide oxidation catalyt-
ic properties.

Synthesis of new artificial metalloenzymes

The design of these artificial metalloenzymes was based on
the embedding of Mn-salen complexes into HSA through
supramolecular anchoring. Several Mn-salen derivatives were
synthesized (Scheme 1) in order to optimize the stability of the

R O\\ ?I .0 R
M.
=—N- N=—
N/

R=H complex 1
R=COOH 2
R =S03H 3
R=0H 4

Scheme 1. Mn-salen complexes used in this study.

resulting hybridCHSA (the formalism 1CHSA refers to the
hybrid with complex 1) as a function of the polarity of the R
substituents.”™ Three R groups, in addition to R=H, were
chosen with pK, values ranging from —1 to —9 for sulfonate,
carboxylate and hydroxyl moieties, respectively.

The ligand synthesis was adapted from published proce-
dures, based on the reaction of 2 equiv. of the R substituted
salicylaldehyde with 1 equiv of ethylenediamine in methanol
(see the Experimental Section). The complex was formed by
the reaction of Mn(OAc),»4H,0 with 1 equiv. of the salen
ligand in aerated ethanol in the presence of excess lithium
chloride. Complexes 1-3 were soluble in water or buffered so-
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lution at pH 8.0. Complex 4 was barely soluble under these
conditions.

Initially, the hybrids were prepared by incubating 1 equiv. of
HSA with 10 equiv. of Mn complex overnight. The excess com-
plex was subsequently removed. All the hybrids were colored,
attesting to the presence of the Mn complex in the protein.
The addition of protein to an aqueous suspension containing
complex 4 led to its solubilization, suggesting that it formed a
hybrid with HSA.

The Mn content in the hybrids was determined by inductive-
ly coupled plasma (ICP) and the protein concentration by
quantitative amino acid analysis (the standard Bradford
method® overestimated the protein concentration, probably
due to interference by the metal complex). The Mn/protein
ratio of the hybrids varied from 1 to 4, depending on the R
substituents of the salen ligand (Scheme 1, Table 1); the unsub-

Table 1. Physical properties of Mn-salen/HSA hybrids.

Complex 1 2 3 4

R substituent H CO,H SO;H OH

Mn/HSA ratio® 4405 1.6+08 14£0.2 2405

UV-visible®™ A [nm] - 395 (1600) 385 (1800) 465 (8000)

(e [M~"ecm™]) 280 280 325 (40000)
280

Ky [um] - 8 n >40

[a] Error based on three dosages. [b] pH 8; molar extinction coefficient
based on Mn content.

stituted Mn-salen complex 1 binds to multiple sites (up to
four), whereas the substituted ones were bound more specifi-
cally.

A second synthetic procedure was carried out in order to
minimize the multiple binding of the complexes. The hybrids,
except 4CHSA, were synthesized by incubating equimolar
amounts of HSA and Mn-salen complex for one hour in a buf-
fered solution (pH 7.5) at room temperature with no further
purification.

Spectroscopic characterization of the hybrids

Because of its high Mn/HSA ratio, 1CHSA was excluded from
the following characterization studies. The spectroscopic fea-
tures presented below are identical regardless of the hybrid
synthesis procedure.

With the exception of complex 4, the UV-visible spectra of
the Mn-salen/HSA hybrids were dominated by a single charge
transfer (CT) band in the visible region, in addition to the
280 nm band attributed to the absorption of the protein and
the complex (Figure 1). The spectrum of 4CHSA depicted an
extra intense CT band at 325 nm (Table 1). On the other hand,
the spectra of the complexes in the absence of HSA are domi-
nated by at least three more or less resolved transitions under
400 nm. In all cases, the visible transitions of the hybrids were
different from those of the free synthetic complexes, revealing
the presence of interactions between the complex and the po-

ChemBioChem 2009, 10, 545 - 552
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300 400 500 600 700
Al nm

Figure 1. UV-visible spectra of complex 3 (-), hybrid 3CHSA (—, 45 um)
and hybrid 4CHSA (- - -, 23 um) in buffered Tris solution (pH 8, 0.04 m).

lypeptide. When increasing amounts of complex 2 were added
to an HSA solution at pH 7.5, the intensity of the 400 nm band
augmented until a 1:1 mole ratio was reached. The further ad-
dition of complex 2 did not increase the intensity of this band.
A new, less well-defined transition band around 360 nm, corre-
sponding to unbound complex 2, was then observed (data not
shown).

The extinction coefficient and the energy of the transition
bands depended on the nature of R. Also, the UV spectra were
not as well-defined as those of Mn-salen complexes bound to
an engineered myoglobin.'®?>2 The differences between all
these related systems could be due to the modification of the
coordination sphere and/or possible electrostatic interactions
between the deprotonated R substituent and different amino
acid residues of the protein.

CD experiments were performed above 250 nm in order to
both confirm the interactions between complexes 2 and 3 and
the protein and assess the impact of the inorganic complex on
the protein environment. Figure 2 shows that the presence of

0 T T
250 /80(7 350 400 450 500

-5 - /
0,
‘—0“10 ,"“J 04
E s - -
£ 5] 3 g
5 g
3-201 71 5 .
I
<
25
-30

Alnm

Figure 2. CD spectra of 30 um of HSA (1), 2CHSA (2) and 3CHSA (3) at

pH 7.5. Observed changes are related to the binding of the Mn-salen com-
plex. A positive deviation in the visible region is related to the close inter-

action between the complex and the protein. Inset: expansion of the 300-
450 nm region of the CD spectrum.
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complex 2 or 3 affects the CD spectrum of the protein by re-
ducing the negative signal at 275 nm and inducing a slight
blue shift. These transitions can be correlated to a helices rear-
rangements due to complex binding to HSA. In addition, the
CD spectra of 2CHSA displayed a small positive deviation in
the 400 nm region (Figure 2 inset). Since HSA, as opposed to
the hybrid, does not absorb visible light, (Figure 1), this
change can only be attributed to the interaction of complex 2
with the chiral environment of the protein."® This interaction
was not observed in the case of complex 3 (Figure 2 inset).

The binding affinity of the Mn-salen complexes to HSA was
studied by measuring the quenching of its UV fluorescence at
pH 7.5. The emission of Trp214 (4,,,.= 340 nm), as a function of
complex 2 concentration, is shown in Figure S1 in the Support-
ing Information. The quenching was complete and selective,
and suitable data were obtained from plots of fluorescence
intensity versus HSA/complex ratio (Figure S1). K, values were
obtained from the initial monotonic decrease in fluorescence
(Table 1). The fits indicated the presence of one high-affinity
binding site per HSA molecule. Additional low-affinity sites
were neglected in this study. The Kj values at pH 7.0 are in the
uMm range, with affinity increasing in the following order: com-
plex 2~3>4.

The presence of ionizable R substituents improves the com-
plex affinity. At pH 7.0, the R group was deprotonated in com-
plexes 2 and 3 but not in complex 4. This difference in polarity
of the R group might explain the affinity trend. This also sug-
gests that part of the bound complex environment is polar.

These complexes affinities are in the same range as those
found for drugs known to be carried by HSA, such as thyro-
xine, ibuprofen and triiodobenzoic acid (TIB)."®

Structural basis for binding of Mn-salen complexes

HSA has been extensively studied by X-ray crystallography and
'HNMR, and binding sites for a wide range of drugs have
been identified.®*” The protein binds a variety of endogenous
ligands including the acidic non-esterified fatty acid, bilirubin,
hemin, thyroxine and lipophilic compounds at many sites. HSA
contains three homologous domains (I-lll), each one compris-
ing two sub-domains (A and B). To this date, six different bind-
ing sites have been structurally characterized: two primary
sites called IlA and IlIA, and four other sites with lower binding
affinities called IlIB, lIA-1IB, one site in domain IB and another in
the cleft of the protein.?

The rather large number of binding sites in HSA makes it dif-
ficult to model the position of the complexes. So far, we have
been unable to crystallize hybrids and, consequently, no X-ray
structures are available. Consequently, we have carried out a
series of competitive binding experiments between our com-
plexes and targeted drugs in order to identify putative binding
sites indirectly. The addition of these drugs to the hybrid solu-
tion could have two consequences. First, if a given drug and
the inorganic complex share a binding site, the latter should
be released to the solution, leading to the assignment of the
site. Second, if the inorganic complex is not released, both
molecules could simultaneously bind to the protein. This, in

547

www.chembiochem.org



www.chembiochem.org



BIO

turn, might induce structural changes resulting in a rearrange-
ment of the two respective binding sites; that will be a func-
tion of the distance between them. For instance, a very recent
study has shown that the addition of excess ibuprofen to
heme-containing HSA influences the stability and the coordina-
tion mode of the heme. ™ The authors concluded that the
binding sites were close, sharing one a helix.

CD spectroscopy is very sensitive to slight o helix move-
ments; this makes it the spectroscopic tool of choice for our
purpose. A spectral modification, other than the one arising
from the simple superimposition of the respective drugCHSA
and complexCHSA spectra, would indicate the proximity of
the binding sites of both molecules. In order to determine the
location of the inorganic complexes, several drugs with
common HSA binding sites were used.

In the first experiment, four molecules, selected for their
known HSA binding sites, were added separately to a 3CHSA
solution at a concentration above their K;. Hemin for site IB,
TIB for sites IB and lIA, thyroxine for sites IIA, IlIA, 1lIB and the
cleft and ibuprofen for sites IIA-IIB and IlIA. Their affinities
ranged from nm in the case of hemin to um for the others.>”
These molecules have both common and unique binding sites
(Table 2). For example, thyroxine binds to five sites in HSA, two
shared with ibuprofen or TIB. The latter also has a common
site with hemin (Table 2).

Table 2. Binding sites in HSA for the molecules used in this study.
Binding site Molecule

1B hemin, TIB

1A thyroxine, TIB

IIA-1IB ibuprofen

A thyroxine, ibuprofen

B thyroxine (two molecules)
cleft thyroxine

After 3CHSA or 2CHSA were incubated overnight with each
of these molecules at 277 K and pH 7.5, the solutions were dia-
lyzed using a 5 kDa cut-off centricon® filter, and the filtrates
were analyzed by UV/visible spectroscopy. Care was taken to
use concentrations of hybrids and drugs above their respective
Ky values. The number of binding sites was also taken into ac-
count in the calculation of the drug concentration to be used.
Free complex 2 or 3 was only present in the filtrate from the
thyroxine-containing solution. This experiment indicates that
these complexes either bind to the cleft or to the llIB site
because they are specific for thyroxine. Moreover, the time for
release was rather long (around 2 h) suggesting that the com-
plex was bound to a low-affinity thyroxine site.

In order to discriminate between complex binding to the
cleft or the IlIB site, we recorded the CD spectra of 2CHSA and
3CHSA and compared them to that of HSA in the presence of
three different drugs. A superimposition of the resulting spec-
tra is shown in Figure 3 for the 3CHSA case. Thyroxine dis-
played a CD signal typical of a chiral molecule (black trace).
The HSA spectrum (blue trace) is modified by the binding of

548

www.chembiochem.org

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

S. Ménage et al.

(=]

_22p0 350 400 450 500

Ae [ em? mmol™
b &b A

N
o

A/ nm

Figure 3. CD spectra of 250 um thyroxine (1), 50 um HSA plus 5 equiv. of thy-
roxine (2) and 3CHSA plus 5 equiv. of thyroxine in Tris buffer, pH 7.5 (3). Ob-
served changes are related to the binding of the drug even in the case of
the hybrid. The location of the drug near the Mn-salen binding site is sug-
gested.

thyroxine as shown by the presence of a negative CD signal
centered at around 290 nm (Ae~—3 cm’mmol~") and the loss
of the 260 nm negative shift (see Figure 2). The corresponding
signal was less well-defined when thyroxine was incubated
with the 3CHSA hybrid (red trace). In fact, a significant CD
signal centered at 275 nm (Ae~—16 cm’mmol™") dominated
the spectrum.

In the case of 2CHSA, a similar tendency was found for thy-
roxine as evidenced by a significant shoulder around 270 nm
(Ae~—20 cm?mmol™"; Figure S2). The CD spectrum obtained
with TIB as the competitive drug, showed a major change in
the 300-250 nm region with the appearance of a positive tran-
sition under 265 nm for 3CHSA (Figure S2). On the other hand,
ibuprofen did not significantly affect the CD spectrum of either
2CHSA or 3CHSA.

The CD signal differences observed might have originated
from a slight displacement of a helices (see above). Conse-
quently, we examined the X-ray structure of HSA in search for
an a helix between a TIB site and either the cleft or the IlIB
site (Table 2).°% Only the cleft site fulfills this requirement; this
strongly suggests that it corresponds to the binding site for
complexes 2 and 3.

This conclusion was also supported by the quenching ex-
periments, and indicates that the complex was bound close to
Trp214. This residue is located at the bottom of the protein
cleft, close to domain lIA (see Table 2). It has been recently
demonstrated that the quenching by an acceptor located in
subdomain IlIA will not take place because the probes are too
far from the fluorophore.” Site IlIB can also be excluded on a
similar basis.®?

Based on the above experiments and the fluorescence
study, we can propose that the Mn-salen 2 and 3 complexes
bind to the cleft site of the protein.

Catalytic properties of Mn-salenCHSA hybrids

The oxidizing properties of the hybrids were assessed by com-
paring them with those reported for a few other systems.?*2%
The oxidation of thioanisole by NaOCI was monitored at room
temperature under optimized conditions as follows: acetate

ChemBioChem 2009, 10, 545 - 552
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buffer (50 mm, pH 5.2), catalyst (125 um) and a 1:200:100 ratio
of catalyst/NaOCl/thioanisole. The catalyzed reactions were fin-
ished after 10 min. More basic pH values caused an increase in
sulfone formation. The catalyst concentration was set at a
higher value than the complex K, in order to ensure the stoi-
chiometry between the bound Mn complex and HSA. Control
experiments were performed in reaction assays with protein
and Mn" salt, ligand alone and buffer. They all led to lower
yields than those described in the following section.

The uncatalyzed reaction led to the exclusive formation of
phenylmethylsulfone with a conversion yield of approximately
40%. When only HSA was present, both the yield and selectivi-
ty were altered, with a significant increase in selectivity for sulf-
oxide versus sulfone, combined with a 38 to 49% increase in
the conversion. Catalysis was greatly improved with the hy-
brids (Table 3). The conversion was complete in most cases,

Table 3. Catalytic properties of Mn-salenCHSA hybrids and Mn-salen
complexes.
Catalyst Conversion SO [%)/ Selectivity
[%] SO, [%] for SO
none 38 7/31 —63
HSA 49 39/10 59
1 62.5 0/62 —100
1CHSA 75 71/4 89
2 59 1/58 —96
2CHSA 97 97/0 100
2CHSA(5th)® 95 92/7 87
3 57 2/55 —92
3CHSA 81 80/1 29
3CHSA(5th)® 929 92/7 86
4 60 0/60 —100
4CHSA 91 86/5 920
[a] Selectivity = (%SO—%S0,)/(%S0+%S0,); SO =methylphenylsulfoxide;
SO, =methylphenylsulfone; 100% corresponds to sulfoxides whereas
—100% corresponds to sulfone. [b] After five successive additions of sub-
strate and oxidant.

except for TCHSA (75%), and the selectivity for sulfoxide was
over 90%. Remarkably, with 2CHSA, no trace of sulfone could
be detected. The efficiency of 2CHSA corresponded to
20 TONmin™" (turnover numbermin~". The opposite trend was
observed for Mn-salen complexes in the absence of HSA;
when complexes 1-4 were used as catalysts, only phenylme-
thylsulfone was detected with a conversion of approximately
60%. These results show that the hybrids have catalytic prop-
erties that are very different from those of either the free com-
plexes or HSA alone.

The existence of multiple sites in most of the hybrids, as
shown by the Mn content, raises the question of their influ-
ence on the (enantio)selectivity of sulfide oxidation. To shed
some light on this issue, we plotted the reaction yields versus
the Mn-salen/HSA ratio at concentrations above the K.
Figure 4 displays the evolution of sulfoxide yield and selectivity
as a function of the number of equivalents of complex 2 or 3.
For both hybrids, the maximum yield and selectivity was ob-
served at a Mn-salen/HSA ratio close to 1. This observation re-
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Figure 4. Yield (- - -) and selectivity (—) for sulfoxide formation as a function

of the complex 2/HSA (lower graph) and complex 3/HSA (upper graph)
ratios.

inforces the conclusion that only one active site is responsible
for the catalytic activity under normal conditions. This also
agrees with the presence of a high-affinity binding site, as re-
vealed by fluorescence quenching experiments. When the ratio
exceeded 1, both the selectivity and yield decreased dramati-
cally in each case. The increasing formation of sulfone as the
Mn-salen content increases is then related to the activity of
the free Mn-salen complex, indicating that the excess Mn-
salen complex remains outside the protein under these condi-
tions. Figure 4 also shows that the two hybrids displayed dif-
ferent reactivity patterns for Mn-salen/HSA ratios lower than 1.
In the case of complex 2, the selectivity, close to 100%, was
only slightly affected by sub-stoichiometric concentrations of
Mn-salen. On the other hand, in the case of complex 3, the se-
lectivity increased from 55 to 93% with increasing Mn-salen
concentration. These observations correlate well with sulfoxide
production; for example, for a Mn-salen/HSA ratio of 0.5, sulf-
oxide yields were 70% for complex 2 and 40% for complex 3.
Thus, 2CHSA was more catalytically active than either 3CHSA
or HSA alone. In the case of complex 3, the total observed ac-
tivity corresponds to the sum of the formation of sulfone and
sulfoxide, catalyzed by HSA and the hybrid, respectively. For
complex 2, sulfoxide production indicates that the hybrid activ-
ity overwhelms HSA-based catalysis.

Decreasing the hybrid concentration below the K, value led
to a complete inversion of selectivity, in agreement with disso-
ciation of the hybrid. Accordingly, only the complex activity
was measured.

The stability of 2CHSA was also studied. Figure 5 shows that
after five successive catalytic assays, the selectivity decreased
by 10% for an almost constant yield. By comparison, HSA
alone lost its specific activity after 650 cycles, and the sulfone
product became the major species. Surprisingly, the accumula-
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Figure 5. Selectivity for sulfoxide formation versus turnover numbers;
2CHSA (black) and HSA (gray).

tion of sulfoxide resulting from successive oxidation reactions,
did not lead to a higher sulfone concentration, as would be
the case for the uncatalyzed reaction. This observation sug-
gests that sulfide oxidation catalyzed by the hybrids was much
faster than the uncatalyzed oxidation of sulfoxide. This, in turn,
precluded any significant use of the oxidant for the latter re-
action.

The higher stability of the artificial metalloenzyme was also
confirmed by SDS-PAGE (Figure S3). An equal volume of the
different catalytic solutions was deposited on a SDS-PAGE gel,
and the intensity of the stained protein band was inspected
after migration. The bands were more intense for the hybrids
than for the native HSA, and no smear was detected in the
former case. This suggests that the protein was not degraded
in the case of the hybrids.

Surprisingly, the artificial enzyme did not efficiently use hy-
drogen peroxide as the oxidant. This result contrasts with the
good hydrogen peroxide-based activity of Mn-salen com-
plexes bound to engineered apo-myoglobin.?>?¢

The polarizable R groups of the salen ligand affected either
the stability or the reactivity of the hybrids, when 2CHSA,
3CHSA and 4CHSA were compared to 1CHSA. Furthermore,
the specificity of the catalysis by 2CHSA or 3CHSA, compared
to that of the other hybrids, suggests a connection between
the selectivity and the nature of the R group.

The stoichiometric addition of thyroxine, ibuprofen or TIB
did not alter the catalytic efficiency of the hybrids. This obser-
vation confirms that Mn-salen complexes bind tightly to the
cleft site of HSA, even under oxidative conditions.

An artificial metalloenzyme is a unique catalyst

The potential uniqueness of artificial enzymes is clearly illus-
trated by this study. Since sulfone was not produced, the cata-
lytic activity reported herein did not result from the simple
combination of the catalytic properties of the two partners of
the hybrid. Instead, a genuinely novel reactivity of the complex
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was generated through its interaction with the protein scaf-
fold. Furthermore, the hybrids catalyzed the sulfoxidation re-
action more efficiently than did the complex or HSA alone in
terms of both conversion yield and rates.

Although the structural origin of the observed chemoselec-
tivity remains to be established, some reasons for this phe-
nomenon can already be considered. For instance, the protein
environment around the complex should be more hydropho-
bic than that of water. This, in turn, might limit the binding of
sulfoxide relative to sulfide, which is significantly less polar. Ac-
cordingly, sulfoxide would dissociate before getting further oxi-
dized to sulfone. A similar proposal has been put forward very
recently for Mn—salen complexes covalently bound in an engi-
neered myoglobin. However, in that case the selectivity of the
protein-free complexes was already high.*? In our case, a dras-
tic change was observed as the selectivity of the complex
alone was inverted for the hybrid. Another possibility is that
Mn-salen oxidizing power is tuned through metal coordination
by polar amino acid residues. The cleft in HSA contains a ma-
jority of Asp and Glu residues, which might be good candi-
dates for binding to the Mn ion. The fact that no oxidation
was observed in the presence of hydrogen peroxide suggests
that no histidine residue is involved in this dative interaction.
Indeed, in the case of hydrogen peroxide-mediated epoxida-
tion, the reactivity of Mn-salen complexes was greatly im-
proved when imidazole was bound in an apical position.*”
Moreover, the absence of intense CD transitions related to the
ligand-to-metal charge transfer (LMCT) bands of the inorganic
complex in the CD of the hybrid suggests no direct coordina-
tion of the Mn. On the other hand, the importance of the R
groups for the selectivity of the binding indicates that hydro-
gen bonding exists between the R groups and residues of the
cleft. Asp and Glu residues are good candidates to interact
with the R groups.

The increase of yield and stability in the hybrids could also
be related to the polarity of the second coordination sphere of
the Mn ion. For instance, sulfide molecules could be trapped
near the catalyst, increasing the probability for the reaction to
occur. Unfortunately, no evidence for sulfide binding has been
found using spectroscopic techniques such as CD and UV-visi-
ble spectroscopy. It should be noted that even a large sulfide
excess did not dissociate the catalyst from the protein.

The substituents of the salen ligand also influence the reac-
tivity of the hybrids as illustrated by 1CHSA being the least se-
lective catalyst. The role of the substituent, at least in the case
of carboxylate or sulfonate, was to modulate the binding of
the inorganic complex. Thus, the introduction of a carboxylate
group reduced the number of binding sites from four in
1CHSA to only one in 2CHSA. These chemical modifications of
the salen complex allowed for the design of a stable artificial
metalloenzyme and represent a new mode of active site inser-
tion in a protein that does not require amino acid residue co-
ordination. In this case, exclusively supramolecular interactions
led to a stable catalyst, even under oxidative conditions.

The only drawback of these hybrids is their inability to pro-
vide enantioselectivity (although an interaction between 2 and
the protein has been noticed). The apparent inability of the hy-
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brids to bind sulfide close to the Mn center might be related
to the characteristics of the binding pocket at the protein cleft.
This, in turn, might explain the inability of the binding site to
discriminate between chiral substrates. The current absence of
crystal structures of the hybrids makes the optimization of
enantioselectivity a difficult task.

Conclusions

This study demonstrates the potential of artificial metalloen-
zymes to compete with their natural counterparts in terms of
both selectivity and efficiency. The comparison of catalytic effi-
ciency of the complexes and the hybrids shows that the polari-
ty of the protein environment is crucial for selectivity. The next
step will be to achieve enantioselective oxidations through ge-
netic manipulations and complex design. Last, but not least,
this work illustrates once more the extraordinary ligand-bind-
ing repertoire of HSA.

Experimental Section

All chemicals were purchase from Aldrich and used without further
purification.

Synthesis of Schiff-base ligands: The salen ligand and the 5,5'-
substituted analogues were prepared according to a published
procedure.* The preparation of the disulfonated salen required
the synthesis of the sulfonated salicylaldehyde according to refer-
ence [45]

Synthesis of complexes: A mixture of the ligand with Mn-
(OAC),4H,0 (1.5 equiv.) and LiCl (20 equiv.) in EtOH/H,O was re-
fluxed for 2 h, leading to a green-brown precipitate.

Elemental analysis calcd (%) for complex 1: Mn(C;¢H.,N,0,)Cl-
CH;CH,0H-2H,0: C 47.30, H 5.69, N 6,10, Cl 7.76; found: C 47.24, H
4.3, N 6.22, Cl 7.02. ESI-MS for complex 1: 321 (100%) for [LMn]™ (L
corresponds to the dianion of the salen ligand).

Elemental analysis calcd (%) for complex 2: Mn(C;gH;5N,0¢)-4 H,O:
C%, 46.89, H 3.9, N 6.07; found: C 46.84, H 4.4, N 6.11. No trace of
Cl was found. ESI-MS: 409.2 for [LMn+H]" (L corresponds to the
dianion of the substituted salen).

ESI-MS for complex 3: 479 for [LMn—2H"]~ (L corresponds to the
dianion of the substituted salen).

Elemental analysis calcd (%) for complex4: Mn(C,¢H,4N,0O,)-
CH;CH,0H-2H,0: C 50.04, H 5.4, N 6.45, Mn 12.65; found: C 49.98,
H 4.2, N 6.43, Mn 12.10. No trace of Cl was found. ESI-MS: 353
(100%) for [LMn] " (L corresponds to the dianion of the substituted
salen)

Synthesis of hybrids: The synthesis of the hybrids was performed
by solubilizing fatty acid-free, globulin-free, lyophilized HSA
(Sigma) in Tris buffer (25 mm, pH 8.0, 2.5 mL). The HSA was mixed
with a tenfold excess of the Mn complex and incubated overnight
at 4°C. Complexes 3 and 4 were first solubilized in DMSO (5 pL).
Excess complex was removed using a desalting column (PD10),
leading to the separation of the protein-complex hybrid from the
complex solution. The hybrid solution was then dialyzed using a
centricon filter with a 30 kDa cut-off (6 cycles) and concentrated to
1.5 mm.
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Physical methods: UV-visible absorption spectra were recorded
on a Varian Cary1Bio spectrometer, with a quartz cell of 10 mm
path length. The concentration of the sample was 100 um. CD
measurements were performed on a JASCO J-810 spectropolarime-
ter equipped with a thermostated cell holder, using a quartz cell of
either 10 mm or 1 mm path length. Spectra were recorded at 25°C
over the 500-250 nm wavelength range at 0.1 nm intervals. Each
spectrum was the average of five scans. Tris buffer (50 mm, pH 7.5)
was used for all the samples. The use of Tris buffer precluded the
recording of data under 250 nm. Fluorescence spectra were record-
ed on a JASCO FP-6500 spectrofluorometer. All spectra were re-
corded at 25°C using a quartz cell of 10 mm path length. Spectra
were recorded over the 500-300 nm wavelength range after exci-
tation of the samples at 280 nm. Tris buffer (50 mm, pH 7.5) was
used for all the samples.

General protocol for catalysis experiments: Substrate (100 equiv.)
and oxidant (200 equiv.) were added to a solution of catalyst
(0.04 umol) in buffer (130 pL, 50 mm) to ensure complete conver-
sion. After the mixture was stirred for 15 min at room temperature,
the reference (1 uL, 1m benzophenone in ethylene chloride) was
added. The reaction mixture was then extracted with ethyl acetate
(150 pb). An aliquot (1 uL) of the organic phase was injected into
the GC without any treatment. Gas chromatography was per-
formed on a Perkin—Elmer Autosystem instrument connected to a
PE NELSON 1022 integrator with a FID detector, using a Optima 17
(0.25 um) column. Injector and detector temperatures were 250°C,
and 280°C, respectively. The temperature program started at
100°C for 4 min and then increased at 25°Cmin ' over a period of
13 min.

Competitive binding experiments: The hybrid (200 pL, 150 pm)
was incubated overnight with an equivalent concentration of
drugs corresponding to the number of binding sites in the protein.
After one night, the mixture was centrifuged through a Microcon®
(Millipore) filter with a 5 KDa cut-off. The filtrate was then analyzed
by UV-visible spectroscopy.

Evaluation of hybrid integrity: In order to check the integrity of
the hybrid after catalysis we performed SDS-PAGE (with 15% acryl-
amide).
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Altering the Substrate Specificity of Rhll by Directed

Evolution
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Lianhong Sun*®

Quorum sensing regulates biofilm formation and virulence factor
production in the human opportunistic pathogen Pseudomonas
aeruginosa. We used directed evolution to engineer Rhll, an
enzyme in the RhlI-RhIR quorum-sensing system of P. aeruginosa,
to alter its substrate specificity and gain insight into the molecu-
lar mechanisms of quorum sensing. By using a genetic screen, we
identified a mutant with improved production of Rhll’s two sig-
naling molecules, N-butanoyl- and N-hexanoyl-homoserine lac-
tone (BHL and HHL). In particular, production of BHL has been

Introduction

The opportunistic human pathogen Pseudomonas aeruginosa is
present in a wide variety of hospital environments, and con-
tributes to both acute and chronic lung infections in cystic fib-
rosis patients and patients with compromised immune re-
sponses, especially burn victims and patients with AIDS."?
After infection, P. aeruginosa grows in the biofilm mode, and
exhibits enhanced resistance to antibiotic treatments and the
human immune response.*™ P ageruginosa contains three
quorum-sensing systems to regulate biofilm formation and the
production of virulence factors. In particular, the Lasl-LasR
system regulates the RhlI-RhIR system to form a hierarchical
network, though the latter is also controlled by other regulato-
ry networks.”” The importance of quorum sensing in infections
by P. aeruginosa is well established, as mutant P. aeruginosa
with compromised quorum-sensing systems become vulnera-
ble to antibiotic treatments and immune responses.” These re-
sults also suggest that inhibiting quorum sensing could be an
effective strategy to eliminate bacterial biofilms, and a variety
of signaling molecule analogues have been synthesized and
characterized for their effectiveness in blocking quorum sens-
ing.® It also has been proposed that drugs targeting quorum
sensing might minimize the development of antibiotic resist-
ance in bacteria® and provide new methods for the treatment
of antibiotic-resistant bacteria that have become increasingly
prevalent” Consequently, antiquorum-sensing drugs might
represent a novel class of antimicrobial agents. To develop
drugs that specifically and effectively target quorum sensing,
an enhanced understanding of bacterial quorum sensing is es-
sential.

The engineering of enzymes can offer unique molecular in-
sights into their functions, and directed evolution frequently
reveals amino acid residues remote from the active-center resi-
dues that would be difficult to be predicted by rational protein
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enhanced by more than two-fold, and the synthesis of HHL has
been improved from an undetectable level to a level similar to
BHL; this change indicates a significant change in substrate spe-
cificity. No significant change in the gene expression level was
observed. Sequence alignments suggest that the mutations are
most likely to facilitate interactions between the enzyme and the
two acylated ACP substrates. This work also demonstrates that
the genetic screen/selection should be useful in engineering addi-
tional quorum-sensing components.

design approaches."” Within the enzymatic properties that can
be engineered by directed evolution, changing substrate spe-
cificity allows for the identification of amino acid residues per-
tinent to the design of novel inhibitors to disrupt or regulate
enzyme function. In a series of studies on the directed evolu-
tion of LuxR, the transcriptional activator of the LuxI-LuxR
quorum-sensing system in Vibrio fischeri, a cluster of amino
acid residues important for improved sensitivity towards vari-
ous acylated homoserine lactones (AHLs) have been identi-
fied.""" We have also developed a genetic selection protocol
and subsequently used the method for the directed evolution
of Luxl to improve its activity; Luxl is an enzyme that is respon-
sible for the synthesis of the signaling molecule 3-oxo-N-hexa-
noyl homoserine lactone (OHHL) of the Luxl-LuxR quorum-
sensing system in V. fischeri">'® By using a similar method, we
report the alteration of the substrate specificity of Rhll, which
is an enzyme that is responsible for the synthesis of the signal-
ing molecules of the RhlI-RhIR quorum-sensing system in
P. aeruginosa.

RhIl mainly catalyzes the synthesis of N-butanoyl homoserine
lactone (BHL), but also produces N-hexanoyl homoserine lac-
tone (HHL) as a minor product at concentrations approximate-
ly 1/15 of BHL (Figure 1A)."” No other acyl homoserine lac-
tones (AHLs) have been shown to be produced by Rhll. The
AHLs are produced from two substrates. One substrate, S-ade-
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Figure 1. A) Chemical reactions catalyzed by Rhll. B) Principle of the genetic
screen and selection. In the presence of sufficiently high concentrations of
OHHL, LuxR activates the P,,, promoter; this results in expression of GFPuv
and production of fluorescence upon UV excitation in the genetic screen,
and B-lactamase (ampicillin-resistance gene) to rescue cells in the genetic
selection.

nosyl methionine (SAM), provides the homoserine lactone
moiety, and the other substrate, butanoyl or hexanoyl acyl car-
rier protein (ACP), donates the acyl sidechain.'"®" The reaction
is initialized by SAM binding, and the subsequent recruitment
of butanoyl ACP results in the formation of the intermediate
N-butanoyl-S-adenosylmethionine, which then lactonizes to re-
lease BHL.?>?>%3 Sjte-directed and random mutagenesis have
been used to gain understanding of Rhll's function by explor-
ing its protein sequence, and a number of amino acid residues
critical for the enzyme activity at the N and Ctermini have
been identified.”¥ However, amino acid residues that deter-
mine the substrate specificity of Rhll have never been ex-
plored, and the molecular mechanism responsible for binding
acylated ACPs largely remains unknown. Because a large
number of amino acid sequences of Rhll homologues are avail-
able, sequence alignments might seem to be a reasonable ap-
proach for identifying amino acid residues by determining the
substrate specificity. However, despite the presence of highly
conserved amino acid residues across AHL synthases,”” ration-
al alteration of conserved residues has only been successful for
highly homologous AHL synthases.”” In this study, we have
used directed evolution to identify the amino acid residues
that are important for determining the acyl chain length spe-
cificity of Rhll, and these findings provide unique insights into
the substrate specificity of the enzyme.

Results and Discussion
Directed evolution of Rhll for producing OHHL

From our previous experiences with improving the activity of
Luxl by using a genetic selection method,"® we rationalized
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that a similar selection could be used to introduce OHHL syn-
thesis activity into Rhll by directed evolution. In modifying the
selection for Rhll evolution, we first needed to determine the
antibiotic concentration to use for mutant selection. Due to
leaky expression from the P, promoter, a high concentration
of ampicillin (1000 ug mL™") was used in the first round of the
directed evolution of Luxl. Because there is no detectable
OHHL synthesis activity in the wild-type Rhll, such a high selec-
tion pressure might prevent the identification of Rhll mutants
with improved but much weaker OHHL synthesis activity com-
pared to Luxl, especially in the initial rounds of evolution. As a
result, we first used a genetic screen to identify Rhll mutants
with low OHHL synthesis activity. In this genetic screen, the ac-
cumulation of OHHL produced by the mutant Rhll proteins
leads to formation of LuxR—-OHHL complexes, which then acti-
vate expression of GFPuv from the P, promoter; this results
in fluorescence (Figure 1B).

In the first round of directed-evolution experiments, screen-
ing a random mutagenesis library generated by error-prone
PCR™ allowed us to identify four Rhll mutants that caused
development of fluorescence after 20 h on screening plates,
whereas the reference that expressed wild-type Rhll did not
develop fluorescence. The genetic selection was also used to
screen the same library, but it failed to identify any mutants;
this confirms the low sensitivity of the selection method. To
verify the mutants, we determined the fluorescence develop-
ment of cells that contain these mutants with time, a method
that we had developed previously to verify our Luxl mu-
tants." Wild-type Rhll and Luxl cultures were used as referen-
ces. All of the recovered mutants exhibited weak but increased
fluorescence at high cell densities compared to cells that ex-
press the wild-type Rhll, and similar growth rates (data not
shown). We then used StEP” an in vitro gene recombination
method that is particularly efficient for recombining homolo-
gous genes, to recombine these four mutants and recover
mutant R1 which developed fluorescence significantly faster
than all of the parent mutants or wild-type Rhll on screening
plates. Significant improvements in fluorescence intensities
were also observed in mutant R1 cultures (Figure 2A). In par-
ticular, wild-type Rhll cell cultures remained at background
levels for high cell densities (ODsys > 1.0), but the R1 cell cul-
tures exhibited fluorescence levels comparable to Luxl cell cul-
tures at mid-log-phase cell densities; this indicates a strong pu-
tative OHHL synthesis activity. Due to this significant putative
OHHL synthesis activity, we again attempted a genetic selec-
tion of a random mutagenesis library generated by using
mutant R1 as the template to identify Rhll mutants with fur-
ther increased OHHL activity, but no mutants were identified.
Screening the same library with the genetic screen allowed us
to identify mutant R2, and cells containing R2 exhibited similar
fluorescence levels to cells that harbored Luxl (Figure 2 A), but
significantly higher levels than cells harboring R1 at all of the
cell densities measured; this indicates that the putative OHHL
synthesis activity of mutant R2 is comparable to the wild-type
Luxl. Further evolution by using R2 as the template did not
generate any additional improvements in activity.

ChemBioChem 2009, 10, 553 - 558
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Figure 2. A) Fluorescence development in the cultures containing wild-type
Rhll, Luxl, mutant R1, and mutant R2. Fluorescence was normalized to cell
optical densities. B) Concentrations of BHL and HHL in cell cultures express-
ing wild-type and mutant Rhll after extraction and concentration. All data
are presented as mean =+s.d. (standard deviation).

Rhll mutants synthesize BHL and HHL but not OHHL

Rhlil uses SAM"™® and acylated ACPs as substrates, and the diffi-
culty of preparing the required acylated ACPs makes the deter-
mination of Rhll variant kinetic parameters problematic.?%! As
a result, we used HPLC-MS/MS to determine the overall prod-
uct yields of the wild-type and mutant Rhll proteins to charac-
terize their relative activity. A similar method has been used for
characterizing Luxl mutants with improved OHHL synthesis ac-
tivity."® Because cell cultures containing the R2 mutant exhibit-
ed similar fluorescence levels compared to cells expressing a
wild-type Luxl, R2 was expected to produce OHHL at a level
similar to Luxl. Because the wild-type Luxl generates OHHL at
quantifiable levels under the culture conditions,"® OHHL pro-
duced by R2 was expected to be detected and quantified. Sur-
prisingly, no OHHL was detected by HPLC-MS/MS from any of
the mutant extracts. Further quantifications indicated that
both mutants demonstrated more than a two-fold improve-
ment in BHL yields compared to the wild-type Rhll, and the
BHL levels from cell cultures containing mutant R2 were slight-
ly higher than those from cells harboring mutant R1 (Fig-
ure 2B). Despite no detectable production of HHL in wild-type
Rhll cell cultures, significant levels of HHL were produced in
both mutant Rhll cell cultures. Cells expressing mutant R1 gen-
erated a detectable level of HHL (about 10 um), but cells ex-
pressing mutant R2 yielded a HHL level (395 um after extrac-
tion and concentration) comparable to the BHL concentration
(379 um after extraction and concentration). These results indi-
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cate that the substrate specificity of Rhll has been changed
dramatically: the mutant R2 accepts both butanoyl-ACP and
hexanoyl-ACP as substrates to a similar degree, whereas the
wild-type Rhll predominately favors butanoyl-ACP.

Quorum sensing responses were triggered by HHL

To verify that the increased fluorescent responses of the cells
expressing the Rhll mutants were the result of enhanced HHL
production, we added exogenous HHL into wild-type Rhll cul-
tures to induce fluorescence development. It has been shown
that LuxR responds to HHL much less efficiently than to its
cognate signaling molecule OHHL and does not interact with
BHL to elicit a response.™ As shown in Figure 3 A, strong fluo-
rescence was observed starting at the middle log-phase in the
presence of 4 or 40 um HHL, and the strength of the fluores-
cent responses increased with HHL concentration. These re-
sults further confirmed that the observed fluorescence was
contributed by the increased HHL that was produced by the
mutant Rhll enzymes.

A)

4000 1
= uxl
=+ Rhil+40 pum HHL
@ 3000 |
Q =-Rhil + 4 um HHL
§ -=Rhll
g 2000
Q
3
Y 1000 F
D L L L J
0.2 0.5 0.8 1.1 1.4
00595
B)

Figure 3. A) Fluorescence development in the wild-type Rhll cultures with
exogenous HHL. All data are presented as mean =s.d. Fluorescence was
normalized to cell optical densities. B) Western blotting of Rhll variants. No
significant changes in gene expression were observed. Uninduced samples
were used as the negative control (first lane).

No HHL was detected in wild-type E. coli cultures

There was no detectable HHL in E. coli cells expressing wild-
type Rhll under our experimental conditions, and the BHL con-
centration was 150 um after extraction and concentration.
However, it has been shown that the wild-type Rhll produces
HHL at levels approximately 1/15 of BHL in vivo, and 1/20 in
vitro in the presence of saturated acylated ACPs."*¥ As a
result, the concentration of HHL in the wild-type Rhll culture is
estimated to be about 10 um, a level which should be detecta-
ble by our HPLC-MS/MS system. One reason for the discrepan-
cy could be the different extraction efficiencies of dichlorome-
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thane for different AHLs; this might result in the extraction of
higher concentrations of BHL over HHL. However, the structur-
al difference (one methyl group) of the two AHLs is insignifi-
cant; this indicates that it is unlikely that the extraction effi-
ciencies contribute significantly to the discrepancy between
the predicted and observed levels of HHL. Parsek and co-work-
ers have demonstrated that Rhll is able to discriminate butano-
yl-ACP and hexanoyl-ACP (prepared with the E. coli ACP) de-
spite that the kinetic parameters of the enzyme for the two
substrates are fairly comparable.” In addition, long-chain Acyl
ACPs are more abundant than short-chain ACPs in E. coli.”™®
Taken together, the pool sizes of the two acylated ACPs are un-
likely to contribute to the absence of HHL in the wild-type Rhll
culture. More studies are required to determine the cause of
the low levels of HHL observed in the wild-type Rhll culture.

Increased productions of BHL and HHL were not caused by
enhanced gene expression

To determine whether the increased production of BHL and
HHL by mutant Rhll is caused by enhanced activity and altered
substrate specificity, or from a general improvement in the
enzyme expression levels we measured their relative expres-
sion levels by western blotting. Previously, it has been shown
that less than 1% of the recombinant Rhll in E. coli is solu-
ble.”” As shown in Figure 3B, the expression levels of the wild-
type and mutant Rhll in the soluble fraction are comparable;
this indicates that improved enzymatic activities primarily con-
tribute to the observed increased production of BHL and HHL.
As a result, the mutations do not cause increased solubility of
the recombinant Rhll.

Amino acid substitutions likely contribute to the substrate-
enzyme interactions

The amino acid sequences of the Rhll mutants show the amino
acid substitutions responsible for their increased activities and
altered substrate specificities (Table 1). There are two amino
acid substitutions (E7K and F147L) and two synonymous (T92T
and G21G) mutations in mutant R1. Two additional amino acid
substitutions (E182G and P159E) are present in mutant R2. Be-
cause there is no change in expression levels for all Rhll mu-
tants, the synonymous mutations do not seem to contribute
to the mutant properties. Crystal structures of Esal, an OHHL
synthase, and Lasl, an N-3-oxododecanoyl homoserine lactone
synthase, reveal that the substrate specificity of AHL synthases
are commonly determined by a tunnel that accommodates the

Table 1. Nucleotide and amino acid substitutions in Rhll variants.

RhlI Nucleotide substitutions Amino acid substitutions

variants

WT None None

R1 G19A, A63G, C276A, T439C, E7K, G21G, T92T, F147L,
G601A V201M

R2 G19A, A63G, C276A, T439C, E7K, G21G, T92T, F147L,
C476A, A545G, P159E, E182G
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length of the acyl sidechain.”®3” Sequence alignments of Esal,
Lasl, and Rhll reveal that two of the substitutions (see Fig-
ure S1 in the Supporting Information), F147L (L150 in Esal),
and P159E (E162 in Esal), are present in Esal; this suggests that
these two mutations are likely to facilitate the interactions
with the hexanoyl sidechain. A substitution of a charged
amino acid (Glu) with a hydrophobic one (Gly) occurred at po-
sition 182, which corresponds to hydrophobic amino acid resi-
dues V191 and A187 in Esal and Lasl respectively; this implies
that a hydrophobic amino acid residue is preferred for long-
chain AHLs at this position. In addition, the crystal structure of
Esal (Figure S2) shows that L150 (F147 in Rhll) has indirect con-
tact with the acyl moiety that shapes the tunnel to accommo-
date a specific acyl sidechain, while the crystal structure of Lasl
reveals that the corresponding residue (M152) forms the
tunnel with 17 other amino acid residues (Figure S2). Conse-
quently, these results support the conclusion that the F147L
mutation has an important role in improving the enzyme-sub-
strate interactions. Mutation E182G is located adjacent to a res-
idue (M183 in Rhll and L188 in Lasl) that forms the tunnel in
Lasl, and presumably contributes to the formation of the de-
sired conformation of the tunnel. Mutation P159E is located in
a loop that has contact with 36 and 7, which comprise many
amino acid residues that form the tunnel. As a result, this mu-
tation might also contribute to the reshaping of the tunnel for
improved activity and altered substrate specificity. Functions of
mutation E7K and V201M were unclear, as they might be intro-
duced as sequence errors of the primers used for error-prone
PCR. In addition, V201M is not present in mutant R2; this indi-
cates its function for the observed activities is not significant.

Fine-tuning of the genetic screen/selection is necessary for
further improving Rhll activity and introducing OHHL syn-
thesis activity

Using R2 as the template for further directed evolution of Rhll
did not result in any mutants, and the reason remains unclear.
One possible reason is the weak activity of the promoter (P,,),
which could fail to express sufficient amount of f-lactamase to
rescue the cells. However, in our previous Luxl engineering
study, a much higher concentration (1400 ugmL™" vs.
1000 pgmL™" in the third generation in this research) of ampi-
cillin was used in the genetic selection; this indicates that the
promoter is sufficiently strong enough to rescue the cells once
it is induced. The most probable reason is the insensitivity of
LuxR towards HHL; this insensitivity could lead to slow activa-
tion of gene expression even in the presence of saturating
concentrations of HHL, and therefore, could fail to generate
sufficient fluorescence or rescue cells within the desired time
periods. It has been demonstrated that genetic screen or selec-
tion becomes less efficient when the enzyme becomes very
active or its expression level is high, and the fine-tuning of
enzyme expression levels is frequently required to identify
more active mutants.®? As a result, by reducing expression
levels of Rhll, further improvement of the enzyme properties
by genetic screen or selection would be possible.
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Our initial goal was to generate Rhll mutants with OHHL
synthesis activity, and our failure in identifying these mutants
was obviously due to the nonspecific response of LuxR. How-
ever, we have shown that high concentrations of HHL can be
produced by introducing a small number of amino acid substi-
tutions; this indicates that AHL synthases seem to be flexible
for changes in substrate specificity, which is also supported by
a site-directed mutagenesis study.”” Consequently, with a LuxR
variant specific to OHHL but not to HHL,®" it would be possi-
ble to introduce OHHL synthesis activity into Rhll.

Conclusions

In summary, we have generated Rhll mutants with increased
activities and altered substrate specificities by using directed
evolution coupled with a genetic screen. Alignment of the
mutant Rhlls to the amino acid sequences of two homologues
with known crystal structures showed that the three amino
acid substitutions are likely to contribute to the binding of the
substrate by the enzyme by reshaping the tunnel that accom-
modates the acyl sidechain of acylated ACPs. Finally, this work
and our previous reports demonstrated that the genetic
screen and selection that we developed could be used to engi-
neer the components of quorum-sensing systems to change
various properties, and these engineered quorum-sensing sys-
tems are expected to be useful in synthetic biology and meta-
bolic engineering.?

Experimental Section

Bacterial strains, media, chemicals and culture conditions: E. coli
strain Top10F was used for all experiments. Unless otherwise
stated, all chemicals were purchased from Sigma-Aldrich (St Louis,
MO, USA). Overnight cultures (3 mL) were grown in Luria-Bertani
(LB) medium at 37°C with a shaking speed of 225 RPM for 16 h.
Kanamycin (50 pgmL™"), chloramphenicol (100 pgmL™"), and IPTG
(isopropyl-p-p-thiogalactopyranoside, 1 mm) were used for all cell
cultures and LB-agar plates unless otherwise indicated. For in vivo
semi-quantification, cells were grown in M9 minimal medium
(250 mL) supplemented with casamino acids (0.1%) at 30°C with a
shaking speed of 180 rpm.

Plasmid construction: The rhll gene was cloned into EcoRl and
BamHI-digested pLuxIR plasmid;"'® this resulted in a PRR plasmid
harboring rhil and luxR genes regulated by a P, promoter and
conferring conferred resistance to kanamycin. The rhll gene was
amplified from plasmid pJPP6"? by using primers RhIIF (5'-ATA
GAA TTC AAG GAG ATA TAC CCA TAT GAT GAT CGA ATT GCT CTC
T-3') and RhlIR (5-ATA GGA TCC TCA CAC CGC CAT CGA CAG-3),
where the DNA sequences recognized by restriction enzymes
EcoRl, BamHI, and Ndel are indicated with underlines. An Ndel re-
striction site was incorporated into the forward primer downstream
of the RBS and linker sequence (in bold). Plux-GFPuv, which har-
bored a gfpuv gene regulated by a P,,, promoter, and Plux-AMP,
which harbored an ampicillin resistance gene that was regulated
by a P, promoter were generated in a previous study, and both
contain a chloramphenicol-resistance gene."® All primers were or-
dered from Invitrogen (Carlsbad, CA, USA) and all the restriction
enzymes were from New England BioLabs (Ipswich, MA, USA).
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Directed evolution of Rhll: Rhill random mutagenesis libraries
were created by using error-prone PCR as described previously
with primer RhlIF and RhlIR, except that 0.2 mm MnCl, were used
for all reactions."® Amplified DNA fragments and plasmid pLuxIR
were digested with Ndel and BamHI and purified with a Qiagen
gel extraction kit (Qiagen, Valencia, CA, USA). The purified insert
and plasmid fragments were ligated with a T4 DNA ligase for over-
night at 16°C. The ligated products were transformed into E. coli
Top10F cells containing plasmid plux-GFPuv (genetic screen) or
plux-Amp (genetic selection) through electroporation, and the
transformed cells were plated onto LB-agar screening plates sup-
plemented with IPTG, kanamycin, and chloramphenicol or selection
plates containing IPTG, kanamycin, chloramphenicol, and ampicillin
(1000 pgmL™"). Cells on screening plates were checked for flores-
cence development upon UV excitation, and single colonies that
developed fluorescence faster than a reference (cells expressing
the parental gene) were collected for plasmid purification and
further analysis. Single colonies on selection plates were also col-
lected for plasmid purification and further analysis (see below).
Approximately 20000 mutants were screened in each round.

In vivo quantification: Single colonies recovered from the screen
were inoculated into LB medium (3 mL) with kanamycin and chlor-
amphenicol and grown overnight for plasmid purification. The pu-
rified plasmid mixture contained both a PRR plasmid harboring a
mutant rhll gene and a plux-GFPuv plasmid. The plasmid mixture
was co-transformed into E. coli Top10F" cells and plated onto LB-
agar plates supplemented with kanamycin and chloramphenicol.
Single colonies were inoculated into LB medium (3 mL) containing
kanamycin and chloramphenicol and grown overnight. The over-
night cultures were then inoculated (0.5mL) into M9 medium
(250 mL) supplemented with casamino acids (0.1%), and grown at
30°C and 180 RPM while measuring cell densities and florescence
intensities at various times to determine fluorescence—-cell densities
curves. Cell densities were measured with a spectrophotometer
(UV1101, WPA, Cambridge, UK) at the absorbance of 595 nm
(ODsg5), and fluorescent measurements were taken by using a mi-
crotiter plate reader (SPECTRAmax GEMINI Xs, Molecular Devices,
Union City, CA, USA). Wild-type Rhll and Luxl were used as referen-
ces. For spiking experiments, overnight cultures (0.5 mL) contain-
ing the wild-type rhll gene and Pluxl-GFPuv plasmids were inocu-
lated into LB medium (250 mL) with appropriate antibiotics and
IPTG as well as HHL (4 um or 40 um). All cultures exhibited a similar
growth rate.

Western blotting: To prepare c-myc-tagged Rhll enzymes, a wild-
type gene was cloned into the pBAD/myc-His A plasmid (Invitro-
gen, Carlsbad, CA, USA) by using primers rhllIF(Xhol) (5-ATA CTC
GAG AAT CGA ATT GCT CTC TGA ATC G-3') and rhlIR(Hindlll) (5'-
ATA AAG CTT CAC CGC CAT CGA CAG-3') where the DNA sequen-
ces recognized by the Xhol and Hindlll restriction enzymes are un-
derlined. Similar primers that contained the desired mutations
were used to clone mutant R1 and R1 genes into the plasmid. The
resulting plasmids were transformed into Top10F’ by using electro-
poration, and a single colony was inoculated into LB medium
(3 mL) with appropriate antibiotics and grown overnight at 37°C.
The overnight culture (20 pL) was then inoculated into fresh LB
medium (3 mL) with appropriate antibiotics and the sample was
grown for 3 h at 30°C, followed by an additional 4 h introduction
with arabinose (0.2%) to induce gene expression. Cells were col-
lected by centrifugation at 13200 rpm and the cell pellet was re-
suspended with 1x fast break lysis buffer (250 uL; Promega, San
Luis Obispo, CA, USA), phenylmethylsulphonyl fluoride (PMSF,
1 mm) and lysozyme (20 mgmL~" 10 uL; Fischer Scientific). After in-
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cubation for 20 min, DNase (1 uL; Promega) was added, and the
sample was incubated for additional 5 min. Cell debris was then re-
moved by centrifugation at 13200 rpm for 10 min, and the result-
ing supernatant was mixed with an equal volume of SDS sample
buffer followed by boiling for 3 min. The sample was then centri-
fuged for 10 min at 13200 rpm, and the proteins were fractioned
by standard SDS-PAGE. Proteins were transferred onto a nitrocellu-
lose membrane (GE Healthcare Bio-Sciences Corp.) by using elec-
trophoresis (BioRad Trans-Blot Cell Apparatus, Hercules, CA, USA).
The membrane was incubated with blocking buffer PBST (10 mL of
PBS with 0.05% Tween-20 and 5% nonfat dry milk) for 1 h, and
then was washed twice with PBST followed by an overnight incu-
bation with blocking buffer (10 mL) containing anti-Myc-His HRP
antibody (2 pL, 1:5000 dilution rate). The membrane was washed
twice with PBST and chemiluminescence was developed by using
an ECL detection kit (GE Healthcare Bio-Sciences Corp.) and record-
ed on a film (Krackeler, Albany, NY, USA).

AHL Extraction and HPLC-MS/MS: PRR plasmids harboring wild-
type or mutant rhll genes were transformed into E. coli Top10F
and inoculated in overnight cultures from single colonies. Each
overnight culture (0.5 mL) was then used to inoculate two growth
cultures of M9 medium (500 mL) supplemented with casamino
acids (0.1%) and grown at 30°C for 11 h (OD 1.3). From these sam-
ples, equal volumes of CH,Cl, were used to extract AHLs, which
were pooled, and the organic solvents were evaporated. Extracts
were then dissolved into doubly distilled H,O (1 mL), and analyzed
by using HPLC-MS/MS. Detailed procedures for extracting AHL and
HPLC-MS/MS quantitation have been described previously."
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Isolation of Phospholipase D Mutants Having
Phosphatidylinositol-Synthesizing Activity with Positional

Specificity on myo-Inositol

Atsushi Masayama, Kaori Tsukada, Chika lkeda, Hideo Nakano, and Yugo Iwasaki*"

Phospholipase D (PLD) mutants that have phosphatidylinositol
(Pl)-synthesizing activity with positional selectivity towards 1- or
3-OH groups of myo-inositol have been isolated. A mutant PLD
library, in which site-directed saturation mutations were intro-
duced in vitro at positions 187, 191, and 385 of the wild-type
PLD of Streptomyces antibioticus, was screened for Pl-synthesiz-
ing mutants. TLC and HPLC analyses of the PI synthesized by the
isolated mutant PLDs revealed that three mutants, namely 187D/
191Y/385R (DYR), 187A/191Y/385R (AYR), and 187M/191Y/385R
(MYR), selectively generated 1- or 3-Pl among the other possible
Pl positional isomers. Taking into account the consensus se-
quence of the three mutants, a series of mutants, 187X/191Y/
385R (XYR), was constructed and analyzed. Almost all the XYR
mutants generated 1(3)-Pl selectively, thus suggesting that the

Introduction

Phosphatidylinositol (PI) is a kind of naturally occurring phos-
pholipid found mainly in eukaryotes. Pl is now attracting atten-
tion because of its biological effects, such as increasing high-
density lipoprotein—cholesterol levels in humans and decreas-
ing triacylglycerol levels in the serum and liver of mice." Cur-
rently, Pl is produced by extraction from natural sources such
as soybean lecithin. However, the Pl contents of such natural
sources are not very high (approximately 15% in soybean
phospholipids),”® and the extraction process requires a large
amount of solvents. Furthermore, the Pl extracted from natural
sources is a heterogeneous mixture of Pl molecular species
with different fatty acid residues; this can be problematic if the
Pl is intended for use as fine chemicals.

An alternative for supplying Pl is the use of phospholipase D
(PLD, E.C. 3.1.4.4.). This enzyme hydrolyzes phospholipids into
phosphatidic acid (PA) and the corresponding alcohols, but
also catalyzes transphosphatidylation, in which the polar head
groups of phospholipids are changed into coexisting alcohols
(Scheme 1). PLDs from microorganisms such as Streptomyces
are widely used for industrial phospholipid syntheses, because
of their broad substrate specificity towards the alcohol com-
pounds. Most natural types of phospholipid can be synthe-
sized from commercially available lecithin or phosphatidylcho-
line (PC) and appropriate acceptor alcohols by using Strepto-
myces PLD.”’

Until recently, no Streptomyces PLD was capable of synthe-
sizing Pl, possibly because of steric hindrance towards the
bulky inositol molecule in the substrate binding pocket, and
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Y385R mutation contributed to the selectivity for the 1(3)-Pl syn-
thesis. The XYR mutants showed similar phosphatidylcholine-hy-
drolyzing activity among the mutants, but the Pl-synthesizing ac-
tivities were different depending on the amino acid at position
187. In particular, aromatic amino acids at position 187 greatly
reduced the Pl-synthesizing activity. The ratios of 1-Pl versus 3-Pl
in the PlIs synthesized with the XYR mutants were analyzed by se-
lective hydrolysis with Pl-specific phospholipase C. It was found
that 187H/191Y/385R (HYR) generated 1-PI more than 3-PI
(ratio=7:3), whereas 187T/191Y/385R (TYR) generated 1-PI less
than 3-PI (ratio=2:8). This confirmed that the amino acid at
position 187 determined the selectivity between 1-Pl and 3-PI for-
mation.

Scheme 1. Reactions catalyzed by PLD.

also because of relatively lower activity towards secondary al-
cohols than towards primary alcohols.

In our previous study,™ we successfully isolated mutant
PLDs with Pl-synthesizing activity. This work was performed by
introducing site-directed saturation (random) mutagenesis into
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the amino acid residues that might be involved in substrate
recognition (namely W187, Y191, and Y385) to construct a
mutant enzyme library. Then the library was screened for PI-
synthesizing activity, and mutant PLDs with the desired activity
were isolated.

Although the isolated mutant PLDs were promising for enzy-
matic Pl synthesis, there was a drawback in that the mutant
enzymes had low positional specificity towards the hydroxy
groups of myo-inositol. Since myo-inositol has six chemically
nonequivalent hydroxy groups, there were potentially six struc-
tures in the enzymatically synthesized PI (Scheme 2). In fact,
the isolated mutant enzymes generated mixtures of several Pl
isomers. In application of the mutant PLDs for Pl synthesis, it is
desirable to isolate other mutant PLDs that can generate par-
ticular Pl isomers specifically.

R' R RER R* R®. R®

1Pl PdH H H H H
2Pl H PdH H H H
3Pl H H PdH H H
4Pl H H H Ptd H H
5Pl H H H H PtdH
6Pl H H H H H P

Scheme 2. The structure of Pl isomers. “Ptd” denotes the phosphatidyl
group.

In this paper, as a continuation of the previous work, we fo-
cused on isolating mutant PLDs with higher positional specific-
ity towards the 1- or 3-position of the myo-inositol ring.

Results

Screening for Pl-synthesizing mutants with higher positional
specificity

In the previous study,” 25 Pl-synthesizing PLD mutants were
identified by screening approximately 10000 recombinant Es-
cherichia coli clones from the mutant PLD library. The mutants
were able to synthesize Pl, but most of them formed mixtures
of Pl positional isomers. As the library was constructed by in-
troducing saturation mutagenesis into three amino acid resi-
dues (W187, Y191, and Y385) of wild-type (WT)-PLD, it con-
tained 8000 (=20° clones. Hence, theoretically, at least 23 964
colonies should be screened to cover 95% of this library size.”
Thus, we expected that further screening the library would
isolate new Pl-synthesizing mutants with enhanced positional
specificity.

High-throughput screening of approximately 18000 colonies
for Pl-synthesizing mutants identified 375 positive clones.
Crude enzyme from each of the clones was tested by TLC for
Pl-synthesizing activity by using dioleoyl-PC (DOPC) and myo-
inositol as the substrates to exclude false positives. After DNA
sequencing of the resulting positives to reduce redundancy,
we identified different 65 clones. Together with the previous
25 mutants, the final lineup contained 90 mutants.
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TLC analysis of the Pl synthesized with each of the mutant
PLDs revealed that three mutants, namely 187D/191Y/385R
(DYR), 187A/191Y/385R (AYR), and 187M/191Y/385R (MYR),
generated specifically 1-PI or 3-PI (Figure 1A). Figure 1A also

A) Q\&(xq'.*-@‘-\q'-\‘*
PA o2 ® & + =

4(6)-P1
1(3)-PI i< 2

PC >

B) 5-PI 1(3)-P1

4(6)-PI 2 pI X

Standard
1(3) -PI

4(6)-PI
PA Y
i | S _f\__fk Aﬁ‘/\
1(3) P
1(3) Pl ﬂ

i1(3)-PI AYR

t Imm

Intensity

J N

Figure 1. Analysis of the Pl isomers synthesized by the mutant enzymes.

A) TLC analysis of the phospholipids generated by WT-PLD and the mutants.
Pl denotes the soybean Pl as the standard. B) HPLC analysis of the PI stan-
dard isomers and the products generated by the PLD mutants (FRY, DYR,
MYR and AYR).

shows that WT-PLD did not generate Pl at all, and that 187F/
191R/385Y (FRY, one of the previously isolated mutants)
formed two spots of 1(3)-Pl and 4(6)-PIl. The selectivity of the
three mutants was confirmed more quantitatively by HPLC
analysis (Figure 1B). The 1(3)-PI/4(6)-PI ratio of the three mu-
tants calculated from the peak areas were 95:5 for DYR and
AYR, and 99:1 for MYR. None of these enzymes generated 2-PI
or 5-Pl. A common feature in these three mutants was the
mutation “Y385R”, thus indicating that this mutation might
contribute to the selectivity for 1(3)-Pl synthesis.

Saturation mutagenesis at position 187

Although the Y385R mutation might play a role in determining
the specificity of 1(3)-PI synthesis, the role of the mutation at
the position 187 remained unclear. To evaluate its role, satura-
tion mutagenesis was carried out to prepare 187X/191Y/385R
or “XYR” mutants (X denotes any amino acid).

The Pl-synthesizing and PC-hydrolyzing activities of these
XYR variants were tested by using crude enzymes. Almost all

ChemBioChem 2009, 10, 559 - 564
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the XYR mutants formed selectively 1(3)-Pl (Supporting Infor-
mation). This result again indicated that the Y385R mutation
contributed to the selective 1(3)-PlI formation. An exception
was 187W/191Y/385R (WYR); in this case Pl could not be de-
tected by TLC. No significant difference in PC-hydrolyzing ac-
tivity was observed among the XYR variants; in contrast, their
Pl-synthesizing activities were considerably different (Figure 2).
In particular, those with aromatic residues at position 187 that
is, WYR, FYR and YYR, showed low Pl-synthesizing activity; this
indicated that these bulky residues might interfere with the

entry of the myo-inositol molecule into the active site.
HKR

Figure 2. Comparison of the enzymatic activities of XYR variants. The Pl-syn-
thesizing (gray columns) and PC-hydrolyzing (white columns) activities of
the culture supernatants of the corresponding recombinant strains were as-
sayed. The activities relative to that of DYR (indicated with a dotted line) are
shown. The data are averages of three independent experiments. The mu-
tants are indicated by single letters denoting the substituted amino acid at
position 187.
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Among the 20 XYR variants, we chose seven that showed
high Pl-synthesizing activity (DYR, AYR, SYR, TYR, NYR, EYR, and
HYR) for further characterization.

Characterization of the seven XYR variants

The seven XYR mutant enzymes were purified from recombi-
nant E. coli to homogeneity and used for kinetic analysis. The
Pl-synthesizing and PC-hydrolyzing activities of the variants are
summarized in Table 1. DYR showed the highest Pl-synthesiz-
ing potential (1.08 £0.11 pmolmin~"mg™"). Similar Pl-synthesiz-
ing activity was also observed in AYR, NYR, EYR, and HYR. SYR
and TYR showed lower activity than the others. The PI/PA ratio
is a parameter for selectivity of two competing reactions that
is, transphosphatidylation and hydrolysis. The seven variants
showed similar PI/PA values, though EYR showed a slightly
higher value. The PC-hydrolyzing activity of the XYR variants
was considerably lower than that of WT-PLD, as observed in
the previous work for the FRY mutant.”

To date, two plant PLDs have been reported to catalyze PI-
synthesis.! The Pl-synthesizing rate of PLD from poppy seed-
lings is reported to be 66+7.2 nmolmin~'mg~"' that is, 16

ChemBioChem 2009, 10, 559 - 564
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Table 1. Kinetic parameters of XYR variants.?!

Pl synthesis PC hydrolysis
v PI/PA Vinax K Vinax/ K
Enzyme [pumolmin~'mg™'] [umolmin™'mg™"l  [mm]
wWT n.d.” nd®  4700+90 15401 3.1x10°
DYR 1.08+0.11 0.83 3.9+0.8 46+0.5 0.85
AYR 0.76 £0.04 0.99 1.1£0.02 3.9+0.1 0.28
SYR 0.59+0.14 0.87 1.4+£0.1 1.9+0.2 0.74
TYR 0.29+0.03 0.81 0.6 £0.02 43+0.3 0.14
NYR 0.85+0.12 0.86 0.8+0.04 46+0.5 0.17
EYR 0.85+0.05 1.13 2.1+0.05 43+0.3 049
HYR 0.88+0.06 0.83 1.5£0.1 43+0.2 035

[a] The data are taken from three independent experiments. The values
are shown as the mean £ s.d. [b] Not determined because the WT enzyme
showed no PI-synthesizing activity (Figure 1).

times lower than that of DYR. Therefore, we may mention that,
although their PC-hydrolyzing activity was lower than that of
WT-PLD, our mutant PLDs have the highest PI-synthesizing ac-
tivity recognized so far.

Ratio of 1-PI to 3-PI synthesized by XYR variants

1-PI and 3-Pl could not be distinguished by HPLC analysis
alone, because they were not separated. Since 1-Pl and 3-PI
(and also 4-PI and 6-PI) have a chiral center at the sn-2 position
of the glycerol moiety with R configuration, they are diastereo-
mers. Therefore, one may expect that these diastereomers
could be separated by conventional chromatographic tech-
niques. However, the diastereomer separation is not possible if
the two chiral centers are more than four chemical bonds
apart,” as in the cases of 1-Pl and 3-PIl. Thus, to estimate the
ratio of 1-PI versus 3-Pl in the synthesized PI, we used Pl-spe-
cific phospholipase C (PI-PLC) from S. antibioticus (Sa-PLC1)."®
The principle of the PI-PLC-mediated analysis is that the
enzyme hydrolyzes 1-PI but not 3-Pl. Thus, comparing the
amount of 1(3)-Pl before and after PI-PLC treatment by HPLC
allows us to estimate the ratio of 1-PI to 3-PI.

Figure 3A and B verifies the analytical method itself. When
chemically synthesized 1-Pl or 3-Pl was treated with Sa-PLC1,
only 1-PI was hydrolyzed (Figure 3A). HPLC analysis with dio-
leoyl-phosphatidylethanolamine (DOPE), which is not a sub-
strate for Sa-PLC1, as the internal standard enabled quantita-
tive analysis and showed again the selective hydrolysis of 1-Pl
(Figure 3B). From these results, we concluded that PI-PLC-
mediated hydrolysis followed by HPLC quantification of PI
could be applied to estimate the 1-PI/3-PI ratio.

Next, the 1-PI/3-PI ratio of the Pl products synthesized by
the XYR variants was analyzed. The results are summarized in
Figure 3C. Among the seven variant tested, DYR, AYR, NYR,
EYR, and HYR showed more or less 1-PI preference over 3-PI,
with HYR showing the strongest preference (ratio of 7:3). SYR
exhibited almost no preference (5:5). Interestingly, the selectiv-
ity of TYR was opposite to that of HYR, generating preferential-
ly 3-PI over 1-PI (ratio of 2:8). The results indicated that a dif-
ference in only one amino acid residue at position 187 of the
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Figure 3. Analysis of the 1-PI/3-PI ratio in the PI synthesized by the mutant
PLDs. A) TLC analysis of standard 1-PI (lanes 1 and 2) and 3-PI (lane 3 and 4)
with (lanes 2 and 4) or without (lanes 1 and 3) Sa-PLC1-treatment. The posi-
tion of 1(3)-Pl is indicated by an arrow. B) HPLC analysis of standard 1-PI
(left) and 3-PI (right) with DOPE as internal standard and with (+) or without
(—) Sa-PLC1 treatment. C) The ratio of 1-PI (o) versus 3-PI (m) in the Pl gener-
ated by the XYR mutants. The data were obtained from two independently
synthesized Pl samples (n=2), each of which was analyzed in at least dupli-
cate.

XYR variants might determine the selectivity between 1-Pl and
3-Pl. The results also suggested that the most suitable en-
zymes for the selective synthesis of 1-PI and 3-PlI were HYR
and TYR, respectively.

Discussion

Our previous study demonstrated the first example of Pl-syn-
thesizing Streptomyces PLD mutants generated by saturation
mutagenesis. However, the mutant PLDs formed a mixture of
at least two Pl isomers, 1(3)-Pl and 4(6)-PL™ In this study, we
further screened the PLD mutant library and isolated new mu-
tants, DYR, AYR, and MYR, that selectively synthesized 1(3)-PI.

In our library, three amino acids (W187/Y191/Y385) were se-
lected for alteration of substrate specificity because these resi-
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dues have bulky side chains and are oriented in the space that
was expected to accommodate the acceptor compound in the
substrate binding pocket. This strategy is similar to the so-
called combinatorial active-site test (CAST) proposed by
Reetz’s research group.”

In the FRY mutant, (which generates both 1(3)- and 4(6)-Pl),
the residue Y385 was not substituted, thus suggesting that the
other positions (W187F and Y191R) were involved in substrate
recognition, and possibly in the low positional specificity.”) On
the other hand, the three mutants DYR, AYR, and MYR con-
served the common amino acid substitution “Y385R". There-
fore, the substitution Y385R should be important for specific
1(3)-PI synthesis. This is also supported by the fact that almost
all the XYR variants selectively synthesized 1(3)-PI (Supporting
Information).

The various XYR variants showed similar activity for PC hy-
drolysis, whereas their Pl-synthesis activities were considerably
different (Figure 2). The mutants FYR, YYR, and WYR with aro-
matic resides at the position 187, showed markedly lower ac-
tivity in PI synthesis. This result is consistent with our specula-
tion that bulky amino acids might interfere with the entry of
myo-inositol and thereby with Pl synthesis. Of the 90 positive
clones, only two retained the Trp residue at position 187. The
results suggested that aromatic residues at position 187 espe-
cially hinder the substrate myo-inositol from entering into the
substrate binding pocket.

Composition analysis of 1-Pl versus 3-PI was achieved by
HPLC in combination with Sa-PLC1-mediated selective hydroly-
sis, as it was not possible by HPLC alone. Bacterial PI-PLC re-
quires an axial 2-OH group on the inositol ring of Pl as a nucle-
ophile to attack the phosphorus atom connected to the 1-OH
during the hydrolysis.'"™ The 2-OH needs to be deprotonated
by a His residue from a certain direction in the active site."®
Therefore, 1-Pl can be a substrate for PI-PLC, while 3-PI, its
diastereomer can not. Direct experimental evidence for the ste-
reospecificity of Bacillus cereus PI-PLC (Bc-PI-PLC) by using syn-
thetic p-Pl (=1-Pl) and L-PI (=3-PI) has been reported.'™ Al-
though Sa-PLC1 is different in the primary sequence from Bc-
PI-PLC, its catalytic His residues are conserved.® Therefore Sa-
PLC1 might employ a similar reaction mechanism to Bc-PI-PLC.
This is why Sa-PLC1 selectively hydrolyzed 1-PI but not 3-PI
(Figure 3).

It is interesting that the XYR variants have different 1-PI/3-PI
specificity despite only differing at position 187. This means
that the residue at the position 187 determines the 1-PI/3-PI
selectivity. The difference in selectivity might depend on which
OH group of the myo-inositol reacts. In other words, the selec-
tivity might come from the orientation of the myo-inositol in
the active site, that is, how the enzyme recognizes the mole-
cule. At the moment, however, we can only speculate that the
residue at position 187 is involved in the orientation of the
myo-inositol, possibly by forming hydrogen bonds directly or
indirectly. X-ray crystallographic analysis of the mutant en-
zymes will provide useful information on this matter.

All the mutant PLDs significantly lost PC-hydrolyzing activity
as they acquired Pl-synthesizing activity (Table 1). But the PI-
synthesizing activities of our enzymes are higher than that of
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the known Pl-synthesizing PLD. The higher transphosphatidyla-
tion potential makes our mutant enzymes useful for the prepa-
ration of PI.

The great advantage of the protein engineering strategy is
that it leads to improvements in enzymes’ properties without
affecting the initial activity."” But in some cases, mutations for
improvements in the properties seem to decrease the initial
activity.'” In our selection strategy for the Pl-synthesizing PLD
mutants, the selection pressure allowed the isolation of en-
zymes with Pl-synthesizing activity, but it does not guarantee
high activity. Hence, further engineering of the mutant PLDs
by other strategies such as structure-based rational design,
should provide mutants with improved activity.

Experimental Section

Chemicals: myo-Inositol was from Wako (Osaka, Japan). DOPC and
DOPE were from NOF Corporation (Tokyo, Japan). Soybean Pl (99 %
purity) was from Sigma.

PLD-catalyzed PI-synthesis: A mixture containing DOPC (1 mg,
1.27 umol) dissolved in ethyl acetate (100 pL), myo-inositol (18 mg,
0.1 mmol) in sodium acetate buffer (50 mm, pH 5.6, 90 uL), and
PLD solution (either the culture supernatant of the mutant E. coli
or purified enzymes, 10 uL) was incubated at 37°C with shaking
for 16 h. Aqueous HCl (1™, 10 uL) and chloroform/methanol (2:1,
v/v, 200 pL) were then added in order to stop the reaction. After
centrifugation, the lower, lipid-containing layer was recovered. Ap-
proximately 5 pL of this lipid solution was spotted on a silica gel
TLC plate and chromatographed with chloroform/petroleum ether/
methanol/acetic acid (4:3:2:1, v/v/v/v). The phospholipids were vi-
sualized by spraying with Dittmer-Lester reagent.

Generation of XYR variants: Saturation mutagenesis at position
187 was performed by overlap extension using PCR. Saturation
mutagenesis is a general concept whereby particular amino acids
in the target protein are replaced with all other 19 amino acids.
The pld gene was amplified by PCR using specific primers and
DYR-expressing plasmid as the template. The primers used to con-
struct the XYR variants are given in the Supporting Information.
The presence of the mutation and the fidelity of the mutagenesis
were confirmed by DNA sequencing.

Quantification of Pl-synthesizing activity: A mixture containing
DOPC (0.9 mg, 50 umol) dissolved in ethyl acetate (50 uL), myo-ino-
sitol (0.5 mg, 0.64 mmol) in sodium acetate buffer (50 mm, pH 5.6,
40 L), and purified PLD enzyme (0.1 uguL ™", 10 uL) was incubated
at 37°C with shaking for 20 min. HCI (1M, 5 ul) and chloroform/
methanol (2:1, v/v, 95 ul) were then added in order to stop the re-
action. After centrifugation, the lower, lipid-containing layer was re-
covered. This lipid solution was subjected to HPLC analysis. To cal-
culate the PI/PA value, the phospholipids were separated by TLC
and visualized with Dittmer-Lester reagent, followed by composi-
tion analysis using NIH imaging software.

Sa-PLC1-mediated analysis of the 1-PI/3-Pl ratio: A solution of
lipid mixture containing DOPE (40 ug) and Pl isomers (chemically
synthesized 1- and 3-PI, or Pl synthesized by PLD mutants, approxi-
mately 50-100 pg) in chloroform/methanol (2:1, v/v) was evaporat-
ed. The lipids were redissolved in sodium deoxycholate solution
(0.2%, 20 pL), and mixed with Tris-maleate-NaOH buffer (40 mm,
pH 7.0, 20 pul) containing Sa-PLC1 (3.6 pug). The resulting mixture
was incubated at 37 °C for 2.5 h. Another batch of the lipid mixture

ChemBioChem 2009, 10, 559 - 564

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

was incubated similarly but without Sa-PLC1. The lipids were ex-
tracted with chloroform/methanol (2:1, v/v, 80 pL) and analyzed by
HPLC (or TLC). The ratio of 1-PI to 3-PI in the sample was calculat-
ed by comparison of the peak areas of 1(3)-Pl with PLC treatment
to that without treatment. The peak area of Pl was normalized by
using that of the internal standard DOPE, which is not a substrate
for Sa-PLC1.

HPLC analysis of the phospholipids: HPLC analysis of the phos-
pholipids was performed in principle as described previously™ by
using a normal-phase silica gel column, and a binary gradient
system with chloroform/methanol/formic acid-triethylamine buffer.
The phospholipids in the effluent were detected with a charged
aerosol detector (Corona, ESA Inc, Chelmsford, MA, USA) at a N,
flow of 34 psi and a detection range of 100 pA. The linearity of the
detector response against the amount of the analytes was con-
firmed by using soybean Pl and DOPE in the range of 0.1 to 5 pg
(for PI), and 0.5 to 5 ug (for DOPE) on column.

Other methods: High-throughput screening of the mutant PLD li-
brary for Pl-synthesizing mutants was performed as described pre-
viously.™ Standard 1-PI and 3-P| were chemically synthesized as de-
scribed,™ and purified by preparative HPLC. Mutant PLDs were pre-
pared (and purified when necessary) from the culture supernatants
of recombinant E. coli." The hydrolytic activity of PLD was assayed
by using DOPC as the substrate." Sa-PLC1 was purified from the
culture supernatant of a recombinant strain of Streptomyces livid-
ans as reported.”
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Synthesis of Sulfated Glucosaminides for Profiling
Substrate Specificities of Sulfatases and Fungal 3-N-

Acetylhexosaminidases

Karen J. Loft,”” Pavla Bojarova,™ "' Kristyna Slamova,”™ Vladimir Kien,*® and

Spencer J. Williams*™

Sulfated carbohydrates are components of many glycoconju-
gates, and are degraded by two major processes: cleavage of the
sulfate ester by a sulfatase, or en bloc removal of a sulfated
monosaccharide by a glycoside hydrolase. However, these pro-
cesses have proved difficult to study owing to a lack of homoge-
neous, defined substrates. We describe here the synthesis of a
series of p-nitrophenyl f3-b-glucosaminides bearing sulfate esters
at the 2-, 3-, 4- or 6-positions, by divergent routes starting with
p-nitrophenyl 2-acetamido-2-deoxy-{3-p-glucopyranoside. The sul-
fated p-nitrophenyl f3-p-glucosaminides were used to study the
substrate specificity of four sulfatases (from Helix pomatia, Patel-
la vulgata, abalone, and Pseudomonas aeruginosa), and re-

Introduction

Sulfated carbohydrates and glycoconjugates are critical media-
tors of functions as diverse as providing support to cells and
the extracellular matrix,™ spermatogenesis,” osmoprotection
of halophilic bacteria,”! and modulation of interspecies interac-
tions.”! For example, in response to alfalfa-derived flavonoid
signals, the bacterial nitrogen-fixing symbiont Sinorhizobium
meliloti releases Nod factors including a sulfated chitotetrao-
side, and this results in the formation of root nodules that are
colonized by the bacterium.” The presence of a single sulfate
group on the S. meliloti Nod factor determines the host specif-
icity of the bacterium, and mutant bacteria unable to install
the sulfate group lose the ability to induce nodulation in alfalfa
but gain the ability to nodulate and colonize a new plant host,
vetch.®™ Similarly, a critical role for sulfated carbohydrates has
been determined for the process of rolling leukocyte adhesion,
an early stage in the inflammatory response. The initial rolling
event is mediated by binding of carbohydrate structures to an
adhesion protein, L-selectin, which is common to all leuko-
cytes. A preferred ligand for L-selectin is GlyCAM-1, which is
expressed on high endothelial venules in response to the in-
flammatory insult.”? The expression of a family of sulfated sialyl
Lewis® structures (including 6-O-sulfated sialyl Lewis*) on
GlyCAM-1 is a prerequisite for L-selectin binding.”

Sulfated carbohydrates are degraded through two main pro-
cesses. The first is the sulfatase-catalyzed removal of the sul-
fate group from the glycoconjugate, which may be followed
by other enzymatic steps to complete the breakdown. For ex-
ample, in higher organisms, most carbohydrate sulfatases are
lysosomal residents and are responsible for the tightly orches-
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vealed significant differences in the preference of each of these
enzymes for desulfation at different positions around the sugar
ring. The 3-, 4- and 6-sulfated p-nitrophenyl 2-acetamido-2-
deoxy-f3-D-glucosaminides were screened against a panel of 24
fungal 5-N-acetylhexosaminidases to assess their substrate specif-
icity. While the 4- and 6-sulfates were substrates for many of the
fungal enzymes investigated, only a single 3-N-acetylhexosamini-
dase, that from Penicillium chrysogenum, could hydrolyze the
3-sulfated p-nitrophenyl glycoside. Together these results demon-
strate the utility of sulfated p-nitrophenyl -p-glucosaminides for
the study of both sulfatases and glycoside hydrolases.

trated degradation of sulfated glycoproteins, glycosaminogly-
cans and glycolipids.”) Most of these enzymes catalyze the hy-
drolysis of sulfate esters off the nonreducing terminus sugar,
thus allowing the engagement of exo-acting glycoside hydro-
lases, which remove the desulfated terminal sugar residue. The
second pathway for the degradation of sulfated glycoconju-
gates is through the cleavage of the sulfated carbohydrate by
a glycosidase or lyase prior to removal of the sulfate ester. For
example, the lysosomal glycoside hydrolase (-N-acetylhexosa-
minidase A can cleave GlcNAc-6-sulfate directly from the non-
reducing terminus of a keratan sulfate chain."”

The characterization of the substrate specificities of both
carbohydrate sulfatases and glycoside hydrolases that act on
sulfated carbohydrates is problematic owing to the difficulty of
acquiring suitable well-defined substrates for their study and,
in the case of carbohydrate sulfatases, because of the lack of a
group that can be detected by spectroscopic means following
the cleavage reaction. Sulfated fluorogenic glycosides may be
used in coupled assays to overcome this shortcoming.""'?
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Thus, the sulfated glycoside acts as a substrate for the sulfa-
tase of interest releasing the desulfated fluorogenic glycoside,
which is then a substrate for a glycoside hydrolase, the action
of which releases the fluorophore, thereby permitting the easy
detection of sulfatase activity. A similar approach using sulfat-
ed chromogenic glycosides has been reported."*' These ap-
proaches have allowed the monitoring of sulfatase activity in
several systems, but the limited number of suitable substrates
prevents its more widespread use.

In this work we report the synthesis of a series of p-nitro-
phenyl (3-p-glucosaminides—1, 2, 3 and 4—sulfated at the 2-,
3-, 4- and 6-positions, respectively (Scheme 1), and their utility

OH oH
o o
HO HO
HO/%/O,DNP -ossg&p OpNP

-0,SHN AcHN
1 2
OH 080,
_°3‘°‘ﬂoéow0pw Hag&&/OpNP
AcHN AcHN
3 4

Scheme 1. Sulfated p-nitrophenyl 2-deoxy--p-glucosaminides.

in the study of substrate specificity of four sulfatases: three
molluscan sulfatases from abalone, limpet and snail, and a bac-
terial sulfatase PaAtsA from Pseudomonas aeruginosa. Addition-
ally, we report the screening of 2, 3 and 4 as substrates against
a set of 24 fungal p-N-acetylhexosaminidases. These studies
are the first to provide a comprehensive characterization of a
range of sulfatases and (-N-acetylhexosaminidases against a
complete set of regioselectively sulfated monosaccharides.

Results and Discussion
Synthesis of sulfated substrates

Each of the target substrates, the p-nitrophenyl N-acetyl-f3-p-
glucosaminide sulfates 1, 2, 3 and 4, were envisaged to be
accessible from p-nitrophenyl N-acetyl-p-p-glucosaminide tria-
cetate 5. The first target, the 2-N-sulfate sodium salt 1, was ap-
proached via the 2-amino derivative, p-nitrophenyl 3,4,6-tri-O-
acetyl-p-p-glucosaminide 6 (Scheme 2). Treatment of 5 with
Boc,0 and catalytic DMAP gave the mixed imide 7 in quantita-
tive yield. The N-acetyl group from the mixed imide 7 was
cleaved by treatment with hydrazine hydrate (10 equiv) in
MeOH. Whilst these conditions successfully removed the N-
acetyl group of the mixed imide, concomitant de-O-acetylation
was observed. This proved to be of little consequence as O-
acetylation was easily achieved with acetic anhydride and pyri-
dine to afford the acetylated carbamate 8. The acid-labile N-
Boc group of 8 was removed by treatment with neat trifluoro-
acetic acid to afford amine 6 in excellent yield (94% from 5).
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Scheme 2. a) Boc,0, DMAP, THF, reflux, quant.; b) i: N,H,-H,0, MeOH, 40°C;
ii: Ac,0, pyr., 94% from 5; c) TFA, 30 min, 94%; d) SO;:NMe;, pyr.; €) NaOMe,
MeOH, 40% over two steps.

Numerous approaches have been used for the sulfation of
amino sugars and related alcohols. While sulfation is relatively
easy to achieve with complexes of sulfur trioxide and tertiary
amines (for example, SO;-pyr or SO;:Me;N) in pyridine, the
purification of such products can be challenging, as traces of
residual pyridine can catalyze the hydrolysis of the sulfate
ester in the product; moreover, the resultant pyridinium salts
are not particularly stable."™ Thus, it is crucial to quantitatively
remove residual pyridine and to rapidly convert the isolated
pyridinium salt to a more stable alkali metal salt. Therefore, fol-
lowing sulfation of 6 with SO;Me;N in anhydrous pyridine
(Scheme 2), the majority of the solvent was evaporated. Resid-
ual pyridine was removed by size-exclusion chromatography
(Sephadex LH-20) with MeOH/H,0O (1:1) as eluent. Finally, the
pyridinium counterion was exchanged for sodium by cation
exchange (Dowex 400x8, Na™ form) to afford the acetylated
N-sulfate sodium salt 9. Deacetylation of 9 with catalytic
NaOMe in MeOH and purification by using the same procedure
as described for the preparation of 9 (size-exclusion chroma-
tography followed by cation exchange) gave the 2-sulfate 1 as
the sodium salt.

The 6-sulfate 4 has previously been prepared by direct sulfa-
tion of the triol 10,">'® or by sulfation of a selectively acetylat-
ed alcohol, followed by deprotection. Here, we adopted the
latter approach. Thus, 5 was deacetylated by using NaOMe in
MeOH to afford 10 in quantitative yield (Scheme 3). Protection
of the primary hydroxyl of 10 by silylation with tert-butylchlor-
odimethylsilane and imidazole in DMF afforded diol 11. Acety-
lation of 11 under standard conditions gave 12, which was
subsequently treated with hydrogen fluoride—-pyridine complex
to give the 6-hydroxy derivative 13 in good yield (75 %). Initial-
ly, we attempted sulfation of 13 using SO;-Me;N in pyridine;™
in our hands SO;-pyr in pyridine/DMF gave better results. Pu-
rification was achieved by evaporation of the solvent and se-
quential size-exclusion and cation-exchange chromatographies
of the residue to provide 14 as the sodium salt. Deacetylation

ChemBioChem 2009, 10, 565 -576
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Hydrolysis of Sulfated Glucosaminides
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Scheme 3. a) NaOMe, MeOH, 40°C, quant.; b) TBSCI, imidazole, DMF, 58 %;
c) Ac,O, pyr., 86%; d) HF-pyr., THF, 0°C—RT, 75%; e) SO5-pyr., DMF, pyr.,
50°C; f) NaOMe, MeOH, 40% over two steps.

of 14 with NaOMe in MeOH furnished the 6-sulfate 4, which
was purified as before.

Our initial approach to the synthesis of the 3- and 4-sulfates
2" and 3" targeted the 4,6-benzylidene acetal 15 as a selec-
tively protected intermediate (Scheme 4). However, attempts

OH
o a) b) orc)
HOS OpNP OpNP
AcHN AcHN
10 15:R=H
16: R ={Bu
17: R=nBu

Scheme 4. a) PhCH(OMe),, TsOH, MeCN; b) 4-tert-butyl benzaldehyde di-
methyl acetal, TsSOH, MeCN, 38 %; c) 4-n-butyl benzaldehyde diethyl acetal,
TsOH, MeCN.

to prepare 15 from 10 by treatment with benzaldehyde di-
methyl acetal and catalytic TSOH in acetonitrile or chloroform
foundered owing to the exceptionally poor solubility profile of
15 in these and a range of other organic solvents. The poor
solubility of 15, which we attribute to its highly symmetrical
structure and the potential for hydrogen bonding to the 2-
acetamido group, has been noted by others."® Attempts to in-
troduce potential solubilizing groups onto the benzylidene
acetal, through the preparation of the tert-butyl derivative 16
and the n-butyl derivative 17, led to only marginal improve-
ments in solubility, and so an alternative approach was re-
quired.

Azido groups are unable to participate in hydrogen bonding
interactions, and so replacement of the 2-acetamido group of
the substrate was seen as a potential method for improving
the solubility of key intermediates. Diazo transfer with TfN; is a
widely used method for this transformation and is usually per-
formed on deprotected sugars. We were therefore delighted

ChemBioChem 2009, 10, 565-576
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that treatment of the protected amine 6 with TfN; and NEt; in
the presence of catalytic CuSO," gave the azide 18 in excel-
lent yield (93%; Scheme 5). Next, 18 was deacetylated with

OAc OR
(@] a) o]
AcO . RO
Acgéwomp R(&wmp
H,N N3

6 18:R=Ac
b) |:
19:R =H
—- Ph/v&/ /&u
OpNP " G20 OpNP
20.R=H
9 E

)|:22R H

21:R=ClAc 23:R=Ac
OAc OAc
- éﬁ%gég/owp — Ho OpNP
AcHN AcHN
24 25
) Na Ogc ) Na* OH
! AcO ) 0
~ T 080 OpNP T 8% OpNP
AcHN 3
AcHN
26 2

Scheme 5. a) TfN;, CuSO,, NEt;, CH,Cl,/MeOH (9:1), 93 %; b) NaOMe, MeOH,
91%; ¢) PhCH(OMe),, TSOH, CHCl,, 87 %; d) (CIAc),0, 2,6-lutidine, DMAP,
CH,Cl,, 98%; e) aq. TFA (70%), CH,Cl,, 0°C—RT; f) Ac,0, 2,6-lutidine, DMAP,
CH,Cl,, 91 % over two steps; g) PPh;, AcCl, CH,Cl,, 64%; h) thiourea, MeOH,
619%; i) SO5-pyr, DMF, pyr., 50°C; j) NaOMe, MeOH, 44 % over two steps.

NaOMe in MeOH to afford the triol 19. Reaction of 19 and ben-
zaldehyde dimethyl acetal in the presence of catalytic TSOH in
CHCL™ gave the benzylidene derivative 20 in excellent yield
(87 %). In striking contrast to the GIcNAc derivatives 15, 16 and
17, the azide-containing benzylidene derivative 20 possessed a
vastly improved solubility and was freely soluble in a wide
range of organic solvents. As the only difference between 15
and 20 was the presence or absence of the 2-acetamido
group, it can safely be concluded that the 2-acetamido group
was the cause of the poor solubility of the GIcNAc derivatives
seen earlier.

For the synthesis of the 3-sulfate 2, the benzylidene deriva-
tive 20 was treated with chloroacetic anhydride, DMAP, and
2,6-lutidine to provide the chloroacetate 21 in quantitative
yield (Scheme 5). Hydrolysis of the benzylidene acetal of 21
with aqueous trifluoroacetic acid (TFA; 70%) in CH,Cl, gave
the diol 22. Acetylation of 22 with Ac,0, 2,6-lutidine and
DMAP afforded the protected derivative 23. We next needed
to convert the azide of 23 to an acetamide; however, while re-
duction of azides to amines can be readily achieved by nucleo-
philic reducing reagents (LiAlH,, NaBH,) or by catalytic hydro-
genation, neither of these methods was compatible with the
ester and nitro groups of 23. Instead, we applied the direct
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Staudinger reduction/acylation protocol of Vilarassa and co-
workers, which allows the direct conversion of an azide to an
amide without the intermediacy of an amine.”” Depending on
the order of addition of reagents, this process proceeds via
either an iminophosphorane or a triazaphosphadiene/acyl
chloride adduct.”? Accordingly, 23 was subjected to PPh; and
AcCl to afford the acetamide 24 in a 64 % yield. Treatment of
24 with thiourea in MeOH afforded the 3-hydroxy derivative
25, which was sulfated by using SO;-pyr in DMF/pyridine to
give the acetylated 3-sulfate 26. Finally, the NaOMe-catalyzed
deacetylation of 26 and purification as described above afford-
ed the 3-sulfate 2.

For the preparation of the final target, the 4-sulfate 3, the
benzylidene acetal 20 was acetylated with Ac,O/pyridine to
give the monoacetate 27 (Scheme 6). Hydrolysis of the benzyli-

OH
RO OpNP AcO OpNP
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20:R=H
a) E 28

27:R=Ac
) OAc OAc
c d)
N o) 9 o)
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Scheme 6. a) Ac,0, pyr., 86%; b) aq. TFA (70%), CH,Cl,, 76 %; c) AcCl, 2,4,6-
collidine, —40°C, 64 %; d) PPhs, AcCl, CH,Cl,, 54%; e) i: SO5-pyr, DMF, pyr.,
50°C; ii: Sephadex LH-20 and Dowex 400x8 Na* chromatography;

f) NaOMe, MeOH, 39% over two steps.

dene acetal of 27 with 70% aqueous TFA in CH,Cl, afforded
the diol 28. Monoacetylation of 28 to give alcohol 29 was ach-
ieved with AcCl and 2,4,6-collidine at —40°C in good yield
(64%). Given the success of the modified Staudinger condi-
tions employed for the reduction/acetylation of the chloroace-
tyl derivative 23, the same protocol was applied to the alcohol
29, which possesses a potentially reactive hydroxy group. En-
couragingly, upon treatment of 29 with AcCl and PPh;, the
acetamide 30 was obtained in reasonable yield (54 %). To com-
plete the synthesis, acetamide 30 was sulfated with SO;-pyr in
DMF/pyridine, the solvent was evaporated, and the triacetate
31 was purified as before (size-exclusion chromatography fol-
lowed by cation exchange to the sodium salt). Deacetylation
of the triacetate 31 with catalytic NaOMe in MeOH and puirifi-
cation as described above gave the 4-sulfate 3.
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Examination of sulfated carbohydrates as sulfatase
substrates

Sulfatases catalyze the hydrolysis of sulfate esters, resulting in
the liberation of inorganic sulfate and the parent alcohol or
amine. Detection of sulfatase activity can be achieved by moni-
toring the consumption of the sulfated substrate or the pro-
duction of either of the products, inorganic sulfate or the de-
sulfated alcohol (or amine). van Diggelen and co-workers used
4-methylumbelliferyl (-p-galactoside 6-sulfate as a substrate
for a coupled assay to detect carbohydrate sulfatase activity;
this enabled the study of MPSIVA cells, which lack N-acetylga-
lactosamine-6-sulfate sulfatase."? Incubation of this sulfated
carbohydrate with the sulfatase resulted in desulfation and the
formation of the 4-methylumbelliferyl (3-p-galactoside, which
was a substrate for endogenous galactosidase, resulting in the
release of fluorogenic 4-methylumbelliferone. A similar assay
was developed by Clinch etal. for the detection of bacterial
carbohydrate sulfatases using chromogenic p-nitrophenol gly-
cosides but using an exogenous glycoside hydrolase.™™

The sulfatases from snail (Helix pomatia), limpet (Patella vul-
gata) and abalone (unspecified species) are commercially avail-
able, are widely used in analytical applications, and have been
utilized for the preparation of monosulfated carbohydrates
through the desulfation of readily accessible di- or trisulfated
precursors.”*2*! For these reasons they were chosen for study.
As the bacterium Pseudomonas aeruginosa has been observed
to exhibit carbohydrate sulfatase activity,” arylsulfatase A
from this organism (PaAtsA) was also included.

As a coupling enzyme for these studies, we investigated the
use of the P-N-acetylhexosaminidase AoHex (Sigma) from As-
pergillus oryzae. AoHex belongs to glycoside hydrolase family
20,%" and is a retaining enzyme that utilizes substrate-assisted
catalysis by the 2-acetamido group on the substrate, which
acts as a nucleophile to effect hydrolysis.”® The product of de-
sulfation of 1 is a 2-amino sugar that lacks the neighboring
amide group and is not expected to be a substrate for this
enzyme, and so it was excluded from these initial studies. No
catalytic activity was seen towards the hydrolysis of the 3- and
4-sulfates, 2 and 3, whereas the 6-sulfate was hydrolyzed to a
limited degree. The kinetic parameters, V,,,, and K, for AoHex
catalysis were determined for the 6-sulfate 4 (Table 1). Com-
pared to p-nitrophenyl N-acetyl-f-p-glucosaminide 10, the 6-
sulfate 4 was a 9400-fold poorer substrate in terms of the
second order rate constant V,,,./K.. Thus, AoHex was deemed
to have sufficient selectivity for use with 2, 3 and 4 in the cou-
pled assay.

Table 1. Kinetic constants for the A.oryzae (-N-acetylhexosaminidases
with p-nitrophenyl N-acetyl-B-p-glucosaminide 10 and the 6-sulfate 4.

Substrate Vpox [Immolmin~'mL™"] K., [mm] Vinax/ Ko
p-nitrophenyl N-acetyl- 56+1 0.70+0.05 80
p-p-glucosamine 10

6-sulfate 4 0.102 £+0.006 12+2 0.0085

[a] Conditions: 50 mm K,HPO,/KH,P0O,/0.05% BSA buffer, at pH 6.
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Initially, the assay was optimized for the activity of the sulfa-
tase and the coupling enzyme, AoHex. The best activity for the
molluscan sulfatases using the artificial substrate p-nitrophenyl
sulfate was found between pH4 and 6, conditions under
which the liberated p-nitrophenol (pK,=7.2) would be proton-
ated and hence spectroscopically inactive. In order to improve
the sensitivity of the assay, we therefore investigated the inclu-
sion of a-cyclodextrin in the assay mixtures. An interesting fea-
ture of cyclodextrin complexes with various phenols is their
ability to promote their ionization through lowering their pK,
value.?” Indeed, upon addition of 10 mm a-cyclodextrin to a
solution of p-nitrophenol at pH 6, the extinction coefficient (&)
of p-nitrophenol increases fourfold, thus allowing more sensi-
tive detection at this lower pH.

Armed with a method to enhance the spectroscopic proper-
ties of the liberated p-nitrophenol at low pH values, attention
turned to the study of the sulfated derivatives as substrates by
using the coupled assay. Unfortunately, the sulfatases from
P vulgata and abalone entrails were not stable at pH 6 for suf-
ficient time to accurately determine linear rates under steady-
state conditions in the coupled assay (6 h). Table 2 shows the

Table 2. Hydrolysis of carbohydrate sulfates by sulfatases [%].

Substrate PaAtsA Snail Limpet® Abalone®
p-nitrophenyl 100 100 100 100
sulfate

2-sulfate 1 <0.01 <0.01 <0.01 0.3
3-sulfate 2 0.06 0.02" 0.3 0.5
4-sulfate 3 <0.01 0.03"! <0.01 0.4
6-sulfate 4 <001 <001 <0.01 0.2

[a] Turbidimetric assay. [b] Not corrected for contaminating 3-N-acetylhex-
osaminidase activity.

relative rates of hydrolysis for 2, 3 and 4 by the sulfatases from
snail and P. aeruginosa, corrected to activity per unit of enzyme
and for contaminating p-N-acetylhexosaminidase activity pres-
ent in the sulfatase samples. As a point of reference, the activi-
ty seen towards the artificial, highly reactive sulfatase sub-
strate, p-nitrophenyl sulfate is also included.

Due to the instability of the P. vulgata and abalone enzymes
under the assay conditions and the inability of AoHex to
hydrolyze the 2-amino sugar formed from desulfation of 1, we
utilized a stopped turbidimetric assay that allows quantitation
of the released sulfate through detection of the precipitated
BaSO, formed upon addition of BaCl,.*” Table 2 shows the cor-
rected carbohydrate sulfatase activity of the P. vulgata sulfatase
towards 1, 2, 3, and 4, and of the three other sulfatases to-
wards 1.

Table 2 reveals that the 2-sulfate 1, 4-sulfate 3 and 6-sulfate
4 were not substrates for the P. ageruginosa or P.vulgata sulfa-
tases, whereas the 3-sulfate 2 was, albeit poor relative to p-ni-
trophenyl sulfate. Different results were found for the snail sul-
fatase, with no activity seen towards 2-sulfate 1 or 6-sulfate 4,
whereas the 3- and 4-sulfates 2 and 3 were hydrolyzed by this
sulfatase. Finally, the sulfatase from abalone possessed the
broadest specificity and was able to hydrolyze all of the carbo-
hydrate sulfate esters, with the 3- and 4-sulfates being the
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best substrates (0.5 and 0.4% relative to p-nitrophenyl sulfate,
respectively). More detailed kinetic analysis could not be per-
formed owing to the limited amounts of the substrates avail-
able.

These results are reminiscent of those of Uzawa and co-
workers who found that, of the same three molluscan sulfatas-
es, only the abalone sulfatase could hydrolyze the 2-sulfate
ester of p-nitrophenyl a-b-glucopyranoside.”’ Moreover, stud-
ies on sulfated bp-galacto-sugars have revealed that the ab-
alone sulfatase can hydrolyze a wider range of sulfated sugars
than the other two molluscan sulfatases.”” Finally, Uzawa
observed that the sulfatase from P vulgata was capable of
hydrolyzing only the 3-sulfate ester of b-galacto-configured
sugars.?” We also observed that this sulfatase only acted upon
the 3-sulfate 2. It is noteworthy that the GlcNAc-3-sulfate resi-
due is present within the high-affinity antithrombin Ill-binding
pentasaccharide, and thus this enzyme might be of use in
structural characterization of sulfated glycosaminoglycans.®"

Substrate profiling of a panel of 24 fungal f3-N-acetyl-
hexosaminidases

As discussed in the Introduction, certain glycosidases can toler-
ate the presence of sulfate esters on the substrate. Indeed, this
substrate tolerance has allowed the exploitation of glycosidas-
es as synthetic catalysts for the preparation of sulfated disac-
charides by transglycosidation.®*? In order to gauge the pos-
sibility of using hexosaminidases as transglycosylation catalysts
for the preparation of glycoconjugates utilizing the 2-, 3-, 4-
and 6-sulfates 1, 2, 3 and 4 as glycosyl donors, we investigated
the ability of a library of 24 fungal hexosaminidases to hydro-
lyze these compounds, relative to the desulfated substrate, p-
nitrophenyl N-acetyl-B-p-glucosaminide 10. Solutions of each
of the sulfated carbohydrates and the fungal 3-N-acetylhexosa-
minidases were incubated at 35°C and pH 5, and the extent of
hydrolysis was quantitated by spectroscopic detection of liber-
ated p-nitrophenol. Table 3 reveals that the ability of the O-sul-
fated substrates 2-4 to be hydrolyzed by the fungal [3-N-ace-
tylhexosaminidases varied widely and was dependent upon
both the source of the enzyme and the position of sulfation.
2-Sulfate 1 was not cleaved by any of the hexosaminidases
tested. This is in accordance with previous observations con-
cerning the tolerance of these hexosaminidases to charged
moieties at the 2-amino group and the requirements of sub-
strate-assisted catalysis in the enzymatic mechanism.*® The 6-
sulfate 4 was a good substrate for the [3-N-acetylhexosamini-
dases from Fusarium, Penicillium, Talaromyces and Trichoderma.
Thus, the 6-sulfate 4 would be suitable for transglycosidations
catalyzed by [-N-acetylhexosaminidases of Talaromyces genera,
and likely much more so than that from Aspergillus oryzae, as
published previously."® The 4-sulfate 3 was a substrate for the
majority of B-N-acetylhexosaminidases, although hydrolysis of
this compound was usually limited to <10%. On the other
hand, the 3-sulfate 2 was generally a poor substrate for all the
enzymes investigated, except for that from Penicillium chryso-
genum.
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Table 3. Hydrolysis of the sulfated derivatives 2-4 by various fungal -N-

acetylhexosaminidases relative to p-nitrophenyl N-acetyl-3-b-glucosami-

nide 10.”

Enzyme source 3-Sulfate 4-Sulfate 6-Sulfate
P 30 4

Acremonium persicinum CCF — + -

1850

Aspergillus awamori CCF 763 - - +

A. flavofurcatis CCF 3061 - ++ -

A. flavus CCF 642 - - -

A. niger CCIM K2 — — —

A. niveus CCF 3057 - + —

A. nomius CCF 3086 — + -

A. oryzae CCF 147 - + -

A. oryzae CCF 1066 — ++ -

A. parasiticus CCF 1298 — + —

A. tamarii CCF 3085 + ++ -

A. versicolor CCF 2491 + + -

Fusarium oxysporum CCF 377 — + + 44

Penicillium brasilianum CCF 2171 — + ++

P. chrysogenum CCF 1269 +++ +++ +

P. oxalicum CCF 1959 — ++ ++

P. oxalicum CCF 2315 — + + 4+

P. oxalicum CCF 2430 — + ++

P. pittii CCF 2277 — + 4 ++

Talaromyces flavus CCF 2573 — + ++4+4+

T. flavus CCF 2686 — + +++

T. ohiensis CCF 2229 — ++ +

T. striatus CCF 2232 — +4+ ++++

Trichoderma harzianum CCF 2687 — +4+ ++

[a] 2-Sulfate 1 was not cleaved by any of the enzymes tested. [b] >20%

(++++), 11-20% (+++), 6-10% (++), 1-5% (+) or <1% (—).

Conclusions

Two different assays were developed to monitor the hydrolysis
of four carbohydrate sulfates by sulfatases: 1) a coupled assay
using AoHex as the coupling enzyme and 2) a stopped turbidi-
metric assay, which quantitated liberated inorganic sulfate
through the formation of a BaSO, precipitate. These assays
were used to investigate four sulfatases: three commercial
molluscan arylsulfatases from snail (Helix pomatia), limpet (Pa-
tella vulgata) and abalone; and recombinantly expressed AtsA
from Pseudomonas aeruginosa. All four sulfatases could cleave
the 3-sulfate 2, both the snail and abalone sulfatases could
cleave the 4-sulfate 3, whereas only the abalone sulfatase
could cleave the 2- and 6-sulfates 1 and 4 (Scheme 7). While
the carbohydrate sulfatase activity seen for all of these sulfa-
tases was low relative to the activity seen towards the artificial
substrate p-nitrophenyl sulfate, this is not unexpected, as the
leaving group ability of the carbohydrate in the carbohydrate
sulfate is poor relative to p-nitrophenol (pK,=7.2) in p-nitro-
phenyl sulfate. Nonetheless, distinct carbohydrate sulfatase
activity was observed and could be quantified.

The sulfated p-nitrophenyl glucosaminides 1-4 were also
tested for their ability to be hydrolyzed by a family of fungal
[-N-acetylhexosaminidases. The 6-sulfate 4 was a good sub-
strate for 3-N-acetylhexosaminidases from a range of species in
the genera Fusarium, Penicillium, Talaromyces and Trichoderma.
The 4-sulfate 3 was also accepted as a substrate by the same
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snail
abalone

OH <= abalone

PaAtsA go o)
snail —> HO OpNP

abglone H,N
limpet H
abalone

Scheme 7. Regioselectivity of sulfate hydrolysis by the sulfatases studied
here.

[-N-acetylhexosaminidases. With these positive results, future
work will investigate the ability of the 4- and 6-sulfates 3 and
4 to act as glycosyl donors in transglycosidation reactions for
the preparation of more complex glycoconjugates. On the
other hand, the 3-sulfate 2 was generally a poor substrate for
all B-N-acetylhexosaminidases, with the exception of the (3-N-
acetylhexosaminidase from Penicillium chrysogenum.

Experimental Section

General methods: All chemicals were obtained from Sigma-Al-
drich, except for N-acetylglucosamine, which was obtained from
CMS Chemicals UK, and used without further purification. Anhy-
drous dichloromethane and THF were deoxygenated and dried
prior to use according to Pangborn’s method by using a commer-
cially available system (Seca Solvent Systems).** Acetonitrile was
dried over CaH, and distilled prior to use. Pyridine was dried over
KOH and distilled prior to use, or stored over 3 A molecular sieves.
2,4,6-Collidine was distilled and stored over KOH. DMF and MeOH
were dried over 3 A molecular sieves. TLC was performed with alu-
minium sheets precoated with Silica Gel 60 (F,s, Merck), and the
plates were visualized by irradiation with UV light (254 nm) and/or
charring with a mixture of 5% sulfuric acid in MeOH. Flash chroma-
tography was performed according to the method of Still et al. by
using Silica Gel 60 (Merck).”® NMR spectra were obtained on
Varian Unity 400 or 500 instruments. Melting points were obtained
by using an electrothermal melting-point apparatus or a Reichert-
Jung hot stage and are uncorrected unless otherwise stated. Opti-
cal rotations were recorded on a Jasco DIP-1000 polarimeter and
are reported in 107" degcm?g™". IR spectra were obtained on a
Perkin—Elmer Spectrum One FTIR spectrometer with a zinc sele-
nide/diamond Universal ATR sampling accessory as a thin film. Ele-
mental analyses were performed by C.M.A.S (Belmont, Victoria).
Low-resolution mass spectrometry was performed by Sioe See
Volaric (Melbourne University, Australia). High-resolution mass
spectrometry was performed by Chris Barlow or Adrian Lam on a
Finnigan hybrid LTQ-FT mass spectrometer (Thermo Electron Corp.)
or by Dr. Sally Duck at the Chemistry Department, Monash Univer-
sity.

p-Nitrophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-N-(tert-butyloxy-
carbonyl)-2-deoxy-f-p-glucopyranoside (7): A mixture of the p-ni-
trophenyl triacetate 5 (4.52 g, 9.65 mmol), Boc,0 (2.9 mL, 13 mmol)
and DMAP (236 mg, 1.93 mmol) was refluxed for 30 min. The re-
sulting solution was concentrated and chromatographed (EtOAc/
petroleum spirits 3:7) to afford the mixed imide 7 as a colorless
foam (5479, quant). [a]¥=-16.7° (c=122, CHCl); 'HNMR
(400 MHz, CDCly): 6=1.51, 1.59 (25, 9H; C(CH,),), 2.03, 2.07, 2.11
(3s, 9H; 30Ac), 2.34, 2.45 (25, 3H; NAC), 3.94-3.99 (brm, 1H; H5),
415, 429 (2brd, 2H; H6,6'), 4.55 (brt, 1H; H2), 5.18 (brt, TH; H3),
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5.76-5.89 (m, 1H; H4), 6.12 (d, 1H; H1), 7.00-7.50 (brm, 2H; pNP),
8.19 (d, 2H; pNP); HRMS (ESI") m/z 591.1791 [M+Na]™, requires
591.1807 (CysH3oN,NaO,;); elemental analysis caled (%) for
C,5H3,N,045: € 52.81, H 5.67, N 4.93; found: C 52.90, H 5.71, N 4.79.

p-Nitrophenyl 3,4,6-tri-O-acetyl-2-tert-butyloxycarbonylamino-2-
deoxy-f-p-glucopyranoside (8)

1) p-Nitrophenyl 2-tert-butyloxycarbonylamino-2-deoxy-[3-p-glucopyr-
anoside: A solution of the mixed imide 7 (5.46 g, 9.61 mmol) and
hydrazine hydrate (4.7 mL) in MeOH (150 mL) was stirred at 40°C
for 5 h. The resulting suspension was concentrated to afford the
deprotected carbamate as a bright yellow amorphous solid that
was used without further purification (quant.) or recrystallized to
yield a colorless amorphous solid. M.p. 205.5-206 °C (MeOH/H,0);
[0]%=-25.9° (c=0.930, MeOH); 'HNMR (400 MHz, CD,OD): =
1.44 (s, 9H; C(CHs)y), 3.40 (dd, J,,=8.4, J,;=9.4 Hz, TH; H2), 3.46-
3.52 (m, 2H; H3,5), 3.63 (dd, J;,=9.9, J,s=9.2 Hz, TH; H4), 3.70
(dd, Jss=1.9, Jss = 11.9 Hz, 1H; H6), 3.91 (dd, Js¢ = 5.6 Hz, 1H; H6),
5.11 (d, 1H; H1), 7.16-7.18, 8.19-8.22 (AA'XX’, 4H; pNP); *C NMR
(100.5 MHz, CD,OD): 6=28.93 (3C, C(CH),), 58.34, 62.60, 71.92,
75.75, 7860 (5C, C2,3,4,5,6), 80.35 (1C, C(CH,);), 100.96 (1C, C1),
117.77, 126.86, 144.03, 158.55 (6 C, pNP), 164.06 (1C, C=0); HRMS
(ESI*) m/z 423.1365 [M+Na] ™, requires 423.1379 (C;,H,,N,NaO,); el-
emental analysis calcd (%) for C;;H,4,N,Oy: C 51.00, H 6.04, N 6.99;
found: C 50.93, H 6.10, N 6.94.

2) p-Nitrophenyl  3,4,6-tri-O-acetyl-2-tert-butyloxycarbonylamino-2-
deoxy-[3-p-glucopyranoside (8): A suspension of the crude depro-
tected carbamate (5.05g, 9.60 mmol), Ac,0 (6 mL) and pyridine
(12 mL) was stirred for 16 h, after which the resulting suspension
was diluted with EtOAc (250 mL), washed with HCI (3x 100 mL,
1m) and sat. ag. NaHCO; (2x 100 mL), dried (MgSO,), and concen-
trated to afford the acetylated carbamate 8 as a colorless amor-
phous solid (4749, 94% from 5). M.p. 210-213°C (corrected),
[a]?=—22.8° (c=0.54, CHCl3); 'H NMR (400 MHz, CDCl,): 6 =1.42
(s, 9H; C(CH,)y), 2.06, 2.08, 2.09 (35, 9H; 3CH,), 3.81 (ddd, J,;=
9.2 Hz, TH; H2), 3.91-3.97 (m, TH; H5), 417, 429 (2dd, J;s=24,
Js4=5.6, Jog =12.4 Hz, 2H; H6,6), 4.76 (brd, 1H; NH), 5.12 (dd, 1H;
H3), 5.37-5.50 (brm, 2H; H1,4), 7.08-7.10, 8.20-8.22 (AA'XX', 4H;
pNP); CNMR (100.5 MHz, CDCl;): §=20.64, 20.67, 20.72 (3C,
3COCH;), 28.18 (3C, C(CH,),), 55.68, 62.05, 68.38, 71.44, 72.33, (5C,
C2,3,4,56), 80.63 (1C, C(CHs);), 9829 (1C, C1), 11665, 125.77,
143.07, 161.59 (6 C, pNP), 169.48, 170.46, 170.49 (3C, 3C=0); HRMS
(ESI") m/z 549.1687 [M+Na]*, requires 549.1697 (C,3H3;,N,NaO;,);
elemental analysis calcd (%) for C,H;0N,0;,: C 5247, H 574, N
5.32; found: C 52.51, H 5.85, N 5.28.

p-Nitrophenyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy-f§-p-glucopyra-
noside (6): A suspension of the acetylated carbamate 8 (4.74 g,
9.00 mmol) in TFA (6 mL) was stirred at RT for 30 min. The resulting
solution was concentrated, and the oily residue was dissolved in
CH,Cl, then washed with K,CO; (3%x70 mL, 0.5m) and water (2x
70 mL), dried (MgSO,), and concentrated. Chromatography (CHCl,/
MeOH 98:2—96:4) afforded the amine 6 as a pale yellow foam
(3.62 9, 94%). [a]F=—53.7° (c=0.87, CHCly) (lit. [a]®=—42° (c=
0.37, MeOH)®®); "H NMR (400 MHz, CDCl,): 6=2.07, 2.09, 2.13 (35,
9H; 3CH,), 3.28 (dd, J;,=8.4 Hz, TH; H2), 3.89-3.93 (m, 1H; H5),
415,431 (2dd, Js=1.9, Js4=5.6, Jys=12.4 Hz, 2H; H6,6), 4.98 (d,
1H; H1), 5.09-5.14 (m, 2H; H3,4), 7.10-7.12, 8.22-8.24 (AA'’XX', 4H;
pNP); CNMR (100.5 MHz, CDCl;): 8=20.67, 20.75, 20.81 (3C,
3CH,), 55.69, 62.08, 68.39, 72.38, 74.62 (5C, C2,3,4,5,6), 101.35 (1C,
C1), 116.45, 125.79, 143.05, 161.43 (6 C, pNP), 169.75, 170.53, 170.69
(3C, 3C=0).
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p-Nitrophenyl 2-deoxy-2-sulfoamino-f-p-glucopyranoside, sodi-
um salt (1)

1) p-Nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-sulfoamino-[3-p-glucopyr-
anoside, sodium salt (9): A suspension of amine 6 (100 mg,
0.236 mmol) and SO;:NMe; (98.3 mg, 0.706 mmol) in anhydrous
pyridine (7 mL) was stirred under N, for 16 h. The reaction was
stopped by the addition of NaHCO; (1.4 mL, 1 m), and the resulting
suspension was concentrated (<35°C). The crude yellow residue
was suspended in MeOH and filtered, and the filtrate was chroma-
tographed on a Sephadex LH-20 column (2x22 cm, eluted with
MeOH/H,O 1:1). The carbohydrate-containing fractions were then
applied to a Dowex 50Wx8-400 column (Na® form, 2x5cm,
eluted with MeOH/H,0 1:1). Concentration (<35°C) gave the ace-
tylated N-sulfate 9 (92.8 mg, 76%) as a pale yellow amorphous
solid. '"HNMR (400 MHz, CD,0OD): 6=2.02, 2.03, 2.07 (3s, 9H;
3CH,), 3.68 (dd, J;,=7.9, J,;=9.6 Hz, 1H; H2), 4.04 (ddd, J,5=9.2,
Jss=2.4, Jsg=5.1 Hz, TH; H5), 4.14, 4.29 (2dd, Jss=12.4 Hz, 2H;
H6,6"), 5.07 (t, J;,=9.6 Hz, TH; H3), 5.34 (dd, 1H; H4), 5.39 (d, 1H;
H1), 7.26-7.28, 8.19-8.22 (AA'’XX’, 4H; pNP); *C NMR (100.5 MHz,
CD,0D): 6=20.75, 20.79, 21.24 (3C, 3CH,), 59.73, 63.44, 70.25,
73.13,74.79 (5C, C2,3,4,5,6), 100.51 (1C, C1), 118.14, 126.58, 144.09,
163.87 (6C, pNP), 171.50, 172.42, 173.04 (3C, 3C=0).

2) p-Nitrophenyl 2-deoxy-2-sulfoamino-3-p-glucopyranoside, sodium
salt (1): A small piece of sodium metal was added to the acetylated
N-sulfate 9 in MeOH (25 mL), and the mixture was stirred until de-
acetylation was complete. The reaction was stopped by acidifica-
tion with Amberlite IR-120 (H* form) resin, the resin was removed
by filtration, and the filtrate was immediately neutralized with sat.
ag. NaHCO; and concentrated (<35°C). The crude material was
suspended in MeOH/H,O (1:1) and chromatographed as described
above (Sephadex LH-20 followed by Dowex 50W x 8-400) to afford
the 2-N-sulfate 1 as a yellow amorphous solid (38.1 mg, 54%).
'HNMR (400 MHz, D,0): 6=3.38 (dd, J;,=84, J,;=9.8Hz, 1H;
H2), 3.57 (dd, J;,=9.2 Hz, 1H; H3), 3.69 (ddd, J,5=9.8, J;s=56,
Jsg=1.9 Hz, 1H; H5), 3.76 (dd, 1H; H4), 3.77 (dd, Jsg¢=12.3 Hz, TH;
H6), 3.96 (dd, 1H; H6'), 539 (d, 1H; H1), 7.24-7.28, 8.26-8.29
(AA'’XX’, 4H; pNP); *CNMR (100.5 MHz, D,0): 6=60.36, 61.13,
70.30, 74.75, 76.63 (5C, C2,3,4,5,6), 99.38 (1C, C1), 117.14, 126.66,
143.09, 162.56 (6C, pNP); HRMS (ESI™) m/z 379.0440 [M]~, requires
379.0453 (Cy,H;5N,04,5).

p-Nitrophenyl 2-acetamido-2-deoxy-f§-p-glucopyranoside (10): A
small piece of sodium metal was added to a solution of the p-ni-
trophenyl triacetate 5 (1.93 g, 5.64 mmol) in MeOH, and the solu-
tion was stirred at 40°C until deacetylation was complete. The re-
action was stopped by acidification with Amberlite IR-120 (H*
form) resin, and the resin was removed by filtration. The filtrate
was concentrated, and the resulting precipitate was used without
further purification (1.93 g, 96 %); alternatively, it could be recrystal-
lized to afford the triol 10 as colorless needles. M.p. 200-201°C
(MeOH) (lit. 205, 206.2-206.7 °C®"); [a]2'=—16.1° (c=0.87, H,0/
acetone 1:1) (lit. [a]y=-18° (c=1.0, H,O/acetone 1:1), [0y =
—14.7° (c=0.3, H,0)®®); 'H NMR (400 MHz, CD,0D): 6=1.98 (s, 3H;
CH,), 343 (dd, J,5=9.9, J;,=8.8 Hz, 1H; H3), 3.51 (ddd, J,5=9.8,
Jss=1.9, Js¢ =59 Hz, 1H; H5), 3.59 (dd, 1H; H4), 3.72 (dd, Jss=
12.2 Hz, TH; H6), 3.93 (dd, TH; H6'), 3.96 (dd, J,,=9.9 Hz, TH; H2),
5.20 (d, 1H; H1), 7.16-7.19, 8.20-8.23 (AA'XX’, 4H; pNP); "*C NMR
(100.5 MHz, CD;0D): 6 =23.08 (1C, CH,), 57.25, 62.59, 71.83, 75.79,
7868 (5C, C2,34,56), 100.14 (1C, C1), 117.80, 126.81, 144.12,
163.86 (6C, pNP), 174.08 (1C, C=0).

p-Nitrophenyl
B-p-glucopyranoside

2-acetamido-2-deoxy-6-O-tert-butyldimethylsilyl-
(11): A solution of triol 10 (1.36g,
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3.97 mmol), imidazole (548 mg, 8.05 mmol) and TBSCl (783 mg,
5.20 mmol) in anhydrous DMF (6 mL) was stirred under N, for 16 h.
The reaction was quenched with water and concentrated to afford
a yellow oil that was chromatographed (CHCI;/MeOH 93:7) to give
the silyl ether 11 as a colorless amorphous solid (1.05 g, 58 %). M.p.
163.5-164.5°C (corrected); [aly=-25.2° (c=0.735 MeOH) (lit.
[a]X—29° (c=0.56, H,0)""); '"HNMR (400 MHz, CD,0D): ¢ =0.00,
0.04 (25, 6H; 2SiCH;), 0.89 (s, 9H; C(CH;)5), 1.98 (s, 3H; OAc), 3.43
(dd, J;,=8.4, J,5s=9.8 Hz, TH; H4), 3.51 (ddd, J5s=5.9, Js¢=1.9 Hz,
1H; H5), 3.59 (dd, J,;=10.4 Hz, 1H; H3), 3.81 (dd, Jss=11.6 Hz,
1H; H6), 3.94 (dd, J;,=8.4 Hz, 1H; H2), 4.03 (dd, 1H; H6'), 5.19 (d,
1H; HI1), 7.16-7.19, 8.17-821 (AA'XX, 4H; pNP); "CNMR
(100.5 MHz, CD;0D): 6=-5.06, —4.99 (2C, SiCH;), 19.35 (1C, C-
(CH,)5), 23.09 (1C, CH,), 26.52 (3C, C(CH,),), 57.29, 64.00, 71.77,
7591, 78.79 (5C, C2,3,4,5,6), 100.01 (1C, C1), 117.91, 126.73, 144.08,
163.85 (6C, pNP), 174.06 (1C, C=0).

p-Nitrophenyl 2-acetamido-3,4-di-O-acetyl-2-deoxy-6-O-tert-bu-
tyldimethylsilyl-p-p-glucopyranoside (12): A solution of silyl ether
11 (1.46 g, 3.19 mmol), pyridine (7 mL) and Ac,O (4 mL) was stirred
until acetylation was complete. The resulting suspension was dilut-
ed with EtOAc, washed with 1m HCl (3x70mL) and sat. aqg.
NaHCO; (2x70 mL), dried (MgSO,), and concentrated. Recrystalliza-
tion gave the acetylated silyl ether 12 as colorless needles (1.49 g,
869%). M.p. 215-216.5°C (corrected; EtOH); [a]3’=—19.5° (c=0.91,
CHCl;); 'HNMR (400 MHz, CDCly): 6=-0.05, —0.02 (2s, 6H;
2SiCH,), 0.85 (s, 9H; C(CH,),), 1.94, 2.04, 2.05 (35, 9H; Ac), 3.62—
3.74 (m, 2H; H6,6'), 3.71-3.76 (m, 1H; H5), 412 (dt, J,,=8.4, J,;=
10.8, Jyy,=8.8 Hz, 1H; H2), 5.03 (dd, J;,=9.2, J;s=9.6 Hz, 1H; H4),
531 (d, 1H; H1), 537 (dd, TH; H3), 5.62 (d, TH; NH), 7.06-7.08,
8.13-8.16 (AA'’XX’, 4H; pNP); CNMR (100.5 MHz, CDCl,): 6=
—5.31, —=5.16 (2C, 2SiCH;), 1846 (1C, C(CH5);), 20.93, 23.59 (3C,
3CH,), 2598 (1C, C(CH5);), 54.92, 62.55, 68.90, 72.30, 75.77 (5C,
C2,3,4,5,6), 98.41 (1C, C1), 116.89, 125.94, 143.16, 161.19 (6 C, pNP),
169.61, 170.58, 171.22 (3C, 3C=0); elemental analysis calcd (%) for
CouH36N,04,5i: € 53.32, H 6.71, N 5.18; found: C 53.22, H 6.73, N
5.20.

p-Nitrophenyl  2-acetamido-3,4-di-O-acetyl-2-deoxy--p-gluco-
pyranoside (13): Hydrogen fluoride-pyridine complex (70%,
2.3 mL) was added portion-wise to a solution of the acetylated silyl
ether 12 (0.99 g, 1.8 mmol) in THF (18 mL) in a polyethylene vessel
at 0°C, and the solution was warmed to RT. After 3 h, the solution
was diluted with EtOAc, washed with sat. ag. NaHCO; (4x 100 mL),
dried (MgSO,) and concentrated. Recrystallization gave the
6-hydroxy compound 13 as colorless needles (720 mg, 75%). M.p.
225.5-226°C (decomp.; corrected; MeOH) (lit. 210-211, 234-
236°C4%); [0]%= —2.6° (c=0.81, MeOH) (lit. [a]®=—10° (c=0.69,
CHCl/acetone 1:1)*"); "H NMR (400 MHz, CDCl;+[DJDMSO): 6 =
1.72, 1.88, 1.92 (35, 9H; 3CHy), 3.45 (ddd, J;,=5.9, J,;=9.2, o=
8.4 Hz, 1H; H2), 3.59 (ddd, J;5=9.9, Jss=6.4, Jss=1.9 Hz, 1H; H5),
4.02 (dd, J;,=8.8 Hz, 1H; H4), 4.09 (dd, Jsc=11.9 Hz, 1H; H6), 4.26
(dd, 1H; H6'), 4.97 (dd, 1H; H3), 5.07 (d, TH; H1), 5.12 (d, 1H; NH),
6.89-6.92, 7.97-7.99 (AA'XX, 4H; pNP); CNMR (100.5 MHz,
CDCl;+ [DgIDMSO): 6 =20.57, 20.75, 22.84 (3C, 3CH,), 53.24, 63.06,
68.04, 74.07, 74.83 (5C, C2,3,4,5,6), 98.09 (1C, C1), 116.36, 125.25,
142.28, 161.74 (6 C, pNP), 170.28, 170.43, 170.68 (3C, 3C=0).

p-Nitrophenyl 2-acetamido-2-deoxy-6-O-sulfo-f3-p-glucopyrano-
side, sodium salt (4): A suspension of the primary alcohol 13
(167 mg, 0.392 mmol) and SO;-pyr. (250 mg, 1.57 mmol) in a mix-
ture of anhydrous DMF and pyridine (1:1, 2.5 mL) was stirred under
nitrogen at 50 °C for 4 h. The reaction was stopped by the addition
of NaHCO; (3 mL, 1m), and the resulting suspension was concen-
trated (<30°C). The crude material was dissolved in MeOH, applied
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to a Sephadex LH-20 column (2x22 cm), and eluted with MeOH/
H,O (1:1). The carbohydrate-containing fractions were then imme-
diately applied to a cation-exchange column (Dowex 50W x 8-400,
Na® form) and eluted with MeOH/H,O (1:1). Concentration (<
30°C) gave the acetylated 6-sulfate 14 as a pale yellow gum,
which was dissolved in MeOH, and a small piece of sodium metal
was added. After deacetylation was complete, the reaction was
acidified with Amberlite IR-120 (H" form) resin, the resin was re-
moved by filtration, and the filtrate was immediately neutralized
with NaHCO; (1 m), then concentrated (<35 °C). The crude material
was suspended in MeOH/H,0O (1:1) and filtered, and the filtrate was
chromatographed as described above (Sephadex LH-20 followed
by Dowex 50Wx8-400) to afford the 6-sulfate 4 as a colorless
amorphous solid (70.3 mg, 40%). [a]3’=—67.0° (c=0.790, H,0) (lit.
[a]Z=-31° (c=0.57, H,0™); "H NMR (400 MHz, D,0): § =2.12 (s,
3H; CH,), 3.62 (dd, J;,=9.2, J,5s=9.8 Hz, 1H; H4), 3.71 (dd, J,5=
104 Hz, 1H; H3), 3.94 (ddd, Js=24, Js¢=58Hz, TH; H5), 4.05
(dd, J,, =88 Hz, 1H; H2), 4.25 (dd, Jss = 11.4 Hz, 1H; H6), 441 (dd,
1H; H6'), 531 (d, TH; H1), 7.17-7.19, 8.22-8.24 (AA'XX’, 4H; pNP);
3CNMR (100.5 MHz, D,0): 6 =22.68 (1C, CH,), 55.81, 67.49, 69.98,
73.83, 74.71 (5C, C2,3,4,5,6), 99.21 (1C, C1), 117.13, 126.71, 143.29,
162.23 (6 C, pNP), 175.54 (1C, C=0).

4-tert-Butylbenzaldehyde dimethyl acetal: A solution of 4-tert-bu-
tylbenzaldehyde (10 mL, 60 mmol), trimethylorthoformate (7.0 mL,
64 mmol) and TsOH (cat.) in MeOH (100 mL) was heated at reflux
for 4 h. The reaction mixture was concentrated to remove excess
MeOH, and the resultant crude residue was distilled under reduced
pressure to afford the 4-tert-butylbenzaldehyde dimethyl acetal as
a colorless liquid. B.p. 245°C; "H NMR (400 MHz, CDCl,): 6=1.32 (s,
9H; C(CH,),), 3.33 (s, 6H; 20CH,), 5.36 (s, 1H; CH), 7.38 (s, 4H; Ar);
3C NMR (100.5 MHz, CDCly): 6=31.33 (3C, C(CH,)), 34.58 (1C, C-
(CH,),), 52.79 (2C, OCH5), 103.34 (1C, CH), 125.11, 126.35, 135.12,
151.37 (6C, Ar). The 'H and *C NMR data are in agreement with
those previously reported.”?

p-Nitrophenyl 2-acetamido-4,6-0-(4-tert-butylbenzylidene)-2-
deoxy-f-p-glucopyranoside (16): A suspension of the triol 10
(374 mg, 1.09 mmol), 4-tert-butylbenzaldehyde dimethyl acetal
(0.3 mL, 0.27 g, 1.3 mmol) and TsOH (cat.) in MeCN was stirred
under nitrogen at 40°C. After 2h, triethylamine (0.3 mL) was
added, and the solution was concentrated and triturated with pe-
troleum spirits then ethanol to yield the benzylidene acetal 16 as
colorless flakes (285 mg, 38%). "H NMR (400 MHz, CDCl,): §=1.30
(s, 9H; C(CHs),), 2.03 (s, 3H; CH;), 3.32-3.36 (brm, 1H; H5), 3.61,
3.79 (2t, 2H; H3,4), 3.68-3.74 (m, 2H; H2,6), 4.36-4.39 (m, 1H; H6E'),
5.55 (s, TH; benzylidene-CH), 5.68 (d, J,,=8.4 Hz, 1H; H1), 5.89 (d,
J2=6.8Hz, TH; NH), 7.07-7.09, 8.19-821 (AA'XX, 4H; pNP),
7.39-7.44 (m, 4H; Ar); *CNMR (100.5 MHz, CDCly): 6=23.66 (1C,
CH,), 31.27 (3C, C(CH,),), 3471 (1C, C(CH,)y), 58.19, 66.49, 68.40,
70.17, 81.33 (5C, C2,3,4,5,6), 97.59 (1C, C1), 102.12 (1C, benzyli-
dene-CH), 116.51, 125.41, 125.88, 125.99, 133.84, 143.03, 152.63,
161.44 (12C, Ar), 17149 (1C, C=0).

Trifluoromethylsulfonyl azide (triflyl azide): CAUTION! As for
many low-molecular-weight azides, care should be taken in the
handling of TfN; to avoid the risk of explosion. Tf,0 (1.95 mL,
11.6 mmol) was added dropwise to a solution of sodium azide
(1.51g, 23.2mmol) in a mixture of H,0 (4.5mL) and CH.CI,
(4.5 mL) at 0°C. After 2 h, sat. NaHCO; (2 mL) was added, and the
mixture was stirred for a further 5 min at RT. The aqueous phase
was separated and extracted with CH,Cl, (2x3 mL), and the com-
bined organic extracts containing triflyl azide were used immedi-
ately in the next step.
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Hydrolysis of Sulfated Glucosaminides

p-Nitrophenyl 3,4,6-tri-O-acetyl-2-azido-2-deoxy-f-p-glucopyra-
noside (18): The freshly prepared solution of TfN; (1.5 equiv) was
added to a mixture of the amine 6 (1.65g, 3.87 mmol), NEt,
(0.8 mL, 5.8 mmol) and catalytic CuSO,, MeOH (1 mL) was then
added dropwise and the solution was stirred overnight. The result-
ing green solution was diluted with EtOAc, washed with H,0 (2%
100 mL), sat. NaHCO; (3 %70 mL), sat. NaCl (100 mL), dried (MgSO,)
and concentrated. Chromatography (4:6—6:4 EtOAc/pet. spirits)
yielded the acetylated 2-azido sugar 18 as colorless needles
(1.64 g, 93%). M.p. 130.5-132°C (corrected), [a]3'=—0.32° (c 0.99);
IR (thin film): 7=2111.1 (N,;), 1748.2 (C=0), 1520.2, 1343.8 (NO,),
1222.9 (C—0), 1044.5 (Ar) cm™". "H NMR (400 MHz, CDCl,): 6 =2.05,
2.09, 2.12 (3s, 9H; CH,), 3.86 (dd, 1H; J;,=8.5 Hz, H2), 3.89 (ddd,
TH; Jy5=9.5, Jss=1.9, Jss=5.5 Hz, H5), 4.16 (dd, 1H; Jss=12.5 Hz,
H6), 430 (dd, 1H; H6'), 5.04 (d, 1H; H1), 5.08, 5.12 (2t, J;,=8.9 Hz,
2H; H3,4), 7.12-7.14, 8.23-8.25 (AA'XX’, 4H; pNP); "CNMR
(100.5 MHz, CDCly): 6 =20.77, 20.86, 20.89 (3C, 3CH,), 61.94, 63.56,
68.19, 72.29, 72.62 (5C, C2,3,4,5,6), 99.73 (1C, C1), 116.96, 126.09,
143.67, 161.10 (6C, pNP), 169.77, 170.04, 170.59 (3C, 3C=0); ele-
mental analysis calcd (%) for C,gH,0N,O;0: C 47.79, H 4.46, N 12.39;
found: C 47.90, H 4.51, N 12.37.

p-Nitrophenyl 2-azido-2-deoxy-f-p-glucopyranoside (19): A small
piece of sodium metal was added to a suspension of azide 18
(1.64 g, 3.62 mmol) in MeOH (150 mL), and the mixture was stirred
until deprotection was complete. The solution was acidified by the
addition of Amberlite IR-120 (H* form) resin, the resin was re-
moved, and the filtrate was concentrated to afford the crude triol
19 (1.07 g, 91 %), which was used without further purification. M.p.
142-143°C (corrected); [a]3=—35.8° (c=0.910, MeOH); 'H NMR
(500 MHz, D,0): 0=3.57 (dd, J,3=9.5, J;,=8.9 Hz, 1H; H3), 3.62
(dd, J,s=9.9 Hz, TH; H4), 3.67-3.70 (m, TH; H5), 3.73 (dd, J,,=
8.5 Hz, 1H; H2), 3.78 (dd, Jss=4.9, Js=12.5 Hz, 1H; H6), 3.95 (dd,
Jsg=19Hz, 1H; H6'), 536 (dd, TH; H1), 7.26-7.29, 8.28-8.29
(AA'XX’, 4H; pNP); “CNMR (100.5 MHz, D,0): 6=60.89, 65.83,
69.76, 74.69, 76.91 (5C, C2,3,4,5,6), 99.24 (1C, C1), 117.22, 126.73,
143.39, 161.86 (6C, pNP); IR (thin film): #=3361.1 (br, OH), 2111.1
(N5), 1514.3, 1343.8 (NO,), 1246.7, 1074.2 cm™" (Ar).

p-Nitrophenyl 2-azido-4,6-0-benzylidene-2-deoxy-f3-p-glucopyra-
noside (20): A suspension of triol 19 (950 mg, 2.91 mmol), benzal-
dehyde dimethyl acetal (1.2 mL, 8.70 mmol) and catalytic TsOH in
CHCI; (15 mL) was refluxed under N, with the liberated MeOH re-
moved by using a Dean-Stark apparatus. After 4 h, NEt; (0.2 mL)
was added, and the solution was concentrated and purified
through a silica plug (CHCl;—EtOAc) to give the benzylidene
acetal 20 as a beige amorphous powder (1.05 g, 87 %). M.p. 170.5-
172.5°C  (corrected), [0]¥=-0.39° (c=1.06, CHCl); 'HNMR
(400 MHz, CDCL,): 6=3.61 (dt, J,s=9.6, Jss=1.6, Jso =4.8 Hz, TH;
H5), 3.68 (t, 1H; J,;=9.4 Hz, H3), 3.74 (dd, J,,=7.6 Hz, 1H; H2),
3.81 (dd, 1H; H6), 3.83 (t, 1H; H4), 4.41 (dd, TH; H6'), 5.09 (d, TH;
H1), 5.59 (s, 1H; benzylidene-CH), 7.13-7.15, 8.24-8.26 (AA'XX’, 4H;
pNP), 7.39-7.41, 7.48-7.51 (2m, 5H; Ar); CNMR (100.5 MHz,
CDCly): 6=66.22, 66.88, 68.46, 72.21, 80.32 (5C, C2,3,4,5,6), 100.19
(1C, C1), 102.38 (1H; benzylidene-CH), 116.92, 126.14, 126.45,
128.68, 129.79, 136.66, 161.21 (12C, pNPPh); IR (thin film): 7=
2115.1 (N3), 1520.3, 1345.8 (NO,), 1244.7 (C—0), 1090.1 cm™' (An);
microanalysis calcd (%) for C,gH,gN,O;: C 55.07, H 4.38, N 13.52;
found: C 55.03, H 4.33, N 13.48.

p-Nitrophenyl 2-azido-4,6-O-benzylidene-3-O-chloroacetyl-2-
deoxy-f3-p-glucopyranoside (21): A solution of benzylidene acetal
20 (1.55g, 3.73 mmol), 2,6-lutidine (4 mL), (ClAc),0 (2.58¢,
13.6 mmol) and DMAP (97.3 mg, 0.796 mmol) in CH,Cl, (30 mL)
was stirred at room temperature for 30 min. The resulting yellow
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solution was diluted with CH,Cl, (150 mL) and washed with HCI
(3x50 mL, 1m) and sat. ag. NaHCO; (3 x50 mL), dried (MgSO,) and
concentrated. Purification of the crude material through a silica
plug eluted with CH,Cl, gave the 3-O-chloroacetylated benzylidene
derivative 21 as a pale yellow foam (1.79 g, 98 %). Recrystallization
gave pale beige needles. M.p. 110.5-113°C (corrected; MeOH);
[0]%=—0.44° (c=0.81, CHCl); 'H NMR (400 MHz, CDCl;): 6 =3.71
(dt, Jss=9.6, Jsg=48Hz, TH; H5), 3.79 (t, J;,=9.2 Hz, 1H; H4),
3.84 (dd, Jss=10.6 Hz, 1H; H6), 3.88 (dd, J,,=7.6, J,;=9.9 Hz, 1H;
H2), 4.12-4.20 (AB,, 2H; CH,Cl,), 442 (dd, 1H; Hé'), 5.19 (d, 1H;
H1), 529 (dd, 1H; H3), 5.53 (s, 1H; benzylidene-CH), 7.14-7.16,
8.24-8.27 (AA'’XX', 4H; pNP), 7.36-7.38, 7.41-7.44 (2m, 5H; Ar);
BBCNMR (100.5 MHz, CDCly): 6=40.71 (1C, CH,Cl,), 64.39, 67.03,
68.37, 72,65, 78.13 (5C, C2,3,4,5,6), 100.35 (1C, C1), 101.95 (1C,
benzylidene-CH), 116.98, 128.56, 136.43, 160.94 (6C, pNP), 126.19,
126.29, 129.59, 143.79 (6C, Ar), 166.34 (1C, C=0); IR (thin film): 7=
2111.1 (Ns), 1770.0 (C=0), 15183, 1343.8cm™' (NO,); elemental
analysis calcd (%) for C,;H;4CIN,Og: C 51.39, H 3.90, N 11.41; found:
C51.29, H 3.83, N 11.33.

p-Nitrophenyl 2-azido-3-O-chloroacetyl-2-deoxy-f3-p-glucopyra-
noside (22): Aqueous TFA (0.6 mL, 70%) was added dropwise to a
solution of 2-azido chloroacetate 21 (0.54 g, 1.1 mmol) in CH,CI,
(2 mL) at 0°C, and the mixture was allowed to warm to RT. After
2 h, the mixture was concentrated, azeotroped with toluene and
triturated with petroleum spirits (5x3 mL) to afford the crude 2-
azido-3-O-chloroacetate 22 (quant.) as a colorless suspension that
was used immediately in the next step, or recrystallized to give a
beige amorphous solid. M.p. 166.5-169°C (corrected; EtOH);
[a]?=-25.9° (c=1.13, MeOH); 'HNMR (CDCl,+[Ds]DMSO): 6=
3.47-3.53 (m, 2H), 3.66 (dd, J;,=7.9, J,5=9.9 Hz, TH; H2), 3.68 (dd,
1H), 3.75-3.84 (m, 2H), 4.09-4.19 (AB,, 2H; CH,Cl,), 4.98 (dd, 1H;
H3), 5.03 (d, TH; H1), 5.09 (d, Jys04=5.6 Hz, TH; 4-OH), 7.04-7.08,
8.11-8.15 (AA'XX, 4H; pNP); CNMR (100.5MHz, CDCl;+
[DcIDMSO): 6 =40.75 (1C, CH,CI), 60.60, 63.23, 67.55, 76.13, 76.69
(5C, C2,3/4,5,6), 99.09 (1C, C1), 116.39, 125.48, 142.68, 160.97 (6C,
pNP), 166.41 (1C, C=0); elemental analysis calcd (%) for
Cy4H,sCIN,Og: C 41.75, H 3.75, N 13.91; found: C 41.80, H 3.78, N
14.03.

p-Nitrophenyl 4,6-di-O-acetyl-2-azido-3-O-chloroacetyl-2-deoxy-
B-p-glucopyranoside (23): A solution of the crude 2-azido-3-O-
chloroacetate 22 (402 mg, 1.0 mmol), Ac,O (4 mL), 2,6-lutidine
(2.5 mL) and DMAP (30 mg) in CH,Cl, (11 mL) was stirred at RT for
30 min. The yellow solution was diluted with CH,Cl, (100 mL),
washed with HCl (3x30 mL, 1m) and sat. ag. NaHCO; (3x30 mL),
dried (MgSO,), and concentrated. The yellow oil was chromato-
graphed (EtOAc/petroleum spirits 3:7—1:1) to afford the acetylat-
ed 2-azido-3-O-chloroacetate 23 as a pale yellow foam (0.49 g,
91% over 2 steps). [0]3'=-31.4° (c=0.58, CHCl); 'HNMR
(400 MHz, CDCl,): 6=2.06, 2.09 (25, 6H; 2CH,), 3.91 (dd, J,,=
7.9 Hz, 1H; H2), 3.94 (ddd, Jss=2.4, Jsc=5.4 Hz, 1H; H5), 4.1 (AB,,
2H; CH,Cl,), 4.19 (dd, Jsg=12.4Hz, 1H; Heé), 431 (dd, 1H; H6),
5.11 (d, 1H; H1), 5.10-5.19 (m, 2H; H3,4), 7.13-7.17, 8.23-8.26
(AA'XX’, 4H; pNP); CNMR (100.5 MHz, CDCl,): 6=20.69, 20.82
(2C, 2CH,), 40.53 (1C, CH,Cl,), 61.83, 63.40, 68.00, 72.52, 73.97 (5C,
C2,3/4,5,6), 99.74 (1C, C1), 116.97, 126.06, 143.74, 161.01 (6C, pNP),
166.74, 169.76, 170.52 (3C, 3C=0); IR (thin film): 7=2115.1 (N,),
17443 (C=0), 1518.3, 1343.8 (NO,), 12289 cm ' (C-0); HRMS
(ESI*): m/z 509.0687 [M+Na]*, requires 509.0687 (C;sH,,CINaN,O;).

p-Nitrophenyl  2-acetamido-4,6-di-O-acetyl-3-O-chloroacetyl-2-
deoxy-f3-p-glucopyranoside (24): PPh; (258 mg, 0.985 mmol) in
anhydrous CH,Cl, (1 mL) was added dropwise over a period of
30 min to a solution of the acetylated 2-azido-3-O-chloroacetate 23
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(339 mg, 0.697 mmol) and AcCl (89 uL, 1.3 mmol) in anhydrous
CH,Cl, (3.5mL). Nitrogen evolution was immediately observed.
After 1 h the solution was diluted with CH,Cl, (50 mL), then
washed with sat. ag. NaHCO; (20 mL) and H,0 (2x20 mL), dried
(MgSO,), and concentrated. The crude oil was adsorbed onto silica
gel and chromatographed (EtOAc/petroleum spirits 6:4—7:3) to
give the 3-O-chloroacetylated acetamide 24 as colorless needles
(226 mg, 64%). M.p. 216-217°C (corrected); [alp=-—55.5° (c=
0.750, acetone); "H NMR (400 MHz, CDCl,): =1.95 (s, 3H; NAq),
2,07, 2.08 (25, 6H; 20Ac), 3.99 (ddd, Jss=2.4, Jsc=5.6 Hz, TH; H5),
4.04-4.08 (m, TH; H2), 405 (AB, 2H; CH,Cl), 4.18 (dd, Jss=
12.4 Hz, 1H; H6), 4.29, (dd, 1H; H6'), 5.17 (dd, 1H; H3 or 4), 5.59-
5.64 (m, J,,=8.4Hz, 2H; H1 and 3 or 4), 5.80 (d, Jy,,=8.4 Hz, 1H;
NH), 7.06-7.09, 8.18-8.21 (AA'XX’, 4H; pNP); *C NMR (100.5 MHz,
CDCly): 6=20.86, 20.92, 23.55 (3C, 3CHj,), 40.65 (1C, CH,Cl,), 55.27,
62.11, 68.35, 72.45, 73.54 (5C, C2,3,4,56), 97.51 (1C, C1), 116.78,
125.99, 143.37, 161.57 (6C, pNP), 167.57, 169.68, 170.65, 170.94
(4C, 4C=0); elemental analysis calcd (%) for C,oH,5CIN,O;,: C 47.77,
H 4.61, N 5.57; found: C 47.81, H 4.67, N 5.61.

p-Nitrophenyl  2-acetamido-4,6-di-O-acetyl-2-deoxy-f}-p-gluco-
pyranoside (25): A suspension of the chloroacetylated acetamide
24 (267 mg, 0.531 mmol) and thiourea (62.4 mg, 0.820 mmol) in
MeOH (15 mL) was refluxed for 6 h, and the resulting yellow solu-
tion was concentrated and adsorbed onto silica gel. Chromatogra-
phy (CHCl;/MeOH 95:5—9:1) afforded the 3-hydroxy derivative 25
as fine colorless needles (139 mg, 61%). M.p. 196-197°C (cor-
rected); [a]Z=—55.9° (c=0.675, MeOH); 'H NMR (400 MHz, CDCl,):
8=2.05, 2.07, 2.14 (3s, 9H; 3CH,), 3.71 (ddd, J,,=84, J,;=9.8,
Jua=64Hz, TH; H2), 3.89 (ddd, J,;5=9.9, Jss=2.4, Jsg=5.9 Hz,
1H; H5), 417 (dd, Jss=12.4 Hz, 1H; H6), 423 (dd, J;,=9.4 Hz, 1H;
H3), 4.29 (dd, 1H; H6’), 4.95 (dd, 1H; H4), 5.55 (d, 1H; H1), 5.99 (d,
TH; NH), 7.05-7.09, 8.17-821 (AA'XX, 4H; pNP); ">CNMR
(100.5 MHz, CDCly): 6 =20.94, 21.09, 23.78 (3C, 3CH,), 58.56, 62.51,
71.66, 72.02, 72.62 (5C, C2,3,4,5,6), 97.24 (1C, C1), 116.74, 125.99,
143.28, 161.58 (6C, pNP), 170.74, 170.93, 172.03 (3C, 3C=0); ele-
mental analysis calcd (%) for C,gH,,N,0,o: C 50.70, H 5.20, N 6.57;
found: C 50.67, H 5.24, N 6.63.

p-Nitrophenyl 2-acetamido-2-deoxy-3-0O-sulfo-f-p-glucopyrano-
side, sodium salt (2): A suspension of the 3-hydroxy derivative 25
(139 mg, 0.326 mmol) and SO;-pyr (212 mg, 1.33 mmol) in anhy-
drous DMF/pyridine (1:1, 2 mL) was stirred under N, at 50°C for
4 h. The reaction was stopped by the addition of NaHCO; (2.5 mL,
1m), and the resulting suspension was concentrated (<35°C). The
crude yellow residue was resuspended in MeOH and filtered, and
the filtrate was chromatographed on a Sephadex LH-20 column
(2%22 cm, eluted with MeOH/H,0 1:1). The carbohydrate-contain-
ing fractions underwent cation exchange by being passed through
a Dowex 50Wx8-400 column (Na® form, 2x5cm, eluted with
MeOH/H,0 1:1) to give the acetylated 3-sulfate 26 as a pale yellow
glassy solid. The acetylated 3-sulfate was taken up in MeOH
(20 mL), and a small piece of sodium metal was added. After de-
acetylation was complete, the reaction was stopped by acidifica-
tion with Amberlite IR-120 (H* form) resin, the resin was removed
by filtration, and the filtrate was immediately neutralized with 1m
NaHCO; and concentrated (<35°C). The crude material was resus-
pended in MeOH/H,0 (1:1) and filtered, and the filtrate was chro-
matographed as described previously (Sephadex LH-20 followed
by Dowex 50Wx8-400) to afford the 3-sulfate 2 as a colorless
amorphous solid (63.1 mg, 44%, over 2 steps). '"H NMR (400 MHz,
D,0): 6=2.00 (s, 3H; CH,), 3.72-3.79 (m, 2H; H4,5), 3.82 (dd, Jss=
5.2, Jso=11.9 Hz, TH; H6), 3.97 (dd, Jss = 1.2 Hz, 1H; H6'), 4.14 (dd,
J,,=88, TH; H2), 452 (dd, J,;=10.4, J;,=8.4 Hz, 1H; H3), 5.44 (d,
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1H; HI1), 7.15-7.19, 8.18-8.22 (AA'XX, 4H; pNP); "CNMR
(100.5 MHz, D,0): 6=22.85 (1C, CH,); 54.65, 61.01, 69.07, 76.41,
81.48 (5C, C2,3,4,5,6), 98.67 (1C, C1), 117.19, 126.71, 143.29, 162.23
(6C, pNP), 175.49 (1C, C=0).

p-Nitrophenyl 3-O-acetyl-2-azido-4,6-0O-benzylidene-2-deoxy-[3-
p-glucopyranoside (27): A solution of benzylidene acetal 20
(1.14 g, 2.75 mmol), pyridine (3 mL) and Ac,O (1.5 mL, 15 mmol)
was stirred until acetylation was complete. The mixture was diluted
with EtOAc then washed with HCl (3x25 mL, 1m), sat. ag. NaHCO,
(2x25 mL) and sat. ag. NaCl (25 mL), dried (MgSO,), and concen-
trated. The resulting colorless amorphous solid, the 3-O-acetylated
benzylidene acetal 27 (1.09g, 86%), was used without further
purification. M.p. 142-144°C (corrected); [a]Z=—0.53° (c=0.985,
CHCl3); '"H NMR (500 MHz, CDCl,): =2.16 (s, 3H; CHs), 3.68 (ddd,
Jos=9.24, Jss=1.6, Jso =4.9 Hz, 1H; H5), 3.73 (dd, J;,=9.5Hz, 1H;
H4), 3.79-3.85 (m, 2H; H2,6), 4.38 (dd, Js=10.7 Hz, 1H; H6'), 5.14
(d, J,,=8.5, TH; H1), 5.28 (t, J,5=9.9 Hz, 1H; H3), 5.52 (s, 1H; ben-
zylidene-CH), 7.09-7.11, 8.19-8.22 (AA'’XX’, 4H; pNP), 7.33-7.36,
7.43-7.44 (2m, 5H; Ar); *C NMR (100.5 MHz, CDCl,): 6=21.02 (1C,
CH,), 64.58, 67.16, 68.42, 70.98, 78.37 (5C, C2,3,4,5,6), 100.28 (1C,
C1), 101.89 (1C, benzylidene-CH), 116.97, 128.52, 136.63, 161.03
(6C, pNP), 126.16, 126.31, 129.49, 143.71 (6C, Ar), 169.75 (1C, C=
0); IR (thin film): ¥=2111.1 (N5), 1750.2 (C=0), 1518.3, 1343.8 (NO,),
1238.8, 12189cm™' (C-0); elemental analysis calcd (%) for
Cy1HoN,Og: C 55.26, H 4.42, N 12.28; found: C 55.34, H 441, N
12.17.

p-Nitrophenyl 3-O-acetyl-2-azido-2-deoxy-f3--glucopyranoside
(28): Aqueous TFA (70%, 0.5 mL) was added dropwise to a solution
of acetate 27 (1.09 g, 2.38 mmol) in CH,Cl, (3 mL) at 0°C, and the
mixture was allowed to warm to RT. After 5 h, the mixture was
neutralized with sat. ag. NaHCO; (4 mL), concentrated and triturat-
ed with petroleum spirits (5x3 mL) to afford the 3-O-acetate 28
(664 mg, 76%) as a yellow amorphous solid that was used directly
in the next step or recrystallized to give colorless needles. M.p.
137-140°C (corrected; EtOH); [0]®=-0.10° (c=1.09, MeOH);
'HNMR (400 MHz, CDCl;+[DgJDMSO): 6=2.13 (s, 3H; CH,), 3.51
(ddd, J,s=9.4, Jss=3.9, Jss=7.6 Hz, TH; H5), 3.66 (dd, J,,=7.9,
J,3=10.4Hz, 1H; H2), 3.67 (dd, J5,=9.6 Hz, 1H; H4), 3.79-3.87 (m,
2H; H6,6'), 4.96 (dd, 1H; H3), 5.02 (d, 1H; H1), 7.06-7.09, 8.14-8.18
(AA'’XX’, 4H; pNP); CNMR (100.5 MHz, CDCl;+[D¢]DMSO): 6=
21.12 (1C, CH,), 61.50, 63.81, 68.53, 74.59, 77.50 (5C, C2,3,4,5,6),
99.55 (1C, C1), 116.69, 125.91, 143.17, 161.32 (6 C, pNP), 170.53 (1C,
C=0); IR (thin film): 7=3369.0 (brs, OH), 2115.1 (N,), 1746.3 (C=0),
1518.3, 1345.81 (NO,), 1240.74 (C-0), 1078.2, 1040.5cm™" (Ar);
HRMS (ESI"): m/z 391.0860 [M+Nal*, requires 391.0866
(C14H16NaN,Og).

p-Nitrophenyl 3,6-di-O-acetyl-2-azido-2-deoxy-f§-p-glucopyrano-
side (29): AcCl (41 pL, 0.57 mmol) was added dropwise to a solu-
tion of the crude 3-O-acetate 28 (162 mg, 0.439 mmol) in dry 2,4,6-
collidine (2.5 mL) at —40°C under N,. The resulting suspension was
kept at —40°C for 2 h, then was allowed to warm to RT. After a fur-
ther 2 h, the reaction was quenched with MeOH, and the mixture
was diluted with CH,Cl, (50 mL), washed with HCI (3x25 mL, 1 ™)
and sat. ag. NaHCO; (2x30 mL), dried (MgSO,), and then concen-
trated. Chromatography of the resulting oil (EtOAc/toluene 3:7)
gave the 2-azido-4-hydroxy derivative 29 as a pale yellow oil
(115 mg, 64%). [olp=—42.9° (c=1.07, CHCl;); 'H NMR (400 MHz,
CDCly): 6=2.12, 221 (25, 6H; 2CH,), 3.23 (d, Jyson=43 Hz, 1H;
OH), 3.63 (ddd, J;,=9.3, J,5=9.5 Hz, 1H; H4), 3.72 (ddd, Jss=2.4,
Js¢=5.2 Hz, TH; H5), 3.77 (dd, J,,=7.9, J,;=10.1 Hz, TH; H2), 4.38
(dd, Jog=12.4 Hz, 1H; H6), 447 (dd, TH; H6'), 4.95 (dd, 1H; H3),
5.05 (d, 1H; H1), 7.11-7.15, 8.21-8.25 (AA'’XX’, 4H; pNP); *C NMR
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(100.5 MHz, CDCly): 6=21.02, 21.12 (2C, 2CH,), 62.91, 63.52, 69.16,
7495, 75.26 (5C, C2,3,4,5,6), 99.79 (1C, C1), 116.93, 126.07, 143.62,
161.25 (6C, pNP), 171.58, 171.65 (2C, 2C=0); IR (thin film): 7=
3472.2 (brs, OH), 2111.1 (N;), 1742.3 (C=0), 1518.3, 1343.8 (NO,),
12289 cm™' (C-0).

p-Nitrophenyl  2-acetamido-3,6-di-O-acetyl-2-deoxy--p-gluco-
pyranoside (30): A solution of PPh; (132 mg, 0.504 mmol) in anhy-
drous CH,Cl, (0.5mL) was added dropwise to the 2-azido-4-
hydroxy derivative 29 (157 mg, 0.382 mmol) and AcCl (50 uL,
0.70 mmol) in anhydrous CH,Cl, (3 mL). Nitrogen evolution was
immediately observed. After 1.5 h, the solution was diluted with
CH.,Cl, (30 mL), washed with sat. ag. NaHCO; (20 mL) and H,O (2x
20 mL), dried (MgSO,), and concentrated. The crude oil was ad-
sorbed onto silica gel and chromatographed (CHCl;/MeOH 98:2 —
96:4) to give the 4-hydroxy derivative 30 as colorless needles
(87.7 mg, 54%). M.p. 190-192°C (decomp.; corrected) (lit. 190-
192°CE); [0]2=—30.7° (c=0.705, MeOH) (lit. []?=—37° (c=0.9,
MeOH)®¥); "H NMR (400 MHz, CDCl;+[DJJDMSO): 0=1.67, 1.84,
1.87 (35, 9H; 3CH,), 3.40 (ddd, J3,=9.2, J,5=9.6, Jous=5.6 Hz, TH;
H4), 3.54 (ddd, Jss=1.9, Js¢=>5.9 Hz, TH; H5), 3.97 (ddd, J;,=8.6,
J3=102, Jyy,=92Hz, 1H; H2), 406 (dd, Jss=12.0 Hz, TH; H6),
4.21 (dd, 1H; H6'), 4.92 (dd, 1H; H3), 5.07-5.09 (m, 2H; H1,4-OH),
6.85-6.89, 7.92-7.96 (AA'XX’, 4H; pNP), 7.29 (d, 1H; NH); *C NMR
(100.5 MHz, CDCl;+[Dg]DMSO): 6 =20.52, 20.69, 22.78 (3C, 3CH,),
53.21, 63.03, 68.02, 74.05, 74.84 (5C, C2,3,4,56), 98.08 (1C, C1),
116.36, 125.20, 142.25, 161.73 (6C, pNP), 170.19, 170.33, 170.55
(3C, 3C=0).

p-Nitrophenyl 2-acetamido-2-deoxy-4-O-sulfo-f-p-glucopyrano-
side, sodium salt (3): A suspension of the 4-hydroxy derivative 30
(94.0 mg, 0.221 mmol) and SO;-pyr (140 mg, 0.879 mmol) in a mix-
ture of anhydrous DMF and pyridine (1:1, 1.2 mL) was stirred under
N, at 50°C for 4 h. The reaction was stopped by the addition of
NaHCO; (2 mL, 1 ™), and the resulting suspension was concentrat-
ed (<35°C). The crude yellow residue was suspended in MeOH
and filtered, and the filtrate was chromatographed on a Sephadex
LH-20 column (2x22 cm, eluted with MeOH/H,0 1:1). The carbo-
hydrate-containing fractions then underwent cation exchange
through a Dowex 50 W x 8-400 column (Na* form, 2x5 cm, eluted
with MeOH/H,0 1:1). Concentration (<35 °C) of the corresponding
fractions gave the acetylated 4-sulfate 31 (50.1 mg, 51%) as a pale
yellow glassy solid. The acetylated 4-sulfate was taken up in MeOH
(10 mL), a small piece of sodium metal was added, and the solu-
tion was stirred until deacetylation was complete. The reaction was
stopped by acidification with Amberlite IR-120 (H* form) resin, the
resin was removed by filtration, and the filtrate was immediately
neutralized with 1M NaHCO; and then concentrated (<35°C). The
crude material was suspended in MeOH/H,O (1:1) and filtered, and
the filtrate was chromatographed as described above (Sephadex
LH-20 followed by Dowex 50W x 8-400) to afford the 4-sulfate 3 as
a colorless amorphous solid (16.6 mg, 39% over 2 steps). 'H NMR
(400 MHz, D,0): 6=2.01 (s, 3H; CH,), 3.79-3.86 (m, 2H; H5,6), 3.92
(dd, Js¢=50, Jsg=120Hz, TH; HE'), 3.99 (dt, Jr;=10.6, Jy,=
9.8 Hz, 1H; H3), 4.12 (dd, J,,=8.2 Hz, 1H; H2), 431 (m, J,s=9.4 Hz,
1H; H4), 5.33 (d, 1H; H1), 7.16-7.20, 8.22-8.26 (AA'’XX’, 4H; pNP);
3C NMR (100.5 MHz, D,0): =22.68 (1C, CH,), 55.69, 60.89, 72.47,
75.34, 77.19 (5C, C2,3,4,5,6), 99.07 (1C, C1), 117.14, 126.71, 143.31,
162.25 (6C, pNP), 175.57 (1C, C=0).

Hydrolysis of carbohydrate sulfates by sulfatases

Materials: Sulfatases from limpet, abalone and snail were commer-
cially available from Sigma. PaAtsA was recombinantly expressed
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and purified as reported.*® Potassium p-nitrophenyl sulfate was
44]

prepared as reported.
Control assays with p-nitrophenyl sulfate: Assays were performed in
1 cm polyacrylate cuvettes and contained potassium p-nitrophenyl
sulfate (2 mwm) in K,HPO,/KH,PO,/0.05% BSA (50 mm) at pH 6,
which also contained a-cyclodextrin (10 mm) to a final volume of
0.5 mL. The cuvettes were incubated at 37°C in a water bath. Sul-
fatase (sufficient to give a rate of 10-15 ummin~') was added, and
the reaction was monitored by spectrophotometry at 410 nm for
4min (Agy0=6715m "cm™"). For the Ba-PEG assay, the reaction
mixtures were incubated for 1 h with sufficient sulfatase to give a
rate of 8-9 umh~".

Coupled assay procedure: Each cuvette containing the sulfated car-
bohydrate (2 mm) in K,HPO,/KH,PO,/0.05% BSA (50 mm) at pH6
plus a-cyclodextrin (10 mm) to a final volume of 0.5 mL was prein-
cubated at 37°C in a water bath. The coupling enzyme, 3-N-acetyl-
hexosaminidase from A. oryzae (Sigma), was added (sufficient to
reach a V., of 150 ummin~", resulting in ty4=10 min), followed
by sulfatase (10-20-fold more than for a 4 min assay of p-nitro-
phenyl sulfate), and the reaction was monitored by spectropho-
tometry at 410 nm for 5h (Ag,,=6715m 'cm™"). The reaction
rate (ummin~') was calculated and compared to those of corre-
sponding assays with p-nitrophenyl sulfate, adjusted to the equiva-
lent amounts of sulfatase. The rates in control reactions without
sulfatase and, separately, without A. oryzae -N-acetylhexosamini-
dase were measured to assess the contribution to the observed
rates of cleavage by the coupling [-N-acetylhexosaminidase and
by contaminating -N-acetylhexosaminidase activity in each sulfa-
tase preparation, respectively.

Ba-PEG assay procedure: Reaction mixtures contained carbohydrate
sulfate (2 mm) in HOAc/NaOAc/0.05% BSA (50 mm) pH5 for
abalone and limpet sulfatases or in K,HPO,/KH,PO,/0.05% BSA
(50 mm) pH 6 for sulfatases from snail and PaAtsA. Each mixture
was preincubated at 37°C in a water bath prior to initiation of the
reaction by addition of sulfatase (10-20-fold more than that used
for a 1 h assay of p-nitrophenyl sulfate (2 mm) under the same con-
ditions). The total reaction volume was 500 pL. A “time 0” aliquot
(150 pL) was taken and frozen at —80°C. After 18-21 h, two addi-
tional aliquots (150 uL) were taken and, in parallel with the “time
0" aliquot and a positive control assay with p-nitrophenyl sulfate,
were assayed by using the Ba-PEG reagent. The reagent contained
BaCl, (40 mm) and PEG-6000 (25 mm) in water and was seeded
with Na,SO, (50 mm) in water (2 uL per mL reagent) under vigo-
rous stirring. The extinction coefficient (Agg,) was determined
from a calibration curve with Na,SO,. The seeded reagent was pre-
pared fresh and was used within 2-3 h after seeding. Samples for
analysis (150 pL) were diluted to a total of 350 uL with the respec-
tive buffer, then HCl (50 pL, 1 m) was added to stop the enzymatic
reaction, followed by the addition of seeded Ba-PEG reagent
(100 pL) to give a final volume of 0.5 mL. After 5 min, the absorb-
ance at 600 nm was measured. The rate of cleavage (umh™') was
calculated from the calibration curve and compared to the respec-
tive control assay with p-nitrophenyl sulfate, adjusted to the equiv-
alent amounts of sulfatase. All sulfated compounds were shown to
be stable under the assay conditions.

Hydrolysis of carbohydrate sulfates by fungal f-N-acetylhexosa-
minidases

General: Citrate/phosphate buffer (pH 5.0) was prepared by mixing
citric acid (24.3 mL, 0.1m) and Na,HPO, (25.7 mL, 0.2m), diluting
with water to 100 mL, and adjusting the pH to 5.0. The fungal
strains producing B-N-acetylhexosaminidases (EC 3.2.1.52) originat-
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ed from the Culture Collection of Fungi (CCF), Department of
Botany, Charles University, Prague (Czech Republic), or from the
Culture Collection of the Institute of Microbiology (CCIM), Prague
(Czech Repubilic). The strains were cultivated in submerse media as
described previously.*® Enzymes were obtained by (NH,),SO, pre-
cipitation (80% sat.) of the cultivation media, and the precipitates
were directly used for their respective reactions.

Enzyme activity assay: Reaction mixtures (V,,;=55 pL) containing p-
nitrophenyl N-acetyl-3-p-glucosaminide 10 (2 mm) and f3-N-acetyl-
hexosaminidase (0.6-0.8 mU) in citrate/phosphate buffer at pH 5.0
were incubated in microtitration plates with shaking at 35°C. After
10 min, the reaction was stopped by adding Na,CO; (150 pL, 1 m).
Liberated p-nitrophenol was detected spectrophotometrically at
420 nm (Sunrise Absorbance Reader, Tecan). One unit of enzymatic
activity was defined as the amount of enzyme that released
1 umol of p-nitrophenol per minute under the above conditions. 3-
N-Acetylhexosaminidase activity towards the carbohydrate sulfates
was determined in the same way by using 12-16 mU of enzyme.
In the case of 3-sulfate, which contained 14% p-nitrophenyl N-
acetyl-pf-p-glucosaminide (assessed by HPLC-UV), the hydrolysis
rate was monitored between 10 and 20 min after the addition of
enzyme; this ensured that all the p-nitrophenyl N-acetyl-3-p-glucos-
aminide 10 present was cleaved before the start of monitoring.
The 4-sulfate contained 1.5% p-nitrophenyl N-acetyl-p-p-glucosa-
minide (assessed by HPLC-UV), and the measured cleavage rate
was corrected correspondingly. The 2-N- and 6-sulfates were suffi-
ciently pure.
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Manipulating Cell Migration and Proliferation with a Light-

Activated Polypeptide

Danielle S. Miller,” Sara Chirayil,”’ Haydn L. Ball,”™ and Kevin J. Luebke*®

Polypeptide growth and differentiation factors modulate a wide
variety of cell behaviors and can be used to manipulate cells in
vitro for tissue engineering and basic studies of cell biology. To
emulate in vitro the spatial aspect of growth factor function,
new methods are needed to generate defined spatial gradients of
activity. Polypeptide factors that are engineered to be activated
with light provide a method for creating concentration gradients
with the fine precision in space and time with which light can be
directed. As a first test of this approach, we have chemically syn-

Introduction

Polypeptide growth factors modulate a wide variety of cellular
behaviors. Initiating their effects by binding to extracellular
receptors, they direct proliferation, migration, differentiation,
matrix remodeling, and apoptosis." They mediate communica-
tion between cells to coordinate their assembly into complex
functional tissues during normal embryogenesis, tissue mainte-
nance, and wound healing as well as in pathological conditions
such as cancer.”

The behaviors elicited by growth factors are coordinated
phenotypic programs. Growth factors stimulate groups of sig-
naling pathways to influence large-scale cell behaviors. For ex-
ample, cell migration in response to a growth factor involves
coordinated cytoskeletal alterations, changes in cell-substrate
adhesion, and extracellular matrix remodeling.” This ability to
induce large-scale behavioral and phenotypic effects makes
growth factors useful tools for manipulating cell behavior in
vitro. Thus, basic studies of cell-cell and cell-matrix interac-
tions have used growth factors to direct cell behaviors.*® Fur-
thermore, if efforts to engineer functional tissues ex vivo are to
take advantage of the natural processes of tissue develop-
ment,” they will utilize the phenotypic effects of the growth
factors that naturally coordinate these processes.

In their native biological contexts, growth factors influence
cell behavior with spatial dependence. Concentration gradi-
ents, which are formed by diffusion of the factors from local-
ized sources create spatial patterns of their effects. A concen-
tration gradient localizes the effect of a growth factor to the
region of optimal concentration. Furthermore, in some cases,
such as chemotaxis"” and biological pattern formation by
morphogens,® " the gradient itself is required for activity.

To emulate these spatial effects in vitro, a variety of tech-
nigues have been developed for creating gradients of growth
factors, including patterned immobilization,">'¥ controlled re-
lease,'*'® and printing of growth factors on gel substrates.'
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thesized a polypeptide with the sequence of epidermal growth
factor in which a critical glutamate is “caged” with a photore-
movable group. Photolysis of this polypeptide afforded maximal
mitogenic and chemokinetic activity at concentrations at which
the caged factor was inactive. Spatially resolved photolysis of the
factor resulted in spatial patterning of fibroblasts. This system
will be useful for ex vivo tissue engineering and for investigating
the interactions of cells with their matrix and the role of chemical
gradients in biological pattern formation.

However, the techniques available are limited by low spatial or
temporal resolution, a dependence on specially formulated
nonbiological substrates for cell growth, or creation of static,
immobilized gradients that, once formed, are difficult to erase
or amend. Thus, there is a need for methods that allow dynam-
ic, high-resolution creation of growth factor gradients without
dependence on a particular substrate. To fill this need, we are
exploring the use of caged growth factors.

Photocaging is an approach to controlling protein activity
with high precision in space and time.”*? In this approach, a
photolabile protective group masks a critical functional ele-
ment of the protein, yielding an inactive species. Photolysis of
the masking group “uncages” the protein in its active composi-
tion. This activation can be controlled with the high spatial
precision with which light can be directed (<1 um).®¥ Thus,
we consider creation and utilization of caged growth factors to
be a promising approach to directing cell behavior. A photo-
caged factor that is delivered to a two- or three-dimensional
culture of cells can be activated by photolysis in a defined
region at the desired time and washed away when its effects
are no longer desired.
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Results and Discussion

Synthesis of light-activated EGF-based polypeptide

Native human epidermal growth factor (EGF) is a polypeptide
of 53 residues (Scheme 1A).B% It has mitotic, chemokinetic,

A)

NSDSECPLSHDGYCLHDGVCMYIEALD
KYACNCWGYIGERCQYRDLKWWELR

NO, €H; o

0
-0

Fmoc”

Scheme 1. Incorporation of caged glutamate into human EGF. A) Sequence
of human EGF with the critical glutamate in bold type. B) Caged glutamate
for incorporation into EGF at position 40 by solid-phase peptide synthesis.

and chemotactic effects on a wide range of cell types.*>=8 We
have created a light-activated polypeptide by synthesizing the
EGF sequence with a photolabile protective group on the side
chain of glutamate 40. Mutation of this side chain to a gluta-
mine has been shown to result in a fourfold decrease in recep-
tor-binding activity.*” Thus, we speculated that placement of a
protective group on this glutamate would interfere with recep-
tor binding by masking the carboxylate side chain of that resi-
due.

We synthesized the protected peptide by incorporation of a
photoprotected glutamate monomer (Scheme 1B) during
solid-phase peptide synthesis. The caged glutamate derivative
that we employed was stable to the conditions of Fmoc solid-
phase peptide synthesis. The presence of the a-nitropiperonyl
protective group in the full-length product was confirmed by
matrix-assisted laser desorption ionization mass spectrometry
(MALDI MS).

Removal of this protective group was observed chromato-
graphically (Figure 1A). The HPLC trace of the starting material
was a double peak with a shoulder, despite multiple rounds of
HPLC purification. The double peak might be due to the pres-
ence of two poorly resolved diastereoisomers originating from
the racemic protective group. The persistence of the shoulder
through multiple rounds of purification suggests that it is an
alternatively folded form of the polypeptide in equilibrium
with the predominant fold. Irradiation with near-UV light
(365 nm) produced a single product peak that appeared at ap-
proximately the same rate as the disappearance of the starting
material, with a half-life of 36 s at 30 mWcm™2 (Figure 1). The
molecular weight of the photolysis product was determined
by MALDI MS and was consistent with removal of the protec-
tive group (see the Supporting Information). The following ex-
periments demonstrate that the photolyzed material has bio-
logical activity that is qualitatively similar to that of EGF.
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Figure 1. Photolysis of caged EGF. A) Chromatograms of caged EGF and pho-
tolysis products at 0, 30, and 300 s photolysis as indicated. MALDI-MS of the
peak in the 0 s chromatogram m/z 6412, expected for caged EGF m/z 6414.
MALDI-MS for product peak m/z 6222, expected for EGF m/z 6222 (In both
cases expected masses assume no formation of disulfide bonds). B) Peak
areas of starting material (#) and photolysis product (e) relative to internal
reference peak as a function of photolysis time; C) In(relative peak area) of
the starting material vs. photolysis time. The half-life of photolysis was cal-
culated by linear regression analysis of this plot (t,,=In0.5/slope).

Cell proliferation stimulated by light-activated EGF

To assess the effect of photocaging on the mitogenic activity
of the polypeptide, we measured the factor’s ability to stimu-
late proliferation of fibroblasts. The caged factor was added to
a culture of fibroblasts, and it was added after complete pho-
tolysis to a separate culture of fibroblasts. In control experi-
ments, a commercially obtained sample of native recombinant

ChemBioChem 2009, 10, 577 - 584



www.chembiochem.org



Light-Activated EGF

human EGF or no growth factor was added to separate cul-
tures. The mean cell density in each culture as a function of
time was determined (Figure 2A). The caged polypeptide did

A)
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A Caged polypeptide
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Figure 2. Cell proliferation was stimulated by caged polypeptide; before and
after photolysis. A) Time course of proliferation of NIH/3T3 fibroblasts.
Growth factor concentration was 50 ngmL~' when present. B) Concentration
dependence of polypeptide-stimulated proliferation of NIH/3T3 fibroblasts
before and after photolysis. Error bars in A) and B) are 95% confidence inter-
vals for mean cell counts in 20 microscopic fields.

not stimulate proliferation of the fibroblasts at the concentra-
tion tested (50 ngmL™"); the cell density decreased slightly as
a function of time to an extent similar to that in the factor-free
negative control. However, after photolysis, the uncaged syn-
thetic growth factor stimulated proliferation of the fibroblasts
to an extent similar to that stimulated by recombinant EGF.

The concentration dependence of polypeptide-stimulated
proliferation before and after photolytic uncaging is shown in
Figure 2B. A portion of a stock solution of protected EGF was
photolyzed to completion. Photolyzed and unphotolyzed
factor were then added at varying dilutions to cultures of fibro-
blasts, which were incubated for 72 h prior to determination
of the mean cell density. At sufficiently high concentrations
(>80 ngmL™"), both the caged polypeptide and its photolysis
product stimulated proliferation of fibroblasts. However, over
the concentration range of 25-50 ngmL~', the unphotolyzed
growth factor displayed little or no activity, whereas the photo-
lyzed factor displayed near-maximal activity.

ChemBioChem 2009, 10, 577 - 584
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Cell migration is stimulated by light-activated EGF

We have tested the activity of the caged polypeptide before
and after photolysis for stimulating migration of human
dermal fibroblasts. Cell migration was observed qualitatively
with a “scratch-wound” assay™*'" (Figure 3). A confluent cul-
ture of fibroblasts was scratched to create a cell-free region.
Cell movement was observed as the cells migrated to fill in the
scratch. The caged polypeptide stimulated little migration,
comparable to a control experiment with no growth factor.
However, the same material after photolysis stimulated sub-
stantially more “healing” of the scratch.

No growth factor

Recombinant EGF

1.8 mm

Figure 3. Scratch-wound assay for EGF-induced migration of human dermal
fibroblasts. Photomicrographs of representative regions of scratch-wounds
at the indicated times. Vertical lines indicate the alignment of the 0 h image
and the 49 h image. Scratch-wounded cultures of fibroblasts were incubated
with medium that contained the indicated growth factor: photoprotected
(caged) polypeptide, caged polypeptide following photolysis, recombinant
(commercial) EGF, or no growth factor. In all experiments that contained
growth factor, it was present at 1 ngmL™', which was chosen because the
chemokinetic activity of EGF toward fibroblasts decreases at concentrations
above 1 ngmL~'."
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Cell migration was assessed quantitatively by using the
Boyden chamber method,”” in which the number of cells mi-
grating through a porous membrane is determined. Different
initial growth factor concentrations on opposite sides of the
membrane create a gradient to which the cells can respond
chemotactically or chemokinetically. The chamber in which the
cells were seeded initially contained growth-factor-free
medium, and the chamber on the other side of the membrane
initially contained 1 ngmL™" polypeptide. Parallel experiments
were done with caged polypeptide, caged polypeptide after
complete photolysis, and in control experiments, recombinant
native EGF, or no growth factor (Figure 4).

1801

1601
140
T 120]
21001
801
601

40/
201
o 3 " Defined |

Caged Photolyzed Medium

Cellsm

Native EGF

Figure 4. Boyden chamber assay for fibroblast migration stimulated by
caged and light-activated polypeptide. Each value is the mean number for
cells migrated on six separate membranes, and error bars are standard de-
viations in the mean.

Consistent with the scratch-wound assay, the caged poly-
peptide is almost completely inactive in the Boyden chamber
assay; the number of cells migrating in its presence are within
experimental error of the number of cells migrating in the
absence of any growth factor. Furthermore, photolysis of the
caged polypeptide resulted in a substantial increase (P<
0.0002) in the ability to stimulate cell migration. Though MS
and HPLC analysis indicated that photolysis had been carried
out to completion, the photolyzed material did not stimulate
migration as effectively as the fivefold increase in cell migra-
tion brought about by native EGF. Nevertheless, photocaging
clearly affords a method for triggering its ability to stimulate
cell migration.

Light-directed spatial patterning of polypeptide activity

Whereas many of the effects that have been sought previously
with light-triggered molecules are rapid, the large-scale pheno-
typic effects of growth factors, are apparent after time periods
of hours to days. The active factor must be present, at least in-
termittently,*? during this period. Therefore, to spatially con-
trol the effects of the light-activated polypeptide, it was neces-
sary to maintain a gradient in its concentration over a time
period of that magnitude, despite diffusion on a more rapid
timescale. Continuous activation of the growth factor in the
desired region was not possible, because continuous irradia-
tion with near-UV light at relevant power levels killed the cells
(data not shown). Therefore, we repetitively established a gra-
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dient by intermittently activating growth factor in the desired
region.

Fibroblasts were seeded uniformly on a glass window of the
culture device and allowed to adhere and spread. Defined
medium that contained caged polypeptide (40 ngmL™") was
delivered to the culture, and a region of the culture was illumi-
nated intermittently. lllumination times for activation (see cap-
tion of Figure 5) were chosen based on the relationship of con-

llluminated region

Figure 5. Spatially resolved activation of light-activated epidermal growth
factor. A) Photomicrograph of a culture of NIH/3T3 fibroblasts treated with
light-activated polypeptide. Cells were initially seeded at a density of 20
cells per mm? and allowed to adhere and spread before delivery of caged
polypeptide and illumination. The indicated vertical strip, 340 um wide, was
illuminated for 90 s, followed by a 6 min wait, then a second pulse of illumi-
nation for 30 s. This regimen of illumination was repeated once every hour.
The medium containing caged polypeptide was replaced every four hours,
followed by a 30 min wait for the system to equilibrate before resuming the
hourly illumination regimen. This regimen was maintained throughout the
three-day experiment. The large dark features are aggregates of non-adher-
ent spheroidal cells, presumed to be nonviable. Scale bar: 100 pm. B) En-
larged view of a portion of (A) with phase contrast. Scale bar: 50 um.

centration to proliferative activity in Figure 2B, the expectation
that the photolysis rate would be linearly related to the light
power™ and an estimate of the diffusion coefficient of the
EGF in aqueous medium of 107° cm?s.* Preliminary experi-
ments confirmed survival and normal proliferation of the cells
with the chosen light regimen (data not shown). In our model
for this process, as activated growth factor diffused out of the
illuminated area, thereby diminishing the gradient, caged
growth factor diffused into the illuminated area from the sur-
rounding volume of the culture chamber and became available
for photolysis. As the caged factor was depleted, the gradient
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that could be produced became shallower, so the medium was
replaced regularly. The illumination and fluid replacement were
automated to make the procedure reproducible and conven-
ient.

The result after three days is shown in Figure 5. A clear band
of cells (ca. 300 um wide) is visible in the position of illumina-
tion. The nonuniformity of the cell density within this band is
comparable to that typically seen in nonconfluent cultures of
this cell type. A general alignment of cells along the edge of
this band is noteworthy, though the origin of this effect is not
clear. Outside of the illuminated region, few spread cells
remain, and a low density of spheroidal cells decreases with
increasing distance from the illuminated region. In control
experiments, no illumination-dependent variations in cell distri-
bution were observed when recombinant EGF was used in-
stead of the caged polypeptide. The cells remained spread and
proliferated uniformly across the surface. Also, when growth
factor was omitted entirely from the medium, few cells sur-
vived for three days, instead a low density of spread and
spheroidal cells was distributed without illumination-depen-
dent variation. When the light-activated factor was used, but
cells were omitted from the chamber until after the three day
period of illumination, seeded cells did not adhere preferential-
ly in the illuminated region; this suggests that the illumina-
tion-dependent density of cells was not due to immobilization
of the polypeptide on the surface. Taken together, these con-
trol experiments indicate that the illumination-dependent var-
iation in cell density is due to localized activation of diffusible
polypeptide.

The pattern of cells created in this experiment confirms that
repetitive, localized activation of a diffusible polypeptide factor
can have localized effects on cell behavior. It suggests that
activity is established after photolysis (including any conforma-
tional changes required for activity) on a timescale that allows
a significant gradient in activity despite ongoing diffusion. The
chemokinetic activity of EGF toward fibroblasts is partly che-
motactic,® and both chemotactic migration of cells toward
the illuminated area and increased survival and proliferation of
cells within the illuminated region might contribute to the cre-
ation of this pattern.

Conclusions

A variety of proteins have been created previously in a light-
activated form by caging critical functional groups, often to in-
tervene within signal-transduction pathways,”"?*? to control
rapid and transient processes such as ion channel gating®"
and cytoskeletal rearrangement,”” or to control membrane
permeability®™ (see refs. [48] and [49] for comprehensive re-
views). Caged proteins have not been previously made that
affect the global behavioral changes, such as migration and
proliferation of populations of cells, that are influenced by
growth factors. (For a short light-activated peptide designed to
control lymphocyte migration see ref.[50].) Light-activation
provides an approach to spatially resolved “remote-control” of
such behaviors. Growth factors exert their effects extracellular-
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ly, obviating the need for intracellular delivery or endogenous
expression of the modified protein.”"

Both the mitogenic and chemokinetic activities of our poly-
peptide were clearly affected by the presence of the caging
group on the masked glutamate. In both cases, concentrations
were easily found where the caged factor had negligible activi-
ty and the photolyzed factor had substantial or near maximal
activity. The concentration required for half-maximal activity in
stimulating cell proliferation decreased by a factor of three
upon photolysis; this is consistent with the fourfold difference
of receptor-binding affinity between native EGF and the E40Q
mutant of EGF"

Other light-activated proteins and polypeptides that have
been reported vary widely in the ratio of their uncaged-to-
caged activity. Several examples have been reported for which
this ratio is three- to fourfold,?**>*3 which is similar to the
threefold difference we observe in concentration for half-maxi-
mal activity. Other reported light-activated proteins also vary
widely in the amount of activity recovered on photolysis.
These parameters depend in part on the nature of the poly-
peptide being engineered and are best evaluated by the use-
fulness of the resulting polypeptide for manipulating biological
response.*® We have demonstrated the use of our light-acti-
vated peptide for patterning live cells on an unpatterned sub-
strate, an important challenge in tissue engineering and stud-
ies of cell-cell and cell-substrate interactions. We were able to
harness the threefold difference in concentration for half-maxi-
mal activity for this purpose, because the cell response is not
linear with respect to concentration. Thus, at rationally chosen
polypeptide concentrations, photolysis creates a steep gradi-
ent in activity between illuminated and unilluminated regions.

Other growth factors in light-activated form will be useful
for spatial and temporal control of cell behavior for studies of
cell-cell and cell-matrix interactions and in tissue engineering.
This methodology can be applied to many different growth
factors with a wide range of phenotypic effects and cell-type
specificities. A considerable body of structural and mutagene-
sis data is available for many growth factors, allowing for ra-
tional choices of residues to mask. The nonlinear relationship
between concentration and activity that enhances the attaina-
ble gradient in activity is characteristic of most growth factors.
Though most growth and differentiation factors are larger than
EGF, native chemical ligation can be applied to the synthesis of
these polypeptides. The effectiveness of native chemical liga-
tion for the synthesis of light-activated polypeptides® under-
scores the accessibility of this technique to growth factors that
are too large for direct synthesis by solid-phase peptide syn-
thesis, which requires ligation of caged fragments with other
polypeptides or expressed proteins.*

In addition to extending this methodology to more growth
factors, it will be desirable to extend it to three-dimensional
contexts. In biological tissues, cells are normally found within a
three-dimensional extracellular matrix, and it is well known
that cells exhibit different behavior in three-dimensional cul-
tures than when residing on flat surfaces.”>>® Furthermore,
the central challenges of ex vivo tissue engineering involve
creation of three-dimensional tissue constructs.”® A transpar-
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ent matrix for cell growth, such as natural collagen or fibrin
gels, will allow activation by light of a soluble factor and will
have the benefit of slowing diffusion. High resolution of three-
dimensional photochemical control has been demonstrated by
using multiple caging groups®” or a protective group with a
high two-photon cross section.”” Caging groups that can be
removed with two photons of infrared light have the addition-
al advantage that infrared light penetrates the compacted ma-
trices of normal tissues more efficiently than ultraviolet light
does."®?

This report describes a light-activated protein that affords
“remote control” of large-scale behaviors of cell populations.
Cell migration and proliferation, behaviors that occur on the
size scale of tissue organization, can be controlled in time and
space with this light-activated growth factor. The factor is dif-
fusible and presumably acts on an extracellular receptor. Thus,
neither direct manipulation of individual cells, such as microin-
jection, nor chemical manipulation of the substrate, such as
spatial patterning, is required. Because the growth factor may
diffuse on a timescale faster than the timescale of the behavio-
ral changes it evokes, effective spatial gradients of the active
factor can be maintained by repetitive photolytic activation in
the desired region. Light-activated growth factors and the gen-
eral methodology of using light-activated growth and differen-
tiation factors to manipulate cell behaviors have the potential
to be useful in basic studies of the cell-cell and cell-matrix in-
teractions that direct tissue growth and maintenance. In addi-
tion, the large number of growth factors and different growth-
factor-induced cellular behaviors, the high degree of spatial
and temporal resolution that can be obtained with photo-
chemistry, and the dynamic nature of using soluble factors
suggest potential for this technique to organize cells for tissue
engineering.

Experimental Section

General: 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU), hydroxybenzotriazole (HOBt), Fmoc arg-
(Pmc) Wang resin, and amino acids were from Novabiochem. S-Tri-
tylmercaptopropionic acid was from Peptides International (Louis-
ville, KY,USA). N,N-diisopropylethylamine (DIEA), diisopropylcarbo-
diimide (DIC), dicyclohexylcarbodiimide (DCC), N-methylmorpholine
(NMM), 4-dimethylaminopyridine (DMAP), piperidine, trifluoroacetic
acid (TFA), ethanedithiol, thioanisole, phenol, and triisopropylsilane
were from Aldrich. Methylbenzhydrylamine (MBHA) resin was from
Anaspec. 9-fluorenylmethyl chloroformate was from Fluka. Fmoc
amide resin was from Applied Biosystems. N-methylpyrrolidinone
(NMP), dimethylformamide (DMF) and HPLC grade acetonitrile
(MeCN) and CH,Cl, were from EMD (Gibbstown, NJ, USA). MALDI-
MS was performed on a Micromass L/R reflectron instrument
(Waters Corp.) or a Voyager DE Pro (ABI, Carlsbad, CA, USA), by
using a-cyano-4-hydroxycinnamic acid (Agilent) as a matrix.

Synthesis of caged glutamate: Caged, Fmoc-protected glutamate
for peptide synthesis (Figure 1B) was synthesized by using stan-
dard reactions, which are described in detail in the Supporting In-
formation. Briefly, the protecting group, (R.S)-1-(3,4-(methylene-
dioxy)-6-nitrophenyl)ethanol ,"? was coupled with N-Boc-gluta-
mate-a-tert-butyl ester by using DCC and DMAP. The t-Boc and
tert-butyl protective groups were removed with TFA. To finally pro-

582

www.chembiochem.org

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

K. J. Luebke et al.

tect the amine for Fmoc peptide synthesis, the photoprotected
amino acid was reacted with 9-fluorenylmethyl chloroformate. The
final product and each intermediate were characterized by 'H NMR
([Dg]DMSO, 400 MHz, data in the Supporting Information). The final
product was also confirmed by mass spectrometry; ESI MS m/z
caled for C,oH,6N,040: 562.53 [M+H]*; found: 563.32.

Synthesis of caged polypeptide: Synthesis of caged EGF was car-
ried out in a single linear synthesis (50 pmol scale) by using stan-
dard methodology (details in the Supporting Information) and
purified by reversed-phase HPLC (C4 column). The final purified
product was characterized by MALDI-MS. Typical yield of purified
material was 5-10 mg.

Photolysis of caged polypeptide: Photolysis of caged EGF for
time course experiments and tissue culture experiments without
patterned illumination was carried out in a quartz cuvette (1 cm
path length) by using a Hg/Xe arc lamp with an interference filter
that had a maximum transmission at 365 nm and peak width at
half height of 10 nm. Light power at the position of the cuvette
was measured with an OAI306 powermeter (Optical Associates,
Inc., San Jose, CA, USA). The cuvette was positioned to provide
power flux of 15-30 mWcm 2 The concentration of the peptide
solution was determined from its absorbance at 280 nm of an ali-
quot (e=11200m 'cm™"). The photolysis rate was determined for
a 200 pgmL~' solution of the EGF polypeptide in a total initial
volume of 1.2 mL 20% (v/v) MeCN in H,O. The solution contained
an internal reference peptide with sequence WYPYDVPYA
(0.5 mgmL™"). Analysis was by HPLC (BioCad Sprint, C4 column).
Buffer A was 0.1% TFA in H,O; buffer B was 0.1% TFA in MeCN. A
linear gradient was applied from 20% B to 80% B over 42 min
(1 mLmin™"). Detection was at 220 nm. Peak areas for starting ma-
terial and photolysis product were normalized relative to the inter-
nal reference. Photolysis for cell culture experiments was carried
out in aqueous solution (30 min), and removal of the photolabile
group was confirmed by MALDI-MS.

General cell culture: Tissue culture experiments used NIH/3T3 fi-
broblasts (ATCC, CRL-1658) or human foreskin fibroblasts (ATCC,
CRL-2522). Fibroblasts were maintained at 37°C in an atmosphere
of 5% CO, in DMEM (Invitrogen) that contained 10% heat-inacti-
vated fetal bovine serum (Invitrogen). Cells were removed from
culture dishes by treatment with trypsin (Invitrogen). Human fore-
skin fibroblasts were used prior to 30 doublings. Defined medium
was composed of RPMI (Invitrogen), 1x SPIT (Sigma), and 1Xx
Serum Replacement 1 (Sigma). Recombinant human EGF was from
Sigma.

Analysis of proliferative activity: Cells (NIH/3T3) were seeded in
10 cm polystyrene culture dishes at a density of 20 cells per mm?,
and incubated in defined medium without growth factor or serum
for 16 h prior to addition of growth factor. Cells were counted by
microscopic visualization (100x magnification) in 20 randomly se-
lected fields for each dish. Only adherent, nonspheroidal cells were
counted.

Cell mobility assays: For scratch-wound assays, cells were seeded
in polystyrene tissue culture dishes (2.2 cm diameter) at a density
of 80 cells per mm? in DMEM that contained 10% heat-inactivated
fetal bovine serum, then allowed to proliferate to confluency. Each
dish was subsequently washed with defined medium (no growth
factor; 2x2 mL) and allowed to incubate under serum-starved con-
ditions for 16 h at 37°C. A scratch that was approximately 1.5 mm
wide was made with the small end of a sterile pipet tip. The cul-
ture was washed with defined medium (3x2 mL) prior to addition
of assay medium (1 mL).
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A 24-well transwell device (Corning) was used to quantitate cell mi-
gration with the Boyden chamber method.”? Human dermal fibro-
blasts were seeded in the upper chamber of the transwell device
(5000 cells per well), that was separated from the lower chamber
by a collagen-coated polycarbonate filter (8 um pores). The upper
chamber initially contained defined medium without growth
factor. Defined medium that contained the factor to be tested was
in the lower chamber. After 4 h at 37 °C, the cells on the upper sur-
face of the filter membrane were removed with a cotton swab and
cells remaining on the lower surface were fixed with EtOH. The
membrane was removed from the chamber and stained with
azure A, eosin Y, and methylene blue for counting.

Automated delivery and spatially defined activation of caged
polypeptide: Spatially resolved activation of caged polypeptide
was done in a device of our construction that coordinated delivery
of media to tissue culture with spatially directed illumination. The
tissue culture cell was a closed Teflon chamber with glass windows
on opposite faces, which allowed the projection of light into the
culture and microscopic examination. The lower window served as
substrate for cell growth. The temperature of the chamber was
regulated with resistive heaters thermostatically controlled, moni-
tored with a thermocouple. Media were delivered to the chamber
at a flow rate of 0.5 mLmin~" by peristaltic pump from refrigerated
bottles equilibrated with 5% CO,. The fluid volume in the culture
cell was 1.5 mL, and covered an area of 3.1 cm” The culture was
illuminated with the output from a Hg/Xe lamp with the power
adjusted to deliver 12 mWcm™ to the flow cell. The rectangular
pattern of illumination was defined by a physical mask placed in
contact with the outside of the substrate window of the flow cell.
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