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Activity-Based Protein Profiling: New Developments and
Directions in Functional Proteomics
Mahesh Uttamchandani,[c] Junqi Li,[b] Hongyan Sun,[b] and Shao Q. Yao*[a, b]


Introduction


Advancement of methodologies in DNA sequencing will soon
bring the $1000 genome to realisation.[1] This will hide little in
terms of the genetic differences that set organisms or individu-
als apart. While these movements accelerate the pace by
which complete genomes are unravelled (with over 680 ge-
nomes sequenced thus far),[2] there is a widening gap in deci-
phering the functions of the many proteins they encode.[3,4]


The 24500 reading frames in the human genome[5] could
alone generate up to a million diverse protein entities,[6]


through processes like alternative gene splicing and post-
translational modifications.[7] The field of proteomics strives to
develop global methods for the analysis of protein expression
and function at an organism/system-wide level, and dissect
the complex dynamics of the protein ecosystem.[8] Platforms
like two-dimensional gel electrophoresis[9] and mass spectrom-
etry (enhanced with chromatographic separations—MudPIT,[10]


or isotope coding—ICAT[11]) provide valuable insight by quanti-
tatively resolving differences in protein abundance. They fur-
ther enable biological samples, such as cellular extracts, tissues
or even whole organisms, to be comparatively evaluated in
high-throughput. These methods, however, lack the inherent
ability to profile and distinguish proteins according to their
actual biological activities or functional state, which has more
important bearings on understanding the implications of these
macromolecules in vivo.[12,13] This has prompted the develop-
ment of alternative strategies for the discovery and characteri-
sation of enzyme activities within highly complex biological
samples.


Activity-based protein profiling presents great promise in at-
tempting to address some of these issues by delivering a vital
capacity to characterise the activities of enzymes en
masse.[7,8,12–14] At the heart of this profiling strategy lies the ac-
tivity-based probe (ABP) that is only responsive to catalytically


active enzymes and not the inhibited or zymogen (precursor)
forms. Since its introduction in the late 1990s, creative designs
have expanded the arsenal of these small-molecule probes
against diverse classes of enzymes, which range from proteas-
es (serine,[15] cysteine,[16,17] aspartic,[18,19] metallo[20,21,22]) to glyco-
sidases,[23] kinases,[24] phosphatases[25,26] and many others. ABPs
rely on the principle of targeting the enzyme active site by
using a specially designed “warhead”. These magic bullets
attach themselves covalently to the enzyme, and allow the
enzyme adduct to be visualised or isolated and identified.
ABPs can be tuned to desired levels of selectivity through
modifications to the warhead; this allows a wide spectrum of
broadly specific (mechanistically diverse) or narrowly specific
(highly homologous) enzymes to be analysed rapidly in the
presence of competing proteins or extracts. The majority of
ABPs thus comprise: 1) a warhead (or reactive group) that tar-
gets the probe to the enzyme active site, 2) a flexible linker
that is decorated with 3) a reporter tag—typically a dye for
fluorescence-based visualisation or a tag (like biotin) for isola-
tion, purification and characterisation (Figure 1A).
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Proteomic screening has become increasingly insightful with the
availability of novel analytical tools and technologies. Detailed
analysis and integration of the profound datasets attained from
comprehensive profiling studies are enabling researchers to dig
deeper into the foundations of genomic and proteomic networks,
towards a clearer understanding of the intricate cellular circui-
tries they manifest. The major difficulty often lies in correlating
the patho/physiological state presented with the underlying bio-
logical mechanisms; therefore, identification of causal variants as
therapeutic targets is extremely important. Herein, we will de-


scribe methods that address this challenge through activity-
based protein profiling, which applies chemical probes to the
comparison and monitoring of protein dynamics across complex
proteomes. Over recent years such activity-based probes have
been creatively augmented with applications in gel-based separa-
tions, microarrays and in vivo imaging. These developments offer
a newfound ability to characterise and differentiate cells, tissues
and proteomes through activity-dependent signatures; this has
expanded the scope and impact of activity-based probes in bio-
medical research.
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ABPs can be classified as either mechanism-based or affinity-
based, depending on the mode by which the covalent linkage
with the enzyme is established. Mechanism-based probes con-
tain warheads that are chemically converted into reactive spe-
cies by the cognate enzyme.[14] These probes do not require
additional binding elements. In contrast, the warhead of affini-
ty-based probes merely localises it to the enzyme active site;
this necessitates a separate binding element (like a photo-
cross-linking group) within the probe, to effect covalent label-
ling. There are two strategies in employing ABPs, which again
draw from the design of the warhead, namely directed ap-
proaches, which target specific classes of enzymes, or nondir-
ected approaches, which profile multiple enzyme classes simul-
taneously. Directed approaches exploit the mechanistic under-
standing of the enzyme for the controlled and predictable tar-
geting of the desired protein class. Classical examples of such
activity-based protein profiling approaches include the study
of serine hydrolases by using fluorophosphonate probes[15, 27]


and cysteine proteases with epoxy-based derivatives.[16] The
nondirected approach, on the other hand, involves the synthe-
sis of structurally diverse candidate probe libraries that are


screened against the proteome for multiple activity-dependent
labelling events. Various ABPs have been developed for such
whole proteome analysis, including early studies by Adam
et al. that successfully differentiated various tissue samples by
labelling with sulfonate ester probe libraries followed by fluo-
rescence visualisation on gel.[28]


Using specific examples, we will showcase the range of avail-
able ABPs and their applications in functional proteomics (Fig-
ure 1B). The creative use of ABPs reveals details of the mech-
ACHTUNGTRENNUNGanisms, active-site architecture, substrate/inhibitor selectivity
and functional roles of enzymes within biological systems.[12,29]


We shall begin by exploring the considerations that impact the
design of these small-molecule ABPs, and illustrate the ways in
which they have been exploited recently.[30]


Design Strategies for ABPs


The incorporation of a biologically active small-molecule war-
head within a multifunctional probe involves several challeng-
ing tasks. Careful synthetic planning is required to incorporate
functional components (like the tags or fluorophores) with po-
tentially sensitive functional groups in the warhead. The size
and cell permeability are also crucial considerations, especially
for probes that are to be used in vivo for tracking or imaging.
The design of the warhead, however, remains the most crucial
and difficult part of the probe-design process; the various
available approaches are highlighted in the following para-
graphs.


One strategy in warhead design is to use a substrate mimic
that contains an electrophilic group that can react covalently
with a nucleophilic active-site residue that is essential for the
catalytic activity of the enzyme (Figure 2). In a recent example
of this approach, Cole and co-workers designed a mimic of
acetyl CoA that functions as a general probe for labelling ace-
tyltransferases—a class of enzymes with little structural homol-
ogy across the family, but which collectively require acetyl CoA
for activity.[31] Unlike a fluoroacetonyl CoA probe that cross re-
acted with kinases, the authors went on to design a sulfoxycar-
bonyl CoA variant that was found to more specifically target
acetyltransferases (1). The transfer of a desthiobiotin affinity
handle onto the active site cysteine residue allowed the en-
zymes to be selectively tagged and detected, even in cellular
extracts. Zhang and co-workers synthesised and tested a-bro-
mobenzylphosphonate-based probes that could form covalent
adducts with protein tyrosine phosphatases (PTPs) but not
other phosphatases (2).[26] The high specificity of the probe al-
lowed the detection of PTPs in cell lysates and it was applied
to the profiling of PTP expression across normal and cancer
cell lines. Such comparative approaches could lead to the iden-
tification of therapeutic targets or diagnostic biomarkers. In a
nondirected combinatorial approach to profiling by ABPs, Bar-
glow and Cravatt identified a probe for the nitrilase superfami-
ly (a class of enzymes that cleave C�N bonds by using a Cys-
Lys-Glu catalytic triad). A chloroacetamide moiety (as the Cys-
reactive group) linked with a Leu-Asp peptide motif were dis-
covered to effectively target members of the nitrilase family,
ACHTUNGTRENNUNGincluding nitrilase 2 and ureidoproprionase b (3).[32] A similar


Figure 1. A) The configuration of an activity-based probe (ABP). The warhead
contains a reactive group or a binding group that targets the ABP to the
active site of enzymes; FP: fluorophosphonate, AOMK: acyloxymethyl ke-
tones. B) The diverse scales of proteomes that can be profiled and examples
of applications of ABPs. This includes one dimensional SDS-PAGE separation
and fluorescence visualisation, MS-based target discovery and microscopy to
localise the target enzyme in vivo.
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strategy has been adopted in the design of ABPs against ubiq-
uitin-specific proteases, and for the study of their specificity,
activity and localisation.[33]


There are other classes of ABPs that are also designed to
react covalently with enzymes by mimicking substrate design.
The target enzymes act on these probes and form a reactive
intermediate, which goes on to react with a proximal nucleo-
philic residue in the enzyme active site and covalently links the
probe and enzyme. A number of probes based on the quinol-
ACHTUNGTRENNUNGimine or quinine methide reactive intermediate have found
ACHTUNGTRENNUNGinteresting applications in protein profiling and detection
(Figure 2). Our group has demonstrated the use of a panel of
such probes that target the major classes of proteases in pro-
tease fingerprinting experiments.[34,35] Sixteen probes contain-
ing different P1 amino acid residues[36] were assembled and as-
sayed against a variety of proteases, including serine, cysteine,
aspartic and metalloproteases (4). By quantifying the different
labelling intensities with each probe, we generated unique
substrate fingerprints for each enzyme (Figure 3A).[34] Lu et al.
have also applied quinone methides in the development of
probes against neuramidase—the exoglycosidase displayed on
the surface of influenza viruses that promotes virulence (5).[37]


The probes were shown to be able to label whole virus parti-
cles and even capture the virus particles on 96-well ELISA
plates. A similar design was used in ABPs developed against
sulfatases (6).[38]


Another concept frequently adopted in the design of ABPs
is the modification of irreversible inhibitors with the addition
of linkers and relevant fluorescent or affinity tags. Known irre-
versible inhibitors have the advantage of serving both as the
reactive group and the recognition element, and confer the re-
quired selectively to the ABP. In one such example ABPs for
protein arginine deiminase 4 (PAD4, an enzyme implicated in
rheumatoid arthritis) were synthesised by tagging known hal-
oacetamidine-based inactivators of PAD4 with a rhodamine
dye (7).[39] This modification of the original fluoro- and chloro-
ACHTUNGTRENNUNGamidine inhibitors did not compromise their potency. It was
also found that the fluoroamidine probe was able to target
only the active form of the enzyme with high selectivity.


Given the success of using well-characterised inhibitors as
reactive groups in proteolytic enzymes, researchers now en-
deavour to develop probes that are selective for subfamilies of
proteins. This could provide a useful tool in pointed assess-
ments of a desired panel of enzymes for imaging, functional


Figure 2. Warhead design of activity-based probes (ABPs). A variety of electrophilic and quinone or quinolimine methide-based warheads have been designed
against different classes of enzymes.
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annotation or comparative pro-
teomics. With this objective,
Baruch et al. have developed
ABPs specific for the trypsin
subfamily of serine proteases,
by taking advantage of the di-
phenylphosphonate scaffold
(8).[40] In other examples, ABPs
with added peptide-recognition
elements, which contribute ad-
ditional binding interactions
with the protease active site,
have been found to be effective
in selectively targeting cysteine
proteases like cathepsin C,[41]


the broader papain family[42] as
well as caspases.[43,44] The same
success has been achieved by
using zinc-binding hydroxa-
mate-based derivatives against
matrix metalloproteases, by
modifying the neighbouring
prime sites with natural or un-
natural amino acids[45] and sim-
ACHTUNGTRENNUNGilarly so with g-secretases.[46]


These accomplishments herald
the growing ability to design
selective ABPs against almost
any class of enzyme with con-
trolled targeting precision.


Affinity-based ABPs that uti-
lise reversible inhibitors in the
design of the probe warhead
have also been developed. For
enzymes like metalloproteases,
for which the hydrolysis of sub-
strates does not involve inter-


Figure 3. Applications of activity-based
protein profiling. A) Gel-based applica-
tions. Top: comparative proteomics
across different tissues or proteome
sources,[60] or comparison of enzyme
properties through screening against a
panel of probes;[34] bottom: concentra-
tion-dependent application of inhibi-
tors allows the determination of rela-
tive potency against a range of en-
zymes simultaneously (provided that a
broad spectrum ABP is used for label-
ling).[61, 62] B) Microarray-based applica-
tions. Top: application of an antibody
microarray to detect positively labelled
enzymes in cell lysates;[67] bottom: the
use of a reciprocal labelling strategy to
elucidate activity-based protein finger-
prints.[72] C) In vivo applications: the
use of a quenched acyloxymethyl
ketone warhead (that targets cysteine
proteases) in localising enzymatic ac-
tivities in live cells.[74]
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mediates that are transiently linked with the enzyme, it is diffi-
cult to design probes based on substrate mimics. As described
earlier, cross-linking groups have to be incorporated into such
ABPs to provide covalent attachment to the enzyme by UV ir-
radiation. These ABPs typically employ a modified reversible in-
hibitor as the recognition element to deliver the probe to the
active site. Several groups, including ours, have successfully de-
veloped such ABPs for metalloproteases[20,21,22] and aspartic
proteases.[19] Recently, similar probes for histone deacetylases[47]


and methionine aminopeptidases[48] have been reported.


Click chemistry based design concepts


To increase the versatility and synthetic convenience of deploy-
ing ABPs in both protein visualisation and/or isolation, several
groups have conceived the use of “clickable” handles
to incorporate reporter groups postlabelling. In these
cases, the probe and tag are each engineered with a
complementary pair of small, orthogonally reactive
chemical entities (Figure 2). Staudinger ligation,
which covalently links a phosphane and azido
groups, or Huisgen’s 1,3-dipolar cycloaddition be-
tween an alkyne and azide, are examples of such
click-chemistry approaches. A desirable feature of
this method is that it reduces the size of the ABP—
the incorporation of large fluorophores or tags at the
outset can inhibit the delivery of the probe into the
cell. Such a two-step labelling approach could thus
provide the desirable utility for studying biologically
relevant systems in their native state.


Speers et al. applied this strategy to compare dif-
ferences in enzyme activities between invasive and
noninvasive breast cancer cells.[49] It was found that
the placement of the alkyne or azide on either the
probe or reporter contributed varying effects to the
selectivity, binding kinetics and signal-to-noise (back-
ground binding). The alkyne phenylsulfonate ester
probe was used in vivo because of its higher sensitiv-
ity. It was able to discern and quantify candidates like
protein disulfide isomerase and enoyl CoA hydratase
that were down-regulated in invasive cell types. A tri-
functional tag containing the complementary azide
handle as well as both rhodamine fluorophore and
biotin group was used for chromatographic mass
spectrometry based identification of the enzymes of
interest. Ovaa and colleagues developed click-ABPs
against the proteasome by using a cell permeable ir-
reversible inhibitor AdaAhx3L3VS, modified with an
azide handle.[50] The probe was shown to successfully
label several active proteasome sub ACHTUNGTRENNUNGunits in living
cells.


In a recent example, Wright and Cravatt devised
ABPs against the cytochrome P450 superfamily—a di-
verse group of enzymes with broad substrate specif-
icities.[51] These proteins are of particular interest for
pharmaceutical purposes due to their important roles
in metabolism and drug clearance in vivo. The probe


design utilised a P450 mechanism-based inhibitor, 2-ethynyl-
napthalene, conjugated with an alkyne tag (Scheme 1). The
probe was catalytically oxidised by P450 into a reactive ketene,
which then reacted with a nucleophilic residue in the enzyme
(9). It was subsequently tagged with rhodamine or biotin re-
porters that contained the complementary azide handle. The
strategy was shown to successfully profile drug–P450 interac-
tions both in vitro and in vivo; this paves the way for evaluat-
ing drug metabolism in living systems, effective dosing and
personalised medicine.


Apart from the two-step labelling approach, we utilised click
chemistry for the modular synthesis of ABPs against metallo-
proteases, which are otherwise challenging to synthesise indi-
vidually (Scheme 1).[22] This enabled the rapid assembly of a
panel of hydroxamate-based trifunctional probes, that each


Scheme 1. Click chemistry based strategies in activity-based protein profiling. The use of
alkynes and azide derivatives for targeting cytochrome P450[51] and metalloproteases.[22]
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contained a benzophenone photocross-linker and a rhodamine
fluorophore (10). The P1’ position of the ABPs was diversified
with twelve natural and unnatural amino acids, which rendered
characteristic fingerprints when profiled against a panel of
seven metalloenzymes.


Bogyo and colleagues have interestingly reciprocated the
idea of click ABPs in the development of chemically cleavable
probes that facilitate tag release.[52] Here, the goal was to be
able to release the probe from the enzymes before MS-based
protein deconvolution. The authors incorporated a diazoben-
zene linker that could be cleaved under mild reducing condi-
tions. This could aid in the identification of proteins isolated in
activity-based protein profiling studies in which pull-downs are
used to enrich for proteins of interest. The streptavidin–biotin
interaction that is commonly used in ABPs is not easily disrupt-
ed. The release strategy developed provided more reliable MS
data compared to usual on-bead tryptic digestion.


Applications of ABPs in Functional Proteomics


Beyond expanding the repertoire of enzymes that can be tar-
geted by ABPs, researchers have made much progress in ap-
plying activity-based protein profiling towards dissecting the
functional architectures of living systems. In addition to SDS-
PAGE based gel separations to functionally differentiate com-
plex tissues and lysates labelled with ABPs,[9,53] liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) based ap-
proaches are accelerating the screening and identification of
proteins targeted by ABPs.[10,14b] The platform can further re-
solve the specific residues modified by the ABP at the enzyme
active site.[54] Platforms like microarrays and fluorescence mi-
croscopy have also been exploited in diverse applications,
which meaningfully extend the contributions of activity-based
protein profiling.


Biological discoveries with ABPs


ABPs have been applied in protein annotation and to better
understand their roles in biological pathways. Jessani et al.
have shown that despite low sequence homology, 9-O-acetyl-
ACHTUNGTRENNUNGesterase (SAE) is labelled with the fluorophosphonate ABP,
which typically targets only serine hydrolases; this has identi-
fied SAEs as a potentially cryptic class of this enzyme super-
family.[55] The ABP binding site was confirmed to contain a cat-
alytic serine residue by using site-directed mutagenesis. Clas-
sification based on sequence homology might never have pre-
dicted this functional relationship; this highlights the useful
ACHTUNGTRENNUNGinsight that ABPs can provide. Evans and colleagues used a
natural-product inspired ABP library to identify a compound
that inhibited breast cancer cell proliferation.[56] The target of
this probe was identified as brain-type phosphoglycerate
mutase 1, which converts 3-phosphoglycerate to 2-phospho-
glycerate during glycolysis; this result reinforces the hypothesis
that inhibitors of this metabolic pathway can be applied to
cancer therapy. Barglow and Cravatt differentiated the activi-
ties of enzymes in lean and obese mice by using a peptidyl a-
chloroacetamide probe library.[57] This led to the identification


of hydroxypyruvate reductase, an enzyme that converts serine
to glucose and was up-regulated sixfold in the livers of obese
mice. A study by Quigly and colleagues identified urokinase, a
secreted serine hydrolase, as one of the potential enzymes im-
plicated in the metastatic intravasation of human fibrosarcoma
cells.[58] The same enzyme has also been identified in prior
ACHTUNGTRENNUNGactivity-based protein profiling of breast and melanoma cell
lines.[59]


Patricelli et al. developed probes for kinases and ATP-depen-
dent enzymes by using biotinylated acyl phosphate derivatives
of ATP or ADP (11). The probes were designed to bind cova-
lently to the active site lysine residue in kinases.[60] In order to
test the coverage of the kinome that could be probed by
these ABPs, the authors tested 100 human, mouse, rat and
dog proteomes in 4000 MS runs, and identified 247 kinases,
which represents 77% of the total characterised kinase reper-
toire (with an assignment cut-off probability of 95%). The ABP
was also used to distinguish the kinase profiles in ten cancer
cell lines (Figure 3A, top) as well as to determine the IC50


values of ATP competitive kinase inhibitors by quantitative MS.
In-gel methods for inhibitor screening have also been devel-
oped by Cravatt et al.[61] The principle is based on the reduc-
tion in fluorescence intensity of ABP-labelled protein bands
upon introduction of inhibitors (Figure 3A, bottom). This can
be used at a proteomic scale by addition of inhibitors in vivo
or in lysates to compete with ABP labelling; this allows multi-
ple enzymes to be profiled simultaneously. Concentration de-
pendent inhibition can further facilitate IC50 determination. In
one such example, low nanomolar carbamate inhibitors were
discovered against a serine hydrolase, a/b-hydrolase domain
six.[62] A similar strategy has been reported for uncovering se-
lective inhibitors against the proteosome.[63]


Activity-based protein profiling with microarrays


Our group was one of the first to demonstrate the utility of
ABPs in high-throughput enzyme profiling on protein microar-
rays. Using a series of probes that target phosphatases as well
as serine and cysteine proteases, we showed that proteins
could be positively labelled and thereby annotated on high-
density arrays.[64] Miyake and colleagues established a more
quantitative approach by using ABPs to reveal both the probe-
binding kinetic constants as well as inhibition constants of
competing inhibitors on microarrays.[65] This facilitates rapid in-
hibitor screening—in a similar way to that developed by Cra-
vatt et al. with the in-gel system—by monitoring the reduction
in ABP labelling upon enzyme inhibition. Recently, we demon-
strated that the ABP approach could be applied to protein fin-
gerprinting to obtain functional fingerprints with a panel of fo-
cussed ABPs.[66] Vinyl sulfone based probes were designed with
20 natural and unnatural P1 amino acid residues. The ABP
panel was profiled against four cysteine proteases to reveal fin-
gerprints that closely matched those obtained with gel-based
separation.


Using antibody-mediated capture, Sieber et al. have devel-
oped a two-step method for profiling enzymes in complex pro-
teomes on microarrays (Figure 3B, top). Lysates were first la-
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belled in solution with fluorescent ABPs and then captured on
slides arrayed with the enzyme-specific antibodies.[67] The strat-
egy was tested against four proteases that were up-regulated
in cancer. We developed another approach, termed “expres-
sion display”, which also took advantage of the capacity and
throughput of microarrays as a deconvolution tool.[68] Reper-
toires of proteins were first linked to their coding mRNA by ri-
bosome display. Rounds of selection were then imposed by
using biotinylated ABPs to enrich for enzymes with relevant ac-
tivities, followed by deconvolution and identification of these
proteins by using DNA microarrays. This methodology could
be applied to protein evolution and engineering to isolate
novel enzyme variants with desired functionalities. Schultz and
co-workers developed a series of fluorescent peptide acrylate
probes conjugated with peptide nucleic acid (PNA) linkers
against caspases, which could be similarly decoded by using
DNA microarrays.[69] The probes were used to detect caspase
activation upon the induction of apoptosis in cell lysates. PNA-
encoded libraries were also applied in the discovery of cathep-
sin inhibitors[70] and in the functional profiling of dust-mite
ACHTUNGTRENNUNGextracts.[71]


To further exploit the throughput of microarrays in activity-
based profiling, our group has developed a small-molecule
ACHTUNGTRENNUNGmicroarray platform to study and compare the activities of pro-
teins in vitro.[72] A library of 1400 biotinylated hydroxamate
peptides were immobilised and screened against fluorescently
labelled enzymes. The strategy allowed the comparison of ac-
tivity-dependent differences amongst closely related enzymes
by minimising unspecific binding effects, which confound
ACHTUNGTRENNUNGmicroarray analysis, through a novel two-colour, reciprocal
ACHTUNGTRENNUNGlabelling and application system (Figure 3B, bottom). Screens
against four representative metalloproteases furnished highly
resolved protein fingerprints that proved useful in the design
of selective probes or inhibitors.


Towards profiling of enzyme activities in vivo


The ability to visualise and monitor the activity of enzymes
inside living cells presents vital opportunities for the use of
ABP in bioimaging. Hang and colleagues applied a mechanism
based E-64 probe with an azide handle that targeted cathep-
ACHTUNGTRENNUNGsin B in living cells.[73] Following ABP application, the cells were
fixed and treated with phosphine–biotin, followed by visualisa-
tion by using AlexaFluor647-conjugated streptavidin. The ABPs
were used to monitor Salmonella typhimurium infections of pri-
mary macrophages, and showed that cathepsin B was exclud-
ed from the intracellular bacteria-containing vacuoles. In an-
other interesting development Bogyo et al. have created a
series of quenched ABPs that only turn fluorescent upon posi-
tive reaction and labelling with their target enzymes (Fig-
ure 3C). The strategy was tested successfully against the
papain family of cysteine proteases by using probes with an
acyloxymethyl ketone warhead.[74] This provides a method to
monitor, in real-time, the activities of proteases inside living
cells.


Outlook


ABPs have opened up a niche in functional profiling that has
not been easily accessible by many other strategies. Various
groups have diligently pursued this field and have developed
many versions and generations of ABPs to target a wide reper-
toire of enzymes. This has given rise to many important impli-
cations that stem from activity-based protein profiling, as has
been highlighted herein. Boasting applications from functional
annotation to in vivo imaging, activity-based protein profiling
represents an indispensable postgenomic tool with which to
quickly tease apart proteomes for biologically-relevant activi-
ties. The coming years will see a further expansion of the ABP
arsenal, not only in the development of probes against novel
enzyme classes, but also in tuning the selectivity of existing
probes towards a narrower spectrum of proteins. Such advan-
ces could empower researchers to explore the functional locali-
sations and distributions of active enzymes within live cells
and tissues, and provide a useful alternative to antibody-based
in situ hybridisations approaches, which only indicate abun-
dance (not activity). Ideally the goal would be to develop a
specific ABP for every available enzyme to completely cover
the catalome, analogous to the expansive way in which anti-
bodies are available today.


Looking forward, the maturing mass-spectrometry arena is
likely to lead to methods that will improve the sensitivity as
well as the speed by which labelled proteins can be identified.
Coupling MS tools (like isotope-coded affinity tag; ICAT) with
ABPs would also enable quantitative, functional assessments
across proteomes. This method has already been tested by
Overkleeft and colleagues in a proteomic study of cathep-
ACHTUNGTRENNUNGsins.[75] Everley and colleagues have also reported a similar ap-
proach with cleavable ABPs.[76] Such comparative proteomic
strategies, which take advantage of ABPs to home in on func-
tional differences, are likely to yield important results that can
be vital to biomarker discovery (for use in prognostication)
and/or target identification for therapeutic development. Plat-
forms like microarrays also offer a rapid ability in deconvolu-
tion that could be further exploited in future activity-based
protein-profiling studies.


In summary, future developments should further streamline
applications in activity-based protein profiling. Better integra-
tion of the information obtained from large-scale “omics” stud-
ies could further enable researchers to dig deeper into the
mechanistic basis and functional significance of yet uncharac-
terised biomolecules. Together with bioinformatics strategies
(like the ENCODE project[3] and structure–function predic-
tions[4]), activity-based protein profiling could significantly con-
tribute to the first catalogue of annotated human proteins that
may be established over the next decade. These are exciting
times ahead for all of us.
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In Vivo Imaging of a Bacterial Cell Division Protein Using a Protease-
Assisted Small-Molecule Labeling Approach


Souvik Chattopadhaya,[a] Farhana B. Abu Bakar,[a] Rajavel Srinivasan,[b] and Shao. Q. Yao*[a, b, c]


Chemical labeling strategies developed to site specifically label
proteins in their native cellular milieu have been sought as at-
tractive approaches to obviate some of the drawbacks associ-
ated with the use of genetically encoded fusions to fluorescent
proteins (FPs).[1] Though elegant, many of these approaches
necessitate the use of large protein domains/tags fused to
target protein(s).[2] Like FPs, these protein “tags” can potentially
perturb the folding and/or activity of target proteins. Small
peptide-recognition sequences are more desirable, but they
have lower labeling efficiencies.[3, 4] Other methods such as in-
corporation of unnatural amino acids and metabolic installa-
tion of reporter tags are primarily governed by the ability of
the enzyme(s) to tolerate the unnatural motif to be intro-
duced.[5,6] Nevertheless, metabolic-labeling approaches have
been successfully used to study glycoproteins and conjugates,
which were previously inaccessible by other labeling tech-
niques.[6] Thus, the need still exists to develop new methods
that can facilitate the routine use of small-molecule probes for
the in vivo study of protein dynamics.


Previously we reported an intein-mediated small-molecule
approach for site-specific labeling of N-terminal cysteine-con-
taining proteins.[7] This method, however, had some significant
drawbacks, including the relatively large size of intein tag
used, as well as slow and uncontrolled self-splicing of the tag,
which inevitably led to a longer labeling time. In this commu-
nication, we have sought to develop a more efficient labeling
strategy and have capitalized on the highly specific tobacco
etch virus (TEV) NIa protease. TEV is a 3C-type cysteine pro-
tease that recognizes a seven amino acid sequence, E-X-X-Y-X-
QflS/G (where X is any amino acid; and fl indicates the cleav-
age site). It has stringent substrate sequence requirement, with
absolutely conserved residues at P6, P3, and P1 positions, and
as such, has been widely used for removal of affinity tags from
proteins both in vitro and in vivo.[8,9] It was previously shown
that mutation of the P1’ residue from S/G to cysteine does not
significantly alter the efficiency of TEV cleavage.[10,11] In our cur-


rent strategy (Figure 1A), we used TEV for the rapid and con-
trolled intracellular generation of N-terminal cysteine-contain-
ing proteins, which were subsequently labeled in a site-specific
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Figure 1. A) Scheme showing the TEV-assisted, small-molecule labeling ap-
proach used to study the in vivo dynamics of N-terminal cysteine-containing
FtsZ–GFPmut1 (FtsZ PDB ID code: 1W5B). Following TEV cleavage and label-
ing, excess probe is washed away and cells are imaged. FtsZ–GFPmut1 ini-
tially occurs in spiral patterns that eventually assemble into the Z ring.
B) Structures of the probes used. C) Fluorescence in-gel scanning (left) and
Coomasie blue staining (right) of N-terminal cysteine-containing mouse
DHFR (boxed), following in vivo cleavage and labeling. The labeled protein
band was seen within 30 min of simultaneous cleavage and labeling with
25 mm of probe 2 ; M: Mw marker; the sizes of the bands are given between
the gels in kDa.
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and covalent manner with a set of cell-permeable, thioester-
derived small-molecule probes (Figure 1B). For expression of
TEV and its substrate protein in the same host cell, we made
use of a pair of compatible plasmids that can be regulated in-
dependently with different chemical inducers (IPTG and arabi-
nose). Thus far, we have demonstrated the successful applica-
tion of this approach for in vivo imaging of FtsZ (an important
cell-division protein) in live bacterial cells (Figure 1A).


Our first goal was to demonstrate in vitro and in vivo label-
ing of model proteins with an N-terminal cysteine residue by
using thioester probes. The product derived from the fusion of
maltose-binding protein (MBP) to mouse dihydrofolate reduc-
tase (mDHFR) was used as model protein. The P1’ cysteine resi-
due was introduced in the TEV recognition/cleavage sequence
within the linker region between the fusion partners. Fluores-
cein, 5’-carboxytetramethylrhodamine (TAMRA), and biotin
were conjugated to benzyl thioester to give probes 1, 2, and
3, respectively (Figure 1B). The conjugation did not alter the
photophysical properties of the probes.[7] By monitoring the
time-dependent in vitro labeling of N-terminal cysteine-con-
taining DHFR with 1, we observed selective labeling of DHFR
within 15 min even though only <30% of the fusion was
cleaved by TEV (see Figure S5 in the Supporting Information).
No detectable labeling of TEV, the fusion, or MBP was observed
even after 2 h (Figure S5A). In bacteria, however, TEV was
found to be quite efficient, and cleaved 90–95% of the MBP–
DHFR fusion at any given time (Figure S6). To label the cleaved
DHFR, probe 2 (25 mm) was directly added to the culture
media during cell growth. The doubling time (td) remained un-
affected; this shows that the probe was not cytotoxic (data
not shown). A labeled protein band that corresponded to
DHFR was seen within 30 min of simultaneous expression and
labeling (Figure 1C). Significantly, bands other than that of
DHFR were not detected even after 2 h incubation; this dem-
onstrates the feasibility of this approach for in vivo applica-
tions.


To demonstrate the utility of our TEV-assisted, small-mole-
cule labeling approach for visualization of dynamic processes,
such as cell division, we studied the localization of FtsZ—a
major cytoskeletal component of the bacterial cell-division ma-
chinery.[12] FtsZ is thought to be the first protein to localize to
the site of cell division, and assembles into a ring (the Z ring)
that eventually contracts at septation. Functionally, it is a bac-
terial homologue of tubulin with a similar tertiary structure
and GTPase activity. FtsZ–GFP fusions have been widely used
to study FtsZ localization and Z-ring formation.[13,14] For FtsZ to
be amenable for our labeling approach, we expressed the
TEVseq–FtsZ–GFPmut1 fusion, which introduces the TEV recog-
nition/cleavage sequence to the N terminus of FtsZ–GFPmut1.
The green fluorescent protein (GFP) was strategically retained
for further characterization of our labeling approach by coloc-
alization and FRET-based experiments (vide infra). To ascertain
that addition of the TEV tag did not interfere with FtsZ locali-
zation, individual bacterial cells were imaged (Figure 2). Analy-
sis by using differential interference contrast (DIC) microscopy
showed that the cells were filamentous (Figure 2A); this indi-
cates that the induced level of FtsZ inhibited cell division.


Under epifluorescence illumination, GFP fluorescence within
the cells appeared as a series of regularly spaced bands; this is
consistent with the predominant localization of TEVseq–FtsZ–
GFPmut1 to internucleoid regions (Figure 2B–D). These bands
might represent multiple FtsZ rings that assembled at poten-
tial division sites by maintaining their proper association with
spatial markers in the cell wall, but were unable to continue
septation, possibly due to interference by the GFP tag.[14]


Next, bacterial cells that simultaneously expressed TEVseq–
FtsZ–GFPmut1 and TEV were labeled with 2 and imaged
(Figure 3). Fluorescence signals seen in the TAMRA channel


consistently colocalized with those of GFP, and covalent label-
ing was demonstrated by FRET analysis following acceptor (i.e. ,
TAMRA) photobleaching. Ratiometric analysis of the pre- and
postbleach images in the donor channel showed maximal
signal enhancement in the internucleoid regions; this is consis-
tent with FtsZ localization (Figure 3D). Though some back-
ground labeling was seen at the cell poles in control cells that
expressed FtsZ–GFPmut1 (without the TEV sequence) FRET


Figure 2. Localization of TEVseq–FtsZ–GFPmut1 protein to the internucleoid
regions (arrows indicate the Z ring) in individual cells stained with Hoechst
33342 (5 mgmL�1). A) DIC image; B) GFP channel; C) DAPI channel; D) over-
ACHTUNGTRENNUNGlay of B) and C); scale bar: 5 mm.


Figure 3. Fluorescence labeling of N-terminal cysteine-containing FtsZ–
GFPmut1 protein in live bacteria. Fluorescence micrographs obtained from:
A) GFP channel (inset: DIC image of the same field) ; B) TAMRA channel;
C) overlay of GFP and TAMRA channels ; D) ratiometric imaging of pre- and
postbleach images in the donor (GFP channel) to demonstrate change in
donor fluorescence following photobleaching of the acceptor. Maximal FRET
changes were localized to the internucleoid regions; this is consistent with
FtsZ localization; scale bar: 5 mm. The color scale to the right indicates rela-
tive FRET signals.
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measurements in these regions showed no changes in intensi-
ty (Supporting Information). Taken together, the data show the
specific and covalent labeling of FtsZ. The ability to tag and
detect FtsZ with small molecules presents an exciting para-
digm for bacterial cell-division studies in whole-cell assays. This
is of particular significance as Margolin and co-workers have
previously reported that the key problem associated with the
use of FtsZ–GFP fusion is the obligatory addition of the macro-
molecular GFP tag that in all likelihood interferes with FtsZ
function (i.e. , polymer formation).[14] Our approach, thus seeks
to address this issue by replacement of the GFP tag with a
small-molecule fluorophore (Mw<600 Da). Work is in progress
to study the dynamics of TEVseq–FtsZ (without GFP tag) fol-
lowing labeling with our probes to address this caveat of
using GFP fusions.


In summary, we have demonstrated a method for specific in
vivo labeling of target proteins that seeks to complement ex-
isting chemical-labeling approaches. Our approach is essential-
ly “tag-free” and unlikely to perturb protein function as only a
lone cysteine residue is added to the target protein following
cleavage by TEV. In addition, since cleavage and labeling occur
simultaneously, the oxidation of the cysteine residue is mini-
mized; this leads to a shorter labeling time and improved la-
beling efficacies. A potential drawback of our approach is that
TEV might become labeled in the presence of high concentra-
tions of the protein and/or probe. This, however, does not
limit the applicability of the approach as the use of two differ-
ent inducers makes it possible to fine-tune the expression
levels of TEV so as to minimize unspecific labeling (see theSup-
porting Information for further discussion). Furthermore, the
high catalytic efficiency of TEV-mediated cleavage makes the
requirement for high-expression levels unnecessary. Since TEV
protease can be readily expressed in mammalian cells,[15] we
are currently extending the use of this labeling strategy to
study both cell surface and intracellular proteins in mammalian
cells.


Experimental Section


Bacterial culture and labeling experiments : To monitor TEV-medi-
ated cleavage of MBP fusions in vivo, we used MBP–mDHFR as the
model protein. TEV was cloned into pACYCDuet-1 (Novagen) while
mouse DHFR (mDHFR) was cloned into the compatible expression
plasmid, pMAL-c2X plasmid (NEB). The modified TEV recognition
and cleavage sequence (with cysteine as the P1’ residue) was ap-
pended in the linker region between MBP and mDHFR (see the
Supporting Information for details). Bacterial cells transformed with
pMal-C2X–MBP–mDHFR and pACYC–TEV, were grown in Luria–
Bertani medium supplemented with ampicillin (100 mgmL�1) and
chloramphenicol (34 mgmL�1). At OD600 ~0.4, expression of the
fusion protein and TEV was induced simultaneously by the addi-
tion of IPTG (0.4 mm). For simultaneous cleavage and labeling,
probe 2 (25 mm) was also added to the culture during induction.
Aliquots of samples were collected at the indicated time point,
centrifuged, washed with 1xPBS to remove unbound probe, and
analyzed by gel (12%) electrophoresis after cell lysis in SDS sample
buffer. Gels were analyzed with in-gel fluorescence scanning by
using a Typhoon 9200 scanner (Amersham Biosciences; excitation
at 532 nm; emission filter 580BP30, 600 PMT).


Bacterial cell imaging : FtsZ–GFPmut1 fusion was cloned into the
arabinose inducible pBAD/Myc-HisB vector (Invitrogen). Overnight
cultures that harbored pACYC-Duet-1–TEV and pBAD/Myc-His–
FtsZ–GFpmut1 were diluted in M9 media (with 0.4% glycerol), and
at OD600 ~0.4 protein expression was induced by addition of arabi-
nose (0.2%, w/v ; for FtsZ) and IPTG (10 mm ; for TEV) together with
TAMRA-thioester probe 2 (10 mm). Protein expression and labeling
were allowed to proceed for 5 h, which corresponds to only four
cell-division cycles (td ~80 min). At the end of this period, cells
from the culture were centrifuged, washed three times with 1xPBS,
and mounted on poly-l-lysine coated glass slides. Images were
captured by using Olympus IX71 inverted microscope, equipped
with 100X oil objective (NA 1.4, WD 0.13 mm) and CoolSNAP HQ
CCD camera (Roper Scientific, Tucson, AZ, USA). The filter sets used
for the different fluorophores were as follows: GFPmut1: Ex 460–
480HQ, dichroic DM485, Em 495–540HQ; TAMRA: Ex BP535–555HQ,
dichroic DM565, Em 570–625HQ. All images were processed by
using the MetaMorph software (Version 7.1.2; Molecular Devices,
PA, USA). Validation of site-specific labeling was performed with
FRET measurements by using the acceptor photobleaching
method.


For nucleoid staining, Hoechst 33342 dye (Molecular Probes,
Oregon, USA) was added directly to the culture at a final concen-
tration of 5 mgmL�1, and incubated for 30 min. At the end of this
period, cells were harvested, washed, and imaged by using a stan-
dard DAPI filter set (Ex BP360–370, dichroic DM400, Em BA420).
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Characterization of a New Glycosynthase Cloned by Using Chemical
Complementation


Haiyan Tao,[a, b] Pamela Peralta-Yahya,[a] John Decatur,[a] and Virginia W. Cornish*[a]


Despite their fundamental role in biological processes and po-
tential use as therapeutics, it still remains difficult to synthesize
carbohydrates. In the past two decades, there has been tre-
mendous progress in the chemical synthesis of complex carbo-
hydrates.[1–7] However, chemical synthesis is still limited by the
need for differentially protected intermediates and reactant-de-
pendent coupling yields and stereocontrol. Enzymes, with their
control of both regio- and stereochemistry, provide an obvious
alternative to traditional small-molecule chemistry for the syn-
thesis of oligosaccharides.[8, 9]


Recently, Withers and co-workers demonstrated that retain-
ing glycosidases can be engineered to glycosynthases simply
by mutating the nucleophilic Glu residue at the base of the
active site to a small hydrophobic residue and using an a-gly-
cosyl fluoride as the donor substrate.[10] This strategy is based
on extensive characterization of the mechanism of retaining
glycosidases.[10,11] Mutation of the active-site nucleophile to a
small residue both accommodates the glycosyl fluoride donor
and inactivates the hydrolytic activity of the enzyme, allowing
the reaction to proceed in the reverse direction. This approach
was first demonstrated with the Agrobacterium sp. b-glucosi-
dase/galactosidase (Abg).[10] The active-site nucleophile Glu358
was mutated to Ala. This Abg:E358A variant was shown to
accept both galactosyl fluoride and glucosyl fluoride as donors
to form glycosidic bonds with several mono- and disacchar-
ides. This result opened a new route for carbohydrate synthe-
sis, and already several retaining glycosidases have been suc-
cessfully converted to glycosynthases with this strategy.[12–23]


Directed evolution would offer an obvious route to improve
the activity and alter the substrate selectivity of these en-
zymes, except that there is no intrinsic way to screen or select
for glycosynthase activity. Mayer et al. developed a coupled
enzyme assay using an endo-cellullase that can be used to
screen for glycosynthase mutants with improved activity.[24]


This screen, however, can only be used for glycosynthases that
synthesize products that are substrates of the endo-cellulase.
Screens only allow relatively small libraries, about 104 variants,
to be assayed.


Thus, our laboratory applied “chemical complementation”, a
general, high-throughput assay for enzyme catalysis of bond
formation and cleavage reactions, to the directed evolution of
glycosynthases.[25–27] In chemical complementation, glycosyn-
thase activity is linked to reporter gene transcription and
hence cell survival through covalent coupling of a methoACHTUNGTRENNUNGtrex-
ACHTUNGTRENNUNGate ACHTUNGTRENNUNG(Mtx)-disaccharide-fluoride donor and a dexa ACHTUNGTRENNUNGmethaACHTUNGTRENNUNGsone-
ACHTUNGTRENNUNG(Dex)-disaccharide acceptor, such that Dex-tetrasaccharide-Mtx
effectively reconstitutes the transcriptional activator and in-
creases transcription of a downstream reporter gene.[26] Use of
the reporter gene LEU2 allows for a growth selection in the
ACHTUNGTRENNUNGabsence of leucine (Figure 1). Using the LEU2 selection, we pre-
viously demonstrated that chemical complementation can be
used to read-out glycosynthase activity, and a Humicola inso-
lens Cel7B:E197S variant with a fivefold increase in glycosyn-
thase activity was selected from a Glu197 saturation library.[26]


Having established chemical complementation as a selection
for glycosynthase activity, we then sought a glycosynthase
that would provide a robust scaffold for the directed evolution
of glycosynthase variants with altered substrate specificities. In
our initial publication, the H. insolens CeL7B:E197A glycosyn-
thase was employed because it was the only reported endo-
glycosynthase at that time. However, this enzyme has poor ex-
pression properties and does not present an obvious scaffold
for protein engineering.[26] Thus, we sought to develop an
endo-glycosynthase derived from a family 5 glycosidase.[28,29]


The in vitro activities and substrate specificities of many
family 5 glycosidases have been extensively characterized, and
several of these enzymes have shown good expression in
E. coli. Moreover, family 5 retaining glycosidases are monomeric
triose-phosphate isomerase (TIM) barrel enzymes, an appealing
scaffold for enzyme engineering given that TIM barrels argua-
bly are a “privileged” scaffold for enzyme catalysis of diverse
chemical transformations.[30–34] In this paper, we report the
cloning and characterization of a new glycosynthase from a
family 5 glycosidase using a chemical complementation LEU2
enrichment assay.


Given that not all retaining glycosidases provide efficient
glycosynthases upon mutation of the active-site nucleophile,
we adapted our LEU2 selection as an enrichment assay to
clone the new glycosynthase.[27] Using this assay, the family 5
TIM-barrel glycosynthase was cloned by screening the active-
site E:G and E:S variants of known family 5 glycosidases. Spe-
cifically, three family 5 glycosidases, Clostridium cellulolyticum
Cel5A, Clostridium thermocellum CelG and Clostridium celluloly-
ticum Cel5N, were tested.[35–38] Among these genes, Cel5A and
CelG have been overexpressed and purified from E. coli, while
the catalytic domains of CelG and Cel5N share high sequence
identity. The high-resolution structure of the Cel5A catalytic
domain shows a classic TIM barrel fold, with Glu170 as the
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general acid/base and Glu307 as the active-site nucleo-
phile.[35,39] These two Glu residues are separated by 5.5 I, as
expected for a glycosidase following a retaining mechanism.
Since there are no high-resolution structures available for CelG
and Cel5N, the active-site residues of these enzymes were de-
termined using sequence alignment with well-characterized
enzymes in the same family.[34,40] For both enzymes, Glu190
was assigned as the general acid/base, and Glu345 was as-
signed as the nucleophile, when signal peptides were exclud-
ed. Previous literature showed that some retaining glycosidas-
es can be converted to glycosynthases by mutation of the
active-site nucleophile to a Gly, Ser or Ala residue, with higher
glycosynthase activities typically observed for Gly or Ser mu-
tants.[24, 41] Therefore, we chose to screen the Gly and/or Ser
variants of the three family 5 glycosidases for glycosynthase
activity, and these variants were expressed in yeast three-
hybrid strain V1019Y under either a MET25 or a GAL1 promot-
er.[42] While these variants also could have been purified and
assayed in vitro, we chose to use the chemical complementa-
tion selection for the cloning both because it could be carried
out with slightly more ease and because it allowed us to
assess the feasibility of using chemical complementation to
clone enzymes based on function.


Having prepared the Gly and Ser variants from Cel5A and
CelG, and Ser variants from Cel5N, we next determined if they
had significant glycosynthase activity in what we term a chem-
ical complementation enrichment assay. If active, the glycosyn-
thase variant should be able to couple the two substrates, me-
thotrexate-lactose-fluoride (Mtx-Lac-F) donor and dexametha-
sone-cellobioside (Dex-Cel) acceptor, synthesizing Dex-Cel-Lac-
Mtx. Dex-Cel-Lac-Mtx should then dimerize the transcriptional
activator, activating transcription of the LEU2 reporter gene
and providing a growth advantage to yeast three-hybrid strain
V1019Y in the absence of leucine (Figure 1).[26,27] In the enrich-
ment assay, a mixture of plasmids encoding a roughly 1:4 ratio
of the glycosidase nucleophile mutant to the wild-type glycosi-
dase was transformed en masse into yeast three-hybrid strain
V1019Y. The resulting transformants were incubated in selec-
tive media lacking the appropriate auxotrophs and leucine and


containing both the Mtx-Lac-F donor and the Dex-Cel acceptor
substrates. After six days of incubation, all assays showed dif-
ferent extent of cell growth. A portion of culture was then
taken from each assay tube, the cells were recovered in nonse-
lective medium, and the plasmids were extracted and subject-
ed to restriction analysis. The rest of cells had been further in-
cubated in selective medium, and assayed at the ninth day of
the selection. Since only cells expressing active glycosynthase
get enriched during selection, the glycosynthase activity was
linked to the enrichment of the plasmids encoding glycosyn-
thase variants. As shown in Figure 2, the fold of enrichment
can be conveniently visualized by restriction analysis. Since we
chose the 1:4 starting ratio of the glycosidase nucleophile
mutant to the wild-type glycosidase, we can observe the in-
verse of their intensity after a relatively small fold of enrich-


Figure 1. Chemical complementation provides a high-throughput assay for glycosynthase activity. The heterodimeric small molecule reconstitutes a transcrip-
tional activator, turning on the transcription of a downstream reporter gene. Here, a Dex-Mtx yeast three-hybrid system is used. Glycosynthase activity is de-
tected as formation of a glycosidic linkage between a Mtx fluoride donor and a Dex acceptor. Dex=dexamethasone; Mtx=methotrexate; DBD=DNA binding
domain; DHFR=dihydrofolate reductase; GR=glucocorticoid receptor; AD=activation domain.


Figure 2. Cel5A:E307G was identified as a glycosynthase with the chemical
complementation enrichment assay. Before and after enrichment assay, the
plasmids were extracted from reaction, amplified by PCR, and digested
using HphI and PstI restriction enzymes. Since the Cel5A wild-type has one
more HphI site than the E307G mutant, the enrichment fold can be readily
determined by restriction digestion.
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ment. In a total of 10 enrichment assays the Cel5A:E307G
mutant under the GAL1 promoter gave the best enrichment
after six or nine days of incubation (Figure 2 and Figure S1 in
the Supporting Informtaion).


Next the glycosynthase activity of Cel5A:E307G was con-
firmed in vitro using a-lactosyl fluoride (Lac-F) donor and p-
ACHTUNGTRENNUNGnitrophenyl b-cellobioside (PNPC) acceptor substrates.[27,41] The
Cel5A:E307G was overexpressed in E. coli from a Ptac promoter
and purified via a 6xHis tag.[37] The consumption of Lac-F was
monitored with a fluoride ion-selective electrode. When all of
the Lac-F was consumed, the reaction mixture was purified by
reversed-phase HPLC, and the products were characterized by
NMR and mass spectrometry. To our surprise, while Cel5A is a
b-1,4-hydrolase, the Cel5A:E307G variant shows specificity for
the synthesis of the b-1,3-Glu-Glu linkage, with no detectable
b-1,4-Lac-Cel product based on HPLC purification and NMR
characterization of the products (see the Supporting Informa-
tion). The resulting tetrasaccharide can be further glycosylated
by another a-lactosyl fluoride molecule, resulting in a hexasac-
charide as a minor product. To understand whether or not the
unexpected regioselectivity is a consequence of the 4’-axial hy-
droxyl group of the Lac-F donor substrate, we also assayed the
Cel5A:E307G variant with a-cellobiose fluoride (Cel-F) as the
donor substrate. Interestingly, the reaction of Cel-F and PNPC
gave a mixture of tetrasaccharide regioisomers and other
higher order oligosaccharide products (Figure 3). Further NMR
analysis identified the presence of both Celb1!3Celb1!PNP
and the Celb1!4Celb1!PNP tetrasaccharide products (see
the Supporting Information). Therefore, the Cel5A:E307G gly-
cosynthase does have different substrate specificity as its wild-
type enzyme, and the specificity is related to the donor sub-
strates used in the reaction. This phenomenon was also ob-
served from previous glycosynthase references.[17,43] The Gly
mutation increased the size of the active-site pocket and abol-
ished the hydrogen-bond network derived from the Glu resi-
due of the wild-type enzyme, thus allowed the substrates to
bind in a more flexible manner.


In addition to the glycosyl transfer reaction, the Cel5A:
E307G glycosynthase also catalyzes the hydrolysis of the Lac-F
donor substrate, since only a portion of the PNPC is consumed
when Lac-F is 100% consumed (Figure 3). For reaction of
10 mm Lac-F and 10 mm PNPC with 10 mm glycosynthase, 34%
of PNPC was converted to tetrasaccharide, 22% to hexasac-
charide, and 44% remained unreacted. The hydrolysis activity
of Cel5A:E307G was confirmed using 2:1 Lac-F:PNPC (Figure 3).
Considering that the hydrolysis activity might result from
Cel5A wild-type contamination, we prepared the Cel5A:E307G
enzyme from another E. coli single colony and analyzed glyco-
synthase activity with the HPLC assay. However, no improve-
ment in reaction yield was observed (data not shown). The
extent of hydrolysis with Cel-F as the substrate is ambiguous
because the higher-order oligomerization occurs. This hydro-
ACHTUNGTRENNUNGlysis reaction can be treated as a glycosyl transfer reaction
ACHTUNGTRENNUNGbetween the donor substrate and water.[41] For Cel5A:E307G
glycosynthase with Lac-F as the donor substrate, the kwater is
slightly smaller than kPNPC. Presumably the reaction efficacy,
kPNPC/kwater, could be improved using a classic directed-evolu-


tion approach, and chemical complementation provides a con-
venient selection assay for this approach. At last, the specific
activity of Cel5A:E307G was measured based on the rate of ex-
pulsion of fluoride ion from the Lac-F donor substrate, with
10 mm Lac-F, 10 mm PNPC, and 10 mm enzyme in sodium
phosphate buffer (pH 7). The Cel5A:E307G has a specific activi-
ty of 1.2 mmol [F-] per min per mg enzyme.


In conclusion, we cloned a new glycosynthase Cel5A:E307G
which catalyzes the efficient synthesis of an endo-b-1,3-glycosi-
dic linkage between Lac-F donor and PNPC acceptor sub-
strates. Although the specific activity of Cel5A:E307G glycosyn-
thase is relatively low, the chemical complementation can be
used as a selection assay to improve its activity. Cel5A:E307G
has a “privileged” TIM barrel scaffold, which should facilitate di-
rected-evolution experiments to improve the enzyme activity


Figure 3. Analytical HPLC trace for the Cel5A:E307G catalyzed reactions. Re-
ACHTUNGTRENNUNGactions were monitored at 300 nm, as indicated by the black line, and at
220 nm, as indicated by the red line. HPLC was performed when donor sub-
strates were completely consumed, as measured by the fluoride ion selec-
tive electrode. A) 10 mm Lac-F, 10 mm PNPC and 10 mm Cel5A:E307G;
B) 10 mm Lac-F, 5 mm PNPC and 10 mm Cel5A:E307G; C) 10 mm Cel-F, 10 mm


PNPC and 10 mm Cel5A:E307G.
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and alter substrate specificity through mutation of the catalytic
loops. Cel5A:E307G can be readily expressed and purified, thus
not only providing a robust scaffold for directed evolution but
also ultimately a good protein for overproduction for commer-
cial use. Moreover, we demonstrated that the chemical-com-
plementation LEU2 enrichment assay provides an efficient
method for screening glycosynthase activity and thus cloning
enzymes based on function. Currently, we are using the LEU2
selection for the directed evolution of Cel5A:E307G variants
with altered substrate specificities for use in carbohydrate syn-
thesis.
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NMR Spectroscopy Reveals Cytochrome c–Poly(ethylene glycol) Interactions


Peter B. Crowley,*[a] Keith Brett,[a] and Jimmy Muldoon[b]


In vitro protein studies are typically performed on samples that
are composed almost entirely of water. However, the cell interi-
or is a heterogeneous “crowded” solution of small molecules,
proteins, nucleic acids and membranes. At a concentration of
300–400 gL�1, the macromolecular content of the cell influen-
ces the kinetics and thermodynamics of protein folding, ligand
binding and protein–protein interactions through excluded
volume effects.[1–3] Therefore, in order to build realistic models
of protein structure and function, it is necessary to study pro-
teins in vivo or under “crowded” conditions that mimic the cel-
lular environment.


The necessity for in vivo protein characterisation is being ad-
dressed by the development of in-cell NMR spectroscopy.[4–6]


While “biologically inert” proteins are largely unaffected by the
crowded cell interior,[6] the disordered protein FlgM was shown
to gain structure inside Escherichia coli cells.[5] A similar gain in
structure occurred in vitro in the presence of crowding
agents.[5] Artificially crowded environments can be created by
using sugars, proteins or polymers such as Ficoll, dextran and
poly(ethylene glycol) (PEG).[1–3] Such sample conditions are ac-
cessible by NMR spectroscopy, and the effects of macromolec-
ular crowding on protein structure and dynamics have been
investigated.[4–11] Related NMR studies of macromolecular con-
finement have been performed by using polyacrylamide
gels,[12] reverse micelles,[13] sol–gels[14] and agarose gels.[15] Gen-
erally, crowding/confinement tends to accelerate protein fold-
ing, promotes self-association and stabilises protein struc-
ture.[3, 5,8–13]


Given that macromolecular crowding can enhance protein
association, the use of crowding agents is likely to facilitate
the structural characterisation of weak protein interactions. We
are interested in using NMR spectroscopy to study the effects
of macromolecular crowding on the transient interactions[16] of
redox proteins. Saccharomyces cerevisiae cytochrome c (cyt c)
in PEG-containing solutions was chosen for initial studies. PEG–
protein interactions are usually repulsive, and volume exclu-
sion results in preferential hydration of the protein surface.[17,18]


The repulsive interactions can be reduced by minimising
(through conformation changes, precipitation or crystallisation)
the protein surface area exposed to the solvent.[18] The effect


of PEG on protein solutions is not limited to volume exclusion.
Although highly water soluble, PEG is hydrophobic in nature
and can interact with hydrophobic proteins.[19] An interesting
example of this type of interaction is found in the crystal struc-
ture of the odorant-binding protein from Anopheles, in which a
hydrophobic channel is occupied by a PEG molecule (PDB
code: 2erb).[20] The study of protein–PEG mixtures is further un-
derlined by the growing importance of PEGylated-protein ther-
apeutics.[21] When modified by the covalent attachment of a
PEG chain, proteins are less susceptible to proteolysis and
have reduced immunogenicity.


We report here the interaction of cyt c with PEG as revealed
by 1H,15N correlation spectroscopy. For comparison, experi-
ments were performed on cyt c embedded in agarose gels.
Similar PEG-induced effects were observed for both reduced
and oxidised cyt c, and therefore this report focuses on the
ACHTUNGTRENNUNGresults for reduced cyt c.15N-labelled cyt c was studied in the
presence of different sizes and concentrations of PEG. Samples
containing up to 300 gL�1 of PEG were used to mimic the
ACHTUNGTRENNUNGintracellular macromolecular content. Figure 1A illustrates a
region of the 1H,15N correlation spectrum of cyt c and the spec-
tral changes associated with the presence of increasing con-
centrations of PEG 8000. The majority of cyt c resonances dem-
onstrated small changes in line width, increasing on average
by 25–35% at 200 and 300 gL�1 PEG. Compared to the ap-
proximately twofold line-width increases for cyt c bound to
cyt c peroxidase,[22] and cyt b5 encapsulated in sol–gel,[14] this
indicates that the rotational correlation time (tc) of cyt c is
weakly influenced by PEG. Resonance broadening was greater
for a number of amides found in flexible loops, including
Gly34,[23] which was broadened beyond detection. Considering
that loops are prone to conformation changes, the resonance
broadening suggests that, in the presence of PEG, the ex-
change between different conformations is slow on the NMR
timescale.


In addition to line broadening, concentration-dependent
chemical-shift perturbations of the order of 0.1 (1HN) and 0.3
(15N) ppm were observed. Figure S1 in the Supporting Informa-
tion gives a plot of the averaged 1HN and 15N shifts for each
backbone amide. Mapping these perturbations onto the crystal
structure of cyt c[24] reveals that the majority of the shifts sur-
round the exposed haem edge (Figure 1B) with Gln16 and
Lys79 standing out as most strongly affected. Note that Lys79
lies flat on the protein surface and thus contributes to the hy-
drophobic patch around the haem (Figure S2). Similar results
were found for PEG 3350, 8000 and 20000; this indicates that
the molecular weight of PEG does not affect its propensity to
bind cyt c. Surprisingly, the chemical-shift-perturbation map of
cyt c in the presence of PEG is qualitatively similar to the bind-
ing maps for cyt c in complex with cyt c peroxidase,[22] and the
nonphysiological partner cyt f.[25] In particular, the down-field
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perturbation of the 1HN resonance of Gln16 bears a striking re-
semblance to that observed in the cyt c–cyt c peroxidase com-
plex (compare Figure 1B with Figure 3B in ref. [22]). This shift
is associated with a conformation change of the Gln16 side
chain,[22] which increases the hydrophobicity around the haem
(Figure S2). Taken together, these data suggest that PEG
prompts a similar conformation change that facilitates the pro-
tein–PEG interaction.


Besides complex formation, there are other factors that
could give rise to the chemical-shift changes observed in the
presence of PEG. For instance, the amide resonances might be
sensitive to PEG-induced conformation changes and to re-
ACHTUNGTRENNUNGorganisation of water molecules at the protein surface (prefer-
ential hydration). The latter might be responsible for the small
perturbations experienced by many of the resonances at the
highest PEG concentrations studied. The resonances of
charged residues are likely to be particularly prone to such ef-
fects. For instance, Asp60 and Glu61, which adjoin Trp59 and
Phe36, form a small patch that experiences PEG-induced shifts.
Self-association of cyt c molecules could also give rise to the
observed chemical-shift perturbations. However, the relatively
dilute sample concentration (0.1 mm) and the high charge on
the protein preclude a stable cyt c association. Note that crys-


tallisation of cyt c requires saturated solutions of (NH4)2SO4.
Further evidence for the absence of cyt c self-association is
provided by the fact that the HSQC spectrum of pure cyt c was
identical at protein concentrations of 1.0 and 0.1 mm. The con-
centration of cyt c had no significant effect on the resonance
line widths or chemical shifts (data not shown). Finally, small
pH differences could contribute to the chemical-shift perturba-
tions. To test for pH effects, spectra of cyt c were acquired over
the pH range 4.6–7.8. While the chemical shifts of several reso-
nances demonstrated large pH dependences, there was no
correlation between pH- and PEG-induced perturbations. More-
over, the resonances of Gln16 and Lys79 were not affected by
pH.


Despite the increased sample viscosity, PEG had a marginal
effect on the line widths of cyt c resonances. Similarly small
line-width increases, due to viscosity changes, were observed
for the GB1 protein in cell extracts.[6] Highly concentrated PEG
solutions are best described as a “sea” of glycol monomers.[26]


Thus, cyt c–PEG interactions do not affect the tc of cyt c in the
same way as a protein–protein binding event. Remarkably, the
hydrophobic face (surrounding and including the exposed
haem edge) of cyt c, which plays a central role in protein com-
plex formation,[16,22, 25] is also utilised in cyt c–PEG interactions


Figure 1. A) A region from the overlaid 1H,15N HSQC spectra of reduced cyt c (black) in the presence of 100 (red), 200 (yellow) and 300 (blue) gL�1of PEG
8000. Labels indicate the resonance assignments at 25 mm potassium phosphate, 100 mm NaCl, pH 6.4 and 313 K; the arrow emphasises the large shift for
the Gln16 resonance. The resonance of Gly34 broadens beyond detection at high PEG concentrations. Within error, identical perturbations were observed for
the Gln16 resonance in oxidised cyt c (data not shown). B) PEG-induced chemical shift perturbations mapped onto the structure of cyt c.[24] The molecular sur-
face was generated in Pymol, and residues for which the amide resonance experienced significant (DdPEG>0.03 ppm) or large (DdPEG�0.06 ppm) shifts are
coloured orange and red, respectively. The haem is shown as blue spheres. C) Overlaid 1H,15N HSQC spectra of pure, reduced cyt c (blue) and cyt c embedded
in a 1.5% agarose gel (orange). The buffer composition was identical to that used in the PEG experiments.


686 www.chembiochem.org G 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2008, 9, 685 – 688



www.chembiochem.org





(Figure 1B). This result suggested that we study cyt c in the
presence of a hydrophilic crowding agent. Samples of cyt c
embedded in 1.5% agarose gels yielded 1H,15N HSQC spectra
essentially identical to those of the free protein (Figure 1C).
While the resonances of Gly45 and Asp60 were broadened
(probably due to conformation changes, see Gly34 above),
there were only minor chemical shift changes, of the order of
~0.01 ppm (1HN). This indicates that the hydrophilic polysac-
charide surface does not favour cyt c binding at this concentra-
tion. In contrast, when encapsulated in sol–gels, strong electro-
static interactions between cyt c and the matrix result in
ACHTUNGTRENNUNGseverely broadened and shifted resonances.[14] While it would
be informative to investigate cyt c–PEG interactions within the
confines of the agarose gel, such studies are currently unsuited
to NMR, as PEG precipitates agarose to give heterogeneous
gels.[27]


Protein–protein interactions usually involve hydrophobic sur-
face patches, the sizes of which contribute to the binding af-
finity of complex formation. Redox proteins such as cyt c utilise
small hydrophobic patches to participate in transient interac-
tions with partner proteins.[16, 28] The NMR data presented here
demonstrate the capacity of PEG to bind to the hydrophobic
surface of cyt c. Therefore, this study highlights that caution is
necessary when interpreting the effect of PEG on protein–pro-
tein interactions. While macromolecular crowding/volume ex-
clusion effects might predominate, it is important to rule out
the contribution of PEG–protein binding. Moreover, the pro-
pensity for PEG binding is expected to be enhanced with the
increasing magnitude of the hydrophobic surface borne by a
given protein.[7,19, 20] In terms of studying crowding effects, the
criterion of “inertness” might be better satisfied by crowding
agents such as polysaccharides, which are predominantly
ACHTUNGTRENNUNGhydrophilic. Finally, the observation that PEG interacts with
ACHTUNGTRENNUNGhydrophobic protein surfaces suggests that PEGylated proteins
might be shielded against interactions with proteins of the
immune system.


Experimental Section
15N-labelled cyt c was prepared and characterised according to
published methods.[22,29] For NMR studies, the typical sample
ACHTUNGTRENNUNGcomposition was reduced cyt c (0.1 mm), potassium phosphate
(25 mm), NaCl (100 mm), sodium ascorbate (0.1 mm, as a reductant)
and 10% D2O (pH 6.4). Ferricyanide was used to prepare oxidised
cyt c, which was transferred into fresh buffer by ultrafiltration
methods. PEG 3350, 8000 and 20000 were purchased from Sigma.
The PEG concentration was varied from 50 to 300 gL�1 in incre-
ments of 50 gL�1. The sample pH was verified, and if necessary
corrected, after the addition of PEG. Samples of cyt c embedded in
agarose gels were prepared by using a modification of the method
of Pastore et al.[15] The required amount of protein was placed in
an NMR tube immersed in a water bath at 60 8C. Subsequently,
low-melting agarose dissolved in buffer (see above) at approxi-
mately 80 8C was transferred to the NMR tube and rapidly mixed
with the protein solution before the solution was cooled to room
temperature. The high thermal stability of cyt c supports this
method of sample preparation.


1H,15N HSQC spectra were acquired at 313 K with spectral widths
of 14.1 ppm (1H) and 40.0 ppm (15N) on a Varian 600 MHz NMR
System spectrometer. Presaturation was used to eliminate the PEG
signal. The analysis of the PEG-induced chemical-shift perturba-
tions (DdPEG, with respect to the spectrum of pure cyt c) was per-
formed in CARA (http://www.nmr.ch). The perturbations were aver-
aged for each backbone amide resonance by using Equation (1):


DdPEG ¼
�


Dd2
N=25 þ Dd2


HN


2


�1=2


ð1Þ


Here DdN and DdHN correspond to the change in the 15N and the
1HN chemical shifts, respectively.
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A Peptide Dendrimer Model for Vitamin B12 Transport Proteins


Peter Sommer, Nicolas A. Uhlich, Jean-Louis Reymond,* and Tamis Darbre*[a]


Natural proteins acquire their function by organized folding,
which leads to the formation of active sites. Many proteins in-
corporate cofactors to complement their functionality. In the
case of metal-containing cofactors such as porphyrins or coba-
lamins, the protein acts as a protecting shell around the cofac-
tor; this leads to altered reactivity at the metal center. While
porphyrin-containing proteins have been studied in a number
of synthetic model systems,[1] no synthetic macromolecules
have been reported that mimic the cobalt binding in B12-de-
pendent enzymes or transport proteins.[2] In a recent study, a
monoclonal antibody against coenzyme B12 was reported that
reconstitutes the “base-on” form of B12 coenzymes without
direct coordination to the metal center.[3] A similar binding
mode was reported in a selected aptamer ligand for cyanoco-
balamin.[4] Herein, we explored the molecular principles of co-
balamin–peptidic ligand interaction with libraries of peptide
dendrimers. Recognition and discrimination among a large
number of amino acid sequences led to a peptide dendrimer
model for a cobalamin-transport protein. In our peptidic li-
gands, cofactor binding is mediated by a coordinating cysteine
or histidine residue at the dendrimer core and is assisted by
secondary interactions in the dendritic shells.


Dendrimers are branched macromolecules that can adopt a
globular or disk-shaped structure that is well suited to create
synthetic models of proteins.[5] We recently reported peptide
dendrimers that consist of natural amino acids arranged in a
tree-like dendrimer topology by using a branching diamino
acid at every second, third or fourth position in the peptide se-
quence.[6] These dendrimers display catalytic,[7] lectin binding[8]


and drug-delivery activities.[9] While these functions resulted
from multivalency effects of functional groups in the dendritic
branches, the dendritic structure should also be well suited to
engage in binding interactions at the dendritic core, which
might form a tight complex in which a ligand could be seclud-
ed from solution by the surrounding dendritic branches, as
was observed with porphyrins that had been functionalized
with dendritic branches.[10] To test this hypothesis, we investi-
gated binding to aquocobalamin, for which we had already
discovered multivalent but only weakly coordinating dendritic
ligands.[11] We prepared a split-and-mix combinatorial library A
that displays nucleophilic residues such as histidine and cys-
teine at the core position X2 and X4 and charged, hydrophobic,


aromatic and polar residues in the other variable positions
(Figure 1).


Library A was tested for binding to aquocobalamin, and
gave a few percent of darkly red-stained beads (Figure 1). Se-
quence determination revealed a consensus for cysteine resi-
dues at position X2, together with an aspartate at X1 or X3, and
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Figure 1. Combinatorial dendrimer libraries for cobalamin (Cbl) binding. One
of the coordinating residues at X2 or X4 can coordinate to the metal center
(red arrows). Insert top right: on-bead binding assay with aquocobalamin
1a. Libraries were prepared on NovaSynD TG resin (0.20–0.30 mmolg�1; after
attachment of 6-aminohexanoylglycine for library A), and the N termini were
acetylated. Hyp=4-hydroxyproline, b-Ala=b-alanine, Amb=4-(amino ACHTUNGTRENNUNGmeth-
ACHTUNGTRENNUNGyl)benzoic acid. The first branching unit between X2 and X3 is always Dap
((S)-2,3-diaminopropanoic acid).
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glutamate residues in the outer layers (X8, X6). The dendrimer
sequence was optimized by testing a second focused library B,
which incorporates further variations in amino acids and
branching points, while keeping Cys-Asp at X2X1 and the gluta-
mates at X6X8 constant (Figure 1, Figure 2). Dendrimers with a
histidine residue that coordinates the cobalt were obtained


from library C; these display a pair of histidines in position X4


and Arg-Ala at X2X1 (Figures 1 and 2). The absence of His-con-
taining dendrimers as hits from library A is probably due to
the slower kinetics and lower binding affinity of imidazole de-
rivatives to CoIII compared to thiols.[12] Screening of library A, B
or C with cyanocobalamin 1b or methylcobalamin 1c (Fig-
ure 3A) gave no hits; this suggests that “base-off” coordination
to the lower face by loop-displacement was not accessible
from these libraries. Five cysteine-containing B12-binding den-
drimer hits, A1, B1–B4, one histidine-containing B12-binding
hit, C1, and one nonbinding sequence with histidine, C2 were
resynthesized, cleaved from the support, and studied in solu-
tion (Table 1). The peptide dendrimers that were resynthesized
are representative of the screening results. In library A, eight of
the ten sequenced peptide dendrimers incorporated a gluta-
mate at position A8, five sequences had glutamate, and four
had tryptophan at A6. In library C, seven hits showed a serine
at A8, and seven sequences had a glutamate at A6. The cys-
teine-containing ligands A1 and B1–B4 bound tightly and rap-


idly to cobalamin 1a, but not to either 1b or 1c ; this confirms
the on-bead selection assays (Figure 3C). The role of the outer-
layer glutamates in the kinetics of B12 binding was evidenced
by the fact that the cationic analogue, B1K, which was ob-
tained by replacing all of the glutamates in B1 by lysine resi-
dues, was kinetically strongly impaired for cobalamin binding


to the extent that complex for-
mation could not be measured.
UV–visible spectral changes
were observed in all titrations
that indicated thiol coordination
to cobalt, and clear isosbestic
behavior, which implies that only
free cobalamin and the complex
were present in solution (Fig-
ures 2 and 3B). Coordination of
the cysteine residue to cobalt
was confirmed by 1H NMR spec-
troscopy, which showed shifts in
the cobalamin signals that are
typical for thiol coordination.[13]


Significant displacements of the
aromatic residue signals of the
dendrimer confirm the spatial
proximity of the dendrimer to
cobalamin (Figure 3D). In addi-
tion, the hydrodynamic radius of
the second generation dendri-
mer B1G2, which is derived from
B1 is reduced upon binding to
aquocobalamin from 1.31 nm to
1.23 nm as determined from dif-
fusion NMR spectroscopy; this
suggests that complexation to
cobalt induces packing.


Dendrimer C1 with histidine
and glutamate residues, a posi-
tive hit from library C, bound


aquocobalamin. Ligand exchange was indicated by the shifts
in the UV–visible spectrum from 351 to 358 nm and from 525
to 536 nm, which is typical for imidazole coordination to coba-
lamins. The binding constant was Ka =2.2J104


m
�1.[14] Shifts of


the cobalamin signals in the 1H NMR spectrum that are consis-
tent with histidine coordination to cobalt were also ob-
served.[15] Binding of the more hydrophobic dendrimer C2,
which lacks glutamate residues, to aquocobalamin could not
be detected in solution under the same conditions; this is in
agreement with the on-bead results.[16] An additional histidine
ligand, B1H, was obtained by replacing the coordinating cys-
teine in B1 by histidine, while keeping the same outer layers.
B1H binds aquocobalamin with four-fold higher affinity than
C1 (Table 1). Coordination of the His residue from the upper
(b) side of the base-on cobalamin (Figure 2) mimics the com-
plexation mode that was observed for the transport protein
transcobalamin.[17]


The B1–cobalamin (Cbl) complex was remarkably stable
even at strongly alkaline pH. By contrast, complexes with cys-


Figure 2. Structural formula of the cobalamin peptide dendrimers.
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teine or glutathione (g-glutamylcysteinylglycine) rapidly under-
went oxidation to form disulfide and cobalt(II) (Table 2).[18,19]


ACHTUNGTRENNUNGInvestigation of the lower-generation analogues B1G0, B1G1
and B1G2 showed that the protective binding towards B12 in-
creased upon addition of the dendritic layers, and the com-
plete dendrimer, B1 displayed the most stabilizing binding
ACHTUNGTRENNUNGinteraction. The linear peptides B1L1–B1L3, which were ob-
tained by replacing the branching 2,3-diaminopropanoic acid
by alanine in the B1 sequence, bound cobalamin 1a, but did
not provide the protecting effect that was observed with the
dendrimer ligands (Tables 1 and 2). Ligand-exchange reactions
(N3


� , NO2
� and CN�) were slower with the dendrimer complex


B1–Cbl than with glutathionylcobalamin; this further evidences
the shielding effect of the dendrimer towards the cysteine-
bound cobalt center (Table 3). The dendrimer practically inhib-
ited the N3


� exchange even with a large excess of azide. The
shielding effect could also be observed with nitrite and the
less bulky cyanide anion, which has a very high affinity for CoIII


(ka>1012
m
�1). The histidine dendrimer B1H reduced the ex-


change with cyanide by a factor of six when compared to
ACHTUNGTRENNUNGimidazole; this shows that the outer layers of the dendrimer
also protect the CoIII that is bound to an imidazole residue. In-
terestingly, the shielding effect of B1H for the reaction with
CN� and N3


� is comparable to the shielding that is provided
by the transport protein transcobalamin.[14]


In summary, dendritic ligands for cobalamin were identified
from a combinatorial peptide dendrimer library that features
metal-coordinating residues at the core, and a polyanionic
shell of glutamates in the outer layers. The dendritic shell pro-
vided a large kinetic effect that was evidenced by the stabiliza-
tion of thiolato complexes for redox reactions, and the slower
exchange rates for complexes with both cysteine and histidine
dendrimers. The peptide dendrimer mimics the binding mode
and kinetic features of the vitamin B12 transporter without,
however, rivaling the protein in terms of cofactor-binding affin-
ity (for transcobalamin K~1010


m
�1 [2d]). The dendritic ligand is


probably not organized enough to bind the corrin ring as
tightly as the natural protein does.


Figure 3. A) Structure of B12 derivatives 1a–c. B) UV/Vis titration of aquocobalamin (20 mm) at pH 7.0 and 25 8C with B1 and the change in absorption at
351 nm (insert). C) Kinetics of complex formation. Dendrimer or peptide was added to a solution of aquocobalamin, and the reaction was followed by meas-
uring the absorption at 351 nm (initial concentrations: aquocobalamin 20 mm ; ligand 50 mm) at pH 7.0, 25 8C. The v values are given in mmmin�1 in parenthe-
ses, where v is the calculated initial rate of complexation. D) 1H NMR (500 MHz) data that show the aromatic protons of peptide dendrimer B1 (upper) and
the B1–Cbl complex (lower), which were assigned by 2D NMR data at pD 7.0. Nonequivalent Tyr and Amb residues are present in B1. The prime signals
belong to the complex. The unlabeled signals in the lower spectrum arise from the dimer formed by slow oxidation. An excess of aquocobalamin was added
as a reference.
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Table 1. Synthesis of dendrimers and peptides and binding data to aquocobalamin 1a. B= (S)-2,3-diaminopropanoic acid. X=4-(aminomethyl)benzoic
acid. X’=b-alanine. X’’=4-hydroxyproline. Ac=acetyl. Sequences as primary amides at the C terminus. Branching diamino acids are indicated in italics.


No Sequences Yield MS ligand Ka/106 MS complex
[%] [mg] found/calcd ACHTUNGTRENNUNG[m�1] found/calcd


A1 ACHTUNGTRENNUNG(AcET)8ACHTUNGTRENNUNG(BWT)4 ACHTUNGTRENNUNG(BRS)2BCL 11 25.4 4649/4647 2.5�0.4 5978/5975
B1 ACHTUNGTRENNUNG(AcES)8 ACHTUNGTRENNUNG(BEA)4 ACHTUNGTRENNUNG(KXY)2BCD 16 33.0 4381/4379 5.0�0.8 5710/5707
B2 ACHTUNGTRENNUNG(AcEL)8 ACHTUNGTRENNUNG(BEA)4ACHTUNGTRENNUNG(BX’I)2BCD 4 7.8 4282/4279 2.7�0.3 5609/5607
B3 ACHTUNGTRENNUNG(AcEX)8 ACHTUNGTRENNUNG(KEY)4 ACHTUNGTRENNUNG(BXT)2BCD 2 4.4 5100/5097[a] 6.7�1.1 6405/6404
B4 ACHTUNGTRENNUNG(AcEL)8 ACHTUNGTRENNUNG(BEY)4 ACHTUNGTRENNUNG(BSI)2BCD 3 6.0 4766/4763 4.2�0.6 6094/6092
C1 ACHTUNGTRENNUNG(AcSG)8ACHTUNGTRENNUNG(BEY)4 ACHTUNGTRENNUNG(BHT)2BRA 7 12.5 3981/3982 0.022�0.002 5309/5309
C2 ACHTUNGTRENNUNG(AcSL)8 ACHTUNGTRENNUNG(BIP)4ACHTUNGTRENNUNG(BHX’’)2BRA 4 8.1 4128/4126 –[b] –[b]


B1H ACHTUNGTRENNUNG(AcES)8 ACHTUNGTRENNUNG(BEA)4 ACHTUNGTRENNUNG(KXY)2BHD 12 24.0 4415/4414 0.083�0.011 5744/5741
B1K ACHTUNGTRENNUNG(AcKS)8 ACHTUNGTRENNUNG(BKA)4 ACHTUNGTRENNUNG(KXY)2BCL 14 36.3 4369/4365 –[c] 5696/5693
B1G0 AcCD 36 19.1 278/278 2.7�0.3 1605/1605
B1G1 ACHTUNGTRENNUNG(AcXY)2BCD 40 18.6 997/997 3.6�0.5 2327/2326
B1G2 ACHTUNGTRENNUNG(AcEA)4ACHTUNGTRENNUNG(KXY)2BCD 39 38.0 2138/2138 4.8�0.9 3468/3466
B1G2A ACHTUNGTRENNUNG(AcA)4 ACHTUNGTRENNUNG(KXY)2BCD 28 20.9 1623/1623 5.3�1.0 2953/2949
B1G2S ACHTUNGTRENNUNG(AcSA)4ACHTUNGTRENNUNG(KXY)2BCD 34 30.4 1993/1993 5.2�1.0 3300/3297
B1L1 AcXYACD 40 32.4 645/644 7.0�1.7 1972/1972
B1L2 AcEAAXYACD 54 23.2 938/938 5.6�0.8 2243/2243
B1L3 AcESAEAAXYACD 48 26.4 1203/1203 3.5�0.4 2532/2530
GSH Glutathione –[d] –[d] 307/307 1.5�0.2 1636/1635


[a] [M+Na]+ . [b] No binding to 1a. [c] UV/Vis titration was not carried out due to slow equilibration (Figure 3C). [d] Commercially available.


Table 2. Summary of stabilities of thiolato complexes at different pHs: +


indicates unchanged UV/Vis spectra of aquocobalamin–thiol complex
(similar to Figure 3B) after 2 h; � indicates that under the same condi-
tions, UV/Vis spectra that show the presence of cobalt(II) were obtained;
experiments were carried out under air-free conditions at 25 8C in HEPES
(pH 7.0 and 8.0) and borate buffer (pH 9.0 and 10.0) 20 mm.


Ligand pH
7.0 8.0 9.0 10.0


B1 + + + +


B1G2 + + + +


B1G1 + � � �
B1G0 + � � �
B1G2A + � � �
B1G2S + � � �
B1L3 + + � �
B1L2 + + � �
cysteine � � � �
glutathione + � � �


Table 3. Exchange rates of cobalamin ligand in the dendrimer complexes
and transport proteins (TC= transcobalamin, IF= intrinsic factor and HC=


haptocorrin).


Ligand in t for 50% ligand exchange
Cbl complex N3


� CN�


B1 8% in 12 h ACHTUNGTRENNUNG(1m) 30 min ACHTUNGTRENNUNG(0.1 mm)
B1H 50 min ACHTUNGTRENNUNG(50 mm) 3 h ACHTUNGTRENNUNG(0.1 mm)
glutathione 6.5 h ACHTUNGTRENNUNG(1m) 12 min ACHTUNGTRENNUNG(0.1 mm)
imidazole 10 min ACHTUNGTRENNUNG(50 mm) 30 min ACHTUNGTRENNUNG(0.1 mm)
H2O


a <1 s ACHTUNGTRENNUNG(5 mm) <1 s ACHTUNGTRENNUNG(2.5 mm)
Tca 30 min ACHTUNGTRENNUNG(50 mm) 50 min ACHTUNGTRENNUNG(1 mm)
IFb <5 s ACHTUNGTRENNUNG(2.5 mm) 20 s ACHTUNGTRENNUNG(0.5 mm)
HCb <10 s ACHTUNGTRENNUNG(2.5 mm) 1 min ACHTUNGTRENNUNG(0.1 mm)


Concentrations of N3
� and CN� are shown in parentheses; [Cbl]=25 mm ;


37 8C, pH 7.5 for proteins; 20 8C, pH 7.0–8.0 for other ligands. [a] Data
from ref. [14a] . [b] Data from ref. [14b].
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Mutant DNA Polymerase for Improved Detection of Single-Nucleotide
Variations in Microarrayed Primer Extension


Ramon Kranaster, Patrick Ketzer, and Andreas Marx*[a]


The vast majority of genomic alteration events are based on
single nucleotides.[1] Single nucleotide polymorphisms (SNPs)
are changes in a single base at a specific position in the
genome. These changes are differentiated from point muta-
tions in their frequency in a population and occur on average
approximately every 1000–2000 nucleotides in human DNA.[2]


SNPs can lead to modified structures, activities and functions
of expressed proteins if they are located in coding and regulat-
ing gene regions. Hence, these variations in our genetic make-
up are closely associated with complex disorders, such as
cancer, diabetes, vascular diseases, some forms of mental ill-
ness, and are known to be major players in an individual’s pre-
disposition to side effects of drugs.[3]


Many methods for the detection of nucleotide variations
have been described.[4] Single nucleotide variations are com-
monly discriminated by sequence-specific hybridisation or dye-
labelled nucleotide incorporation, ligation or invasive cleavage.
These systems exploit small differences, for example, in ther-
modynamic stability and electrostatic interactions, as well as
within enzyme recognition processes for obtaining allele-spe-
cific properties.[4] Enzymatic approaches can enhance the dis-
crimination of sequence variants beyond what can be achieved
by hybridisation approaches alone.[5] A spatially addressable
allele-discriminating probe layout, for example, DNA microar-
rays, represent a promising method for multiplexed detection
of SNPs. They are highly efficient, parallel and have the poten-
tial to be used in a high-throughput manner for medicinal
ACHTUNGTRENNUNGdiagnostics.
In previous publications, we have shown, that reliable and


enhanced single-nucleotide discrimination by primer extension
or PCR can be achieved and increased by chemical modifica-
tion of the 3’-terminal nucleotide of the primer probe, which
binds opposite the corresponding SNP site of a DNA tem-
plate.[6] Recently, we have also described DNA polymerase mu-
tants that exhibit significantly increased selectivity in extending
a matched primer–template duplex in comparison with the
mismatched counterpart.[7, 8] Along these lines, one enzyme
mutant derived from Pyrococcus furiosus (Pfu) DNA polymerase,
which contains the amino-acid exchanges D541L/K593M
(henceforth called M2), was designed by substituting two
polar amino acid residues by hydrophobic amino acids with
similar steric demands.[8] We demonstrated that M2 exhibits in-


creased primer-extension selectivity in homogeneous assays,
such as, allele-specific real-time PCR. Here, we transfer the con-
cept of allele-specific primer extension from the solution phase
to a solid support. We established a primer-extension reaction
in microarray format, and used the selectivity-increased DNA
polymerase mutant M2 as an allele-specific sensor.
Signal generation in microarray formats relies on the incor-


poration of, for example, a fluorophor. In order to validate
whether the mutant DNA polymerase M2 is capable of incor-
porating a dye-labelled nucleotide, we first studied primer-
extension reactions with a commercially available fluorophor-
labelled dUTP analogue (F3-dUTP) as surrogate of the native
dTTP. We found, that a 32P-5’-end labelled primer could be
elongated to yield the full-length product by the wild-type and
M2 enzymes in the presence of all four natural dNTPs
(Figure 1, lanes 2). The wild-type enzyme added an additional
nucleotide in a nontemplated manner as has been observed


for 3’!5’ exonuclease-deficient DNA polymerases.[9] Interest-
ingly, M2 produced the blunt-ended 35 nt full-length product
without significant formation of longer products. When the
natural dTTP was substituted with F3-dUTP a reaction product
was formed that migrated slower than the original band de-
rived from experiments with dTTP (lanes 3) in denaturing poly-
acrylamide gel electrophoresis. The retardation can be ex-
plained by the additional size of the chromophore. Similar ef-
fects have been reported before.[10] It is worth noting that the
respective bands were fluorescent when readout of the dried


Figure 1. Radioactive primer-extension reactions to assess the incorporation
of F3-dUTP by wild-type (wt; left panel) and M2 (right panel) DNA poly-
merase. A section of the primer template is also shown. Lanes 1: reactions
without enzyme; lanes 2: reactions with all four native dNTPs; lanes 3:
primer-extension reactions with dCTP, dATP, dGTP and F3-dUTP; lanes 4:
primer-extension with all four dNTPs and 7.5% substitution of dTTP with
F3-dUTP. All reactions were conducted under the same conditions.
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gel was performed with a fluorescence imager (data not
shown). Furthermore, we could show that F3-dUTP is able to
compete with dTTP incorporation since even with 7.5% F3-
dUTP in the presence of dTTP the slowest migrating band
could still be detected (Figure 1, lane 4).
In the next step, we transferred the concept of fluorophor-


incorporation based primer extension to a solid support. We
immobilised primer probes on 1,4-phenylene diisothiocyanate
(PDITC)-activated glass slides by using an aminoalkyl linkage at
their 5’ termini,[6f] and performed comparative primer-exten-
sion reactions with wild-type Pfu DNA polymerase as well as
M2 (Scheme 1). Primer probes were found to be covalently


ACHTUNGTRENNUNGattached to aminopropyl PDITC activated glass substrate. In
the matched case primer extension by DNA polymerase was
expected to proceed, whereas in the mismatched case the re-
action should be prevented. A fluorescence signal is generated
by partial incorporation of F3-dUTP substituted for the un-
modified dTTP.
At first we conducted our experiment in the sequence con-


text of human acid ceramidase comprising the transition muta-
tion A107G, which is involved in the onset of Farber disease.[11]


For immobilisation, we spotted the relevant 5’-terminal amino-
hexyl-modified oligonucleotide (20 nt) as nine replicate spots
on the PDITC-activated glass slides. To study the match to mis-
match ratio we spotted the primer probe blocks with the 3’-
terminal nucleobase thymine (T) or cytosine (C) directly next to
each other (Figure 2).
The ratio between the two fluorescence intensities (primer


probe T:primer probe C) was derived after the primer-extension
reactions in the presence of F3-dUTP, and readout was defined
as the discrimination ratio and should be directly dependent
on the degree of allele-specific discrimination. Both enzymes


were able to show sufficient primer extension and incorpora-
tion of the fluorescent F3-dUTP on the slide surface. The
primer-elongation reaction with wild-type Pfu DNA polymerase
resulted only in poor discrimination properties with low match
(T probe) to mismatch (C probe) ratios (Figure 2B). However,
using M2 the discrimination ratio increased significantly (Fig-
ure 2B).
Next, we investigated whether the ability of the microarray


system to discriminate between single-nucleotide variations
could be applied to other sequence contexts in a selective and
multiplexed manner. Therefore, we investigated two further
single-nucleotide variations that are of considerable medicinal
interest in addition to the Farber sequence context: the fac-
tor V Leiden G1691A mutation is believed to be responsible for
a predisposition to thrombosis ;[12] and mutation G735A in the
human dihydropyrimidine dehydrogenase (DPyD) gene leads
to reduced activity of this enzyme, and treatment with the
ACHTUNGTRENNUNGanticancer drug 5-fluorouracil (5-FU) results in fatal haemato-
poietic, neurological and gastrointestinal toxicities since the
mutated enzyme is inefficient in inactivating 5-FU.[13] We spot-
ted all possible six different primer probes and conducted
primer-extension reactions in the presence of only one, two or
three of the respective templates (Figure 3A).
In the case of the wild-type enzyme only poor discrimination


ratios (2:1–5:1) were obtained due to errant extension of non-
cognate primer probes. By using the M2 enzyme the specific
template showed primer extension predominantly with in-
creased discrimination ratios (14:1–20:1), which were in the
same range found in the first studies with the Farber sequence
(compare Figures 2 and 3; Table 1). No significant fluorescence
was detected at locations where noncognate primer probes
were spotted.
Taken together, we have shown that the Pfu DNA poly-


merase mutant M2 is more accurate than the corresponding
wild-type enzyme in arrayed primer extensions. Recently, we
have reported that single nucleotide discrimination with
primer extension or PCR can be achieved and increased by
chemical modification of the 3’-terminal nucleotide of the
primer probe.[6] Here we report that mutant DNA polymerases
in combination with unmodified primer strands are able to
fulfil the same demands on solid support, and thus, obviate


Scheme 1. Schematic illustration of allele-specific primer-extension reactions.


Figure 2. Allele-specific primer extension in microarray format with Farber A
template. A) Microarray spotting design, Farber primer probes with 3’-termi-
nal T or C were spotted in 3I3 blocks directly next to each other. B) Primer-
extension reactions were carried out with wild-type and M2 Pfu DNA poly-
merase. All reactions were conducted under the same conditions, on the
same slide, with identical amounts of enzyme, template and dNTPs.
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the need for chemical modifications of primer probes. The
entire microarray experiment, starting from the primer-exten-
sion reaction (20 min reaction time), including washing steps
and readout of the microarray, was finished within 40 min
without further optimization of parameters. The system might
be enhanced by optimizing reaction buffer composition and
washing conditions. In addition, the two-fold lower activity of
the depicted Pfu DNA polymerase mutant M2 compared to
the wild-type enzyme[8] might be improved by further muta-
tion. Nevertheless, the accuracy and simplicity of the demon-
strated approach by using a mutant DNA polymerase and un-
modified DNA primer probes was demonstrated. The system
depicted herein could provide the basis for further advance-
ments in microarrayed nucleic-acid diagnostics.


Experimental Section


Materials : Aminopropyl silylated
glass slides were obtained from
Genetix, DNA oligonucleotides
were synthesised by IBA (Gçttin-
gen, Germany). Other materials in-
cluded self-seal reagent (BioRad,
MLnchen, Germany), glass cover
slips (Menzel-GlMser, Braunscweig,
Germany), dNTPs and F3-dUTP (a
Rhodamine-B derivative, lexmax=
555 nm, lemmax=580 nm; Fermen-
tas, St. Leon Rot, Germany), BSA,
crown capped pyridine, 1,4-phen-
ylene diisothiocyanate (Fluka), ace-
tone (Prolabo, Fontenay sous Bois,
France), acetonitrile (Sigma–Al-
drich), ammonium hydroxide and
N,N-dimethylformamide (Acros,
Geel, Belgium). Spotting of primer
probes was conducted with a
Nanoplotter 2.0 system (GeSiM,
Großerkmannsdorf, Germany). Re-
actions on glass slides were per-
formed in a microarray Peltier
Thermal Cycler 200 (MJ Research).
Microarray-image data were ac-
quired with a GenePix Personal
4100A microarray scanner (Molec-
ACHTUNGTRENNUNGular Devices). ESI-MS data were


ACHTUNGTRENNUNGobtained by using an Esquire 3000+ (Bruker Daltonics).


Activation of glass slides and spotting of amino-modified oligo-
nucleotides to glass slides : Aminopropyl-silylated glass slides
were derivatized with 1,4-phenylene diisothiocyanate (0.2%, w/v)
in a pyridine/dimethylformamide (10%, v/v) solution for 2 h at
room temperature. The slides were subsequently washed several
times with dimethylformamide and acetone, dried under a stream
of nitrogen and stored desiccated until spotting. Spotting of 5’-
amino-modified primer probes (20 mm ; ~4 nL per spot) in sodium
phosphate buffer (150 mm, pH 8.5) was performed between 19–
22 8C and 70–77% humidity. The slide tray was cooled during the
spotting procedure at 10 8C. After the spotting process the slides
were incubated at room temperature in a closed petri dish over a
saturated NaCl solution, overnight. Subsequently, the slides were
blocked in NH4OH solution (10%) for 30 min; this was followed by
washing steps with water. The slides were dried under a stream of
nitrogen and stored at 4 8C until further use.


DNA primer and template sequences : The integrity of all primer
probes was evaluated by ESI-MS. DNA oligonucleotide sequences
for primer extension in solution were as follows: primer (23 nt): 5’-
d(GACCCACTCCATCGAGATTTCTC)-3’, single-stranded template
(35 nt): 5’-d(GCGCTGGCACGGGAGAAATCTCGATGGAGTGGGTC)-
3’. Sequences employed in arrayed primer extension were: Farber
primer T/C (20 nt), 5’-NH2ACHTUNGTRENNUNG(CH2)6-d(CGTTGGTCCTGAAGGAGGAT/C)-
3’, Leiden primer T/C (25 nt), 5’-NH2ACHTUNGTRENNUNG(CH2)6-d(CAAGGACAAAAT-
ACHTUNGTRENNUNGACCTGTATTCCTT/C)-3’, DPyD primer T/C (25 nt), 5’-NH2ACHTUNGTRENNUNG(CH2)6-
d(GTTTTAGATGTTAAATCACACTTAT/C)-3’, Farber templates A/G
(90 nt), 5’-d(CCGTCAGCTGTGCCGTCGCGCAGCACGCGCCGCCGT-
ACHTUNGTRENNUNGGGACAGAGGACTGCAGAAAATCAACCTA/GTCCTCCTTCAGGAC-
ACHTUNGTRENNUNGCAACGTACAGAG)-3’, Leiden templates A/G (98 nt), 5’-d(GACATC-
ACHTUNGTRENNUNGATGAGAGACATCGCCTCTGGGCTAATAGGACTACTTCTAATCTGT-
ACHTUNGTRENNUNGAAGAGCAGATCCCTGGACAGGCA/GAGGAATACAGGTATTTTGT-


Figure 3. A) Microarray spotting design of three different sequences (Farber, Leiden and DPyD) and two different
3’ primer termini, T or C, for generating a match and mismatch situation. B) Fluorescence images obtained after
microarrayed primer extension with Leiden A template as a representative experiment. Primer-extension reactions
were carried out with wild-type (wt) and M2 enzyme. All reactions were conducted under the same conditions,
with the same amount of enzyme, template and dNTPs. All other results obtained from other templates are
shown in Table 1 and in the Supporting Information. C) Bar charts of normalized fluorescence intensities ; data
were normalised with respect to the highest fluorescence intensity (match situation).


Table 1. Discrimination ratios[a] of wild-type and M2 Pfu DNA polymerase
in three different sequence contexts.


Sequence context Wild type M2
Fmatch/Fmismatch


[a] Fmatch/Fmismatch
[a]


Farber A 2.5�0.2[b] 14�2[b]
Leiden A 1.5�0.5[b] 14�1[b]
DPyD A 4.6�0.3[b] 20�3[b]


[a] The ratio between the two fluorescence intensities Fmatch/Fmismatch
(primer probe T:primer probe C) after primer-extension reaction in the
presence of F3-dUTP was defined as the discrimination ratio; [b] error
was calculated from standard deviations of replicates and error propaga-
tions from the averaged calculated ratios (Fmatch/Fmismatch).
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ACHTUNGTRENNUNGCCTTG)-3’, DPyD templates A/G (120 nt), 5’-d(AAAGCTCCTTTC-
ACHTUNGTRENNUNGTGAATATTGAGCTCATCAGTGAGAAAACGGCTGCATATTGGTGTC-
ACHTUNGTRENNUNGAAAGTGTCACTGAACTAAAGGCTGACTTTCCAGACAACA/GTAA-
ACHTUNGTRENNUNGGTGTGATTTAACATCTAAAAC)-3’.


Primer extension and arrayed-primer extension : Wild-type and
mutant Pfu DNA polymerase were obtained as described.[8] The
mixtures for the primer-extension reactions in solution contained
reaction buffer (20 mm Tris-HCl, pH 8.8, 2 mm MgSO4, 10 mm


(NH4)2SO4, 10 mm KCl, 0.1% (v/v) Triton-X100, 0.01 mgmL�1 BSA),
dATP, dGTP, dCTP (200 mm each), single stranded template
(200 nm), 5’-32P-labelled primer (150 nm) and Pfu DNA polymerase
(100 nm) in a total volume of 20 mL. dTTP and F3-dUTP concentra-
tion was varied (200 mm dTTP, 185 mm dTTP+15 mm F3-dUTP
(7.5%), 200 mm F3-dUTP). The mixtures were denatured for 2 min
at 95 8C, annealed at 55 8C and the reaction was initiated by addi-
tion of DNA polymerase. After 20 min at 72 8C primer extension
was stopped by addition of gel-loading buffer (20 mL, 80% forma-
mide, 20 mm EDTA). Product mixtures were separated by denatur-
ing PAGE (12%). Gels were analysed with a Molecular Imager by
phosphor imaging and with the Cy3-fluorescence channel. The
ACHTUNGTRENNUNGarrayed primer-elongation reactions contained reaction buffer
(20 mm Tris-HCl, pH 8.8, 2 mm MgSO4, 10 mm (NH4)2SO4, 10 mm


KCl, 0.1% (v/v) Triton-X100, 0.01 mgmL�1 BSA), dATP, dGTP, dCTP
(200 mm), dTTP (185 mm), F3-dUTP (15 mm), single stranded tem-
plate (500 nm), BSA (0.1%), 0.5x self-seal reagent and the corre-
sponding Pfu DNA polymerase (200 nm). The reaction solution
(3.4 mL per reaction) was placed on the spotted area and covered
with round cover slips (10 mm diameter). Primer extension was car-
ried out with a thermocycler by using the following temperature
steps: 95 8C for 225 s, 55 8C for 60 s and 72 8C for 20 min. The reac-
tion was stopped by cooling the slides to 4 8C, and the slides were
subsequently washed twice under gentle agitation in 0.1ISSC
buffer (sodium chloride/sodium citrate) with SDS (0.1%) for 5 min
and three times with water (5 min each). The slides were then
dried under a stream of nitrogen directly before readout with a
GenePix microarray scanner machine.
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Artificial Receptors Designed for Intracellular Delivery of Anionic
Phosphate Derivatives


Takahiro Kohira, Kei Honda, Akio Ojida, and Itaru Hamachi*[a]


Efficient delivery of functional materials, such as biological sub-
stances, bioactive drugs, and molecular probes, from the exte-
rior to the interior of living cells is of critical importance in a
variety of research areas such as cell biology and medicinal
chemistry. Despite successful examples of the transportation
systems for the biopolymers such as plasmid DNA, RNA frag-
ments, or functional protein/peptides, methods available for
the intracellular delivery of cell impermeable small molecules,
in particular highly anionic short peptides or organic molecules
of biological interest, have been scarcely developed.[1,2] This is
partially because useful artificial receptors capable of capturing
such anionic species have not been sufficiently developed,
which could potentially serve as a career vector for intracellular
transportation.[3] Therefore, the anionic molecules are inevita-
bly subjected to laborious premodification such as acetoxy-
methyl esterification to gain cell permeability by neutralizing
their anionic characters. We report herein a new intracellular
delivery method for anionic phosphorylated derivatives using
the artificial metalloreceptor as a carrier. The designer multinu-
clear zinc complex can act as a molecular machine in several
critical processes of cellular transportation, including capture
of a phosphate derivative outside living cells, translocation
through the cellular membrane, and release of the phosphate
derivatives inside the cells (Figure 1). This method allows the
rapid delivery of a variety of phosphorylated peptides as well
as the phosphorylated fluorogenic probes without any modifi-
cation, thus facilitating the exploration of their biological activ-
ities and functions in the cellular context.
We have recently revealed that the binuclear 2,2’-dipicolyl-


ACHTUNGTRENNUNGamine (Dpa)–ZnII complex is an excellent binding motif for
phosphate anions in neutral aqueous solution.[4] Taking advant-
age of its selective binding, various binuclear Dpa–ZnII recep-
tors have been developed as the fluorescent chemosensors for
phosphorylated peptides/protein and nucleoside pyrophos-
phate such as ATP (Scheme 1A).[5] During the course of these
studies, we found that a metalloreceptor 2–2ZnII possessing a
pyrene fluorophore smoothly penetrated the cell membrane
and was present in the cytosol of living cells (Figure 2A). This
observation prompted us to investigate whether the Dpa–ZnII


derivatives can serve as a carrier for phosphorylated anion
ACHTUNGTRENNUNGderivatives. Prior to the intracellular transportation study, the
binding ability of 1–2ZnII with various phosphate species was


confirmed by isothermal titration calorimetry (ITC). The binding
affinity for the phosphate species such as phenyl phosphate
and the phosphorylated peptide a was determined to be 2.2:
105 and 6.3:104m


�1, respectively, under the neutral aqueous
conditions (50 mm HEPES, pH 7.2).
The intracellular delivery of phosphate anion species was


subsequently conducted using the pyrene-appended 2–2ZnII


as a carrier (Figure 2). A mixture of 2–2ZnII (3 mm) and the fluo-
rescein-labeled phosphorylated peptide b (1 mm) in HBS buffer
was preincubated with HeLa cells for 10 min, and the cellular
uptake of peptide b was evaluated by the fluorescence detec-
tion using confocal laser scanning microscopy (CLSM). Unfortu-
nately, both of the fluorescence of peptide b and 2–2ZnII were
scarcely observed inside the living cells (data not shown). This
result implies that the cell permeability of 2–2ZnII is greatly
suppressed by the formation of the binding complex with the
phosphorylated peptide b. To improve the carrier ability of the
Dpa–ZnII derivatives, the tetranuclear zinc complex 3–4ZnII that
is more cationic compared to the binuclear 2–2ZnII was re-
ACHTUNGTRENNUNGdesigned (Scheme 1A).[6] The hydrophilic ethylene glycol side
chain of 3–4ZnII was also introduced to suppress the aggrega-
tion of 3-4ZnII binding to phosphate derivatives.[7] As shown in
Figure 3B, 3–4ZnII also showed cell permeability, similar to 2–
2ZnII. In the delivery experiment in HBS buffer, the strong fluo-
rescence of peptide b was clearly detected in cytosol (Fig-
ure 2C) in sharp contrast to the case of the binuclear 2–2ZnII,
indicating that peptide b was successfully delivered into living
cells by 3–4ZnII.[8] The delivery was strictly inhibited by addition
of pyrophosphate anion (H2P2O7


2�, data not shown), a strong
binder for the Dpa–ZnII unit,[9] and the corresponding non-
phosphorylated peptide c was scarcely delivered by 3–4ZnII


(data not shown). These results suggest that the binding of 3–


Figure 1. Intracellular delivery of an anionic phosphate derivative using the
Dpa–ZnII complex as a carrier vector.
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4ZnII with peptide b through the metal–phosphate interactions
is crucial for the intracellular delivery of the phosphorylated
peptide. The cellular uptake of peptide b was quantitatively
evaluated by fluorescence activated cell sorting (FACS) analysis.
As shown in Figure 3A, the cellular uptake of peptide b was
largely enhanced by 3–4ZnII. Such enhancement was effective-
ly suppressed by pyrophosphate anion (PPi, Figure 3B), and


the cellular uptake of the non-
phosphorylated peptide c was
not significantly enhanced by 3–
4ZnII (Figure 3C). These agree
well with the results obtained in
the CLSM studies. The cellular
uptake of peptide b was also en-
hanced by the carrier 3–4ZnII in
other cell lines such as CHO and
L6 (Figure S1), indicating the
general utility of this method. In-
terestingly, the hydrophobic sub-
stituent of the carrier greatly in-
fluenced the delivery efficiency
(Figure 3D). That is, the pyrene-
appended 3–4ZnII delivered pep-
tide b most efficiently, whereas
4–4ZnII and 5–4ZnII which pos-
sesses a less hydrophobic naph-
thyl and tert-butoxycarbonyl
(Boc) group on the N terminus
showed moderate and weak
ACHTUNGTRENNUNGdelivery efficiency, respectively.
These results suggest that the
sufficiently lipophilic character
and the highly cationic property
of the carrier is important for the
phosphate anion transport.[10]


We observed that the treatment
of HeLa cells with 3–4ZnII under
the delivery conditions did not
affect cell viability, which was
confirmed using the staining ex-
periment with propidium iodide
(PI) by FACS analysis (Figure S2).
We also confirmed that the cells
normally proliferated and kept a
healthy state after the treatment
of 3–4ZnII. Thus it is clear that 3–
4ZnII dose not exert serious cell
toxicity.
The intracellular delivery was


carried out by 3–4ZnII for other
phosphorylated peptides d, e, f,
and g, each of which possesses
a distinct number of net nega-
tive charges from �7 to �1
under neutral aqueous condi-
tions (Scheme 1B). Figure 3E
summarizes the mean fluores-


cence of the cells treated with the series of peptides in the
presence or absence of the carrier 3–4ZnII. The fluorescence in-
tensity of the cells in the presence of the carrier was four- to
sixfold greater than that in the absence of the carrier in all
cases. The enhanced uptake of these peptides by 3–4ZnII was
again confirmed by CLSM and FACS analysis (Figures S3 and
S4). These data clearly demonstrate the good substrate accept-


Scheme 1. A) Molecular structures of the Dpa–ZnII complexes. B) Amino acid sequences of the peptides (top) and
the structures of the phosphorylated fluorescein derivatives (bottom). The number in the parenthesis indicates
the net charge of each peptide. pY and pS represent O-phosphorylated tyrosine and serine, respectively. FDP=


fluorescein diphosphate tetraammonium salt, MFP=3-O-methylfluorescein phosphate cyclohexylammonium salt.
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ability of this delivery method.
The transportation experiments
were also conducted with the
phosphorylated organic mole-
cules such as fluorescein diphos-
phate (FDP) and O-methyl-fluo-
rescein monophosphate (MFP),
both of which are cell imper-
ACHTUNGTRENNUNGmeable fluorogenic probes for
phosphatase enzymes (Figur-
es 2D and S3E).[11] In these
cases, the strong fluorescence
due to the fluorescein gradually
increased in cytosol over one
hour after incubation. This ob-
servation indicates that the de-
livered nonfluorescent FDP or
MFP in cytosol is hydrolyzed by
intracellular phosphatases to
generate a fluorescent species.
This result also suggests that
FDP and MFP were released
from the binding complex with
the carrier 3–4ZnII inside the
cells so that they serve as phos-
phatase substrates. The release
may be caused by the competi-
tive replacement of FDP or MFP
with the intracellularly abundant
phosphate species such as
ATP.[12,13]


To determine whether endocy-
tosis is predominant or not in
the cellular uptake of the phos-
phorylated derivatives, the deliv-
ery experiment was conducted
at 4 8C. The FACS analysis
showed that the delivery effi-
ciency of peptide b was signifi-
cantly reduced at 4 8C as com-
pared to room temperature (Fig-
ure S5). Furthermore, the CLSM
observation revealed that the


Figure 2. Fluorescence microscopy analysis of the intracellular transportation of the phosphate derivatives using
the Dpa–ZnII complexes as the carriers. The left and right panels show the differential interference contrast (DIC)
and confocal laser scanning micrographs of HeLa cells, respectively. Pyrene emission of the cells incubated with
A) 2–2ZnII or B) 3–4ZnII excited at 350 nm. Fluorescein emission of C) peptide b and D) FDP delivered into living
cells excited at 488 nm. Scale bar: 30 mm in panels A and B;, 50 mm in panels C and D.


Figure 3. FACS analysis of the cellular uptake
of the fluorescein-appended peptides into
HeLa cells. The cells were incubated with
A) peptide b in the presence or absence of 3–
4ZnII, B) peptide b and 3–4ZnII in the absence
or presence of pyrophosphate anion (PPi),
C) peptide c in the presence or absence of 3–
4ZnII, D) peptide b in the presence of 3-4-ZnII,
4–4ZnII, or 5–4ZnII. The shaded area indicates
the control cells treated with HBS buffer in
each graph. E) Mean fluorescence of cells incu-
bated with 1 mm of the peptide in the pres-
ence or absence of 3 mm of 3–4ZnII for 10 min
at 37 8C. The control cells were treated with
HBS buffer before FACS analysis.
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fluorescent particles of the delivered peptide were similar in lo-
cation to cytosolic endosome, which was fluorescently stained
with SynaptoRed (Figure S6). These two results suggest that
endocytosis is a major pathway for the cell entry of the phos-
phorylated derivatives enhanced by the Dpa–ZnII carriers.[14]


In conclusion, we have developed a unique intracellular de-
livery method for the anionic phosphorylated derivatives using
the Dpa–ZnII metalloreceptor as a carrier vector. The designer
carrier 3–4ZnII efficiently delivered a variety of phosphorylated
peptides and fluoregenic organic probes in a rapid and con-
venient manner. The simple operation and rapid delivery of
the present method demonstrate its utility in the transport of
phosphorylated derivatives. Further study to address transpor-
tation ability for a wider variety of phosphorylated derivatives
and application in biological research will be forthcoming.


Keywords: anions · drug delivery · molecular recognition ·
noncovalent interaction · phosphorylation
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A DNA Nanomachine Powered by Light Irradiation


Xingguo Liang,[b] Hidenori Nishioka,[b] Nobutaka Takenaka,[b] and Hiroyuki Asanuma*[a]


Over the past decade, DNA has been widely used for the
ACHTUNGTRENNUNGdevelopment of nanomaterials because it undergoes highly
ACHTUNGTRENNUNGsequence-specific hybridization and forms a highly regular
double-helical structure with suitable flexibility.[1–4] DNA is
probably one of the most promising biomolecules for future
applications in nanotechnology and materials science.[5] Many
2D and 3D nanostructures with determined shapes and geo-
metries have been reported recently in which DNA is used as
the building blocks and mortar.[3, 6, 7] More excitingly, several
types of DNA nanomachines, fuelled with DNA oligonucleo-
tides[8] or other molecules such as intercalators[9] and metal
ions,[10] have been constructed.[4,5] During these 10 years of de-
velopment, substantial progress has been made in the design
of DNA-based devices such as tweezers, walkers, and gears,
which can perform mechanical functions such as scission, di-
rectional motion, or rolling.[11–13] The prospects of this field are
extraordinarily promising, and several valuable applications of
DNA nanomachines as sensors, transporters, and drug-delivery
systems have also been reported.[5]


For most of the DNA nanomachines constructed so far, oli-
gonucleotides have been generally used as the fuel. In many
of these systems, the mechanical motion was usually carried
out by hybridization of one DNA fuel molecule to target se-
quences followed by its removal with another DNA sequence
that is completely or partially complementary to the first.[5]


Yurke et al. demonstrated the first DNA machine that func-
tioned as “tweezers” fuelled by two strands of DNA with tail-
ored complementarity.[8a] As the energy for operating these
DNA nanomachines is produced by a strand-exchange strategy,
a DNA duplex is produced as a waste product in every working
cycle. Thus, the operating efficiency decreases gradually with
the accumulation of “wastes”. A new strategy is therefore re-
quired to overcome this problem for the further development
of DNA nanotechnology.
Over the past decade, we have developed a series of photo-


responsive DNAs by covalently tethering azobenzene moieties
onto the DNA strand.[14–19] Hybridization of these photorespon-
sive DNAs to single-stranded DNA (to form duplexes), RNA (to
form DNA–RNA hybrids), or double-stranded DNA (to form tri-


plexes) can be efficiently switched “on” and “off” by simply ir-
radiating with UV and visible light. This is based on the follow-
ing mechanism: the planar trans-azobenzene intercalates be-
tween adjacent base pairs and stabilizes the duplex or triplex
structure by stacking interactions, whereas the nonplanar cis-
azobenzene destabilizes it by steric hindrance.[19] The success-
ful photoregulation of primer elongation, transcription, and
RNase H activity have also been demonstrated with photores-
ponsive DNAs.[20–22] Photoregulation efficiency can be amplified
by the introduction of multiple azobenzene residues onto the
DNA.[23] For example, nine azobenzene groups were introduced
onto a DNA strand 20 nucleotides (nt) in length, and the clear-
cut photoswitching of DNA duplex formation was observed
without loss of sequence specificity. Photoregulation of the
opening of a DNA hairpin as a simple nanomachine by inva-
sion of a DNA opener was also recently demonstrated.[24] All
these results prompted us to propose a new strategy for build-
ing photon-fuelled DNA nanomachines that are “environmen-
tally friendly” without producing DNA waste during operation.
Herein we report a simple, inexpensive, clean, and long-lived
photoresponsive DNA nanomachine that can be operated con-
tinuously by reversibly photoswitching its mechanical motion
with light irradiation.
A photoresponsive DNA machine composed of four strands


(A, B, C, and F) was designed based on the DNA-fuelled tweez-
ers reported by Yurke et al. ,[8a] as illustrated in Figure 1. Strand
A is hybridized with strands B and C to form two stiff double-
stranded arms that are 22 base pairs long and sufficiently
stable at the operating temperature. Tetrachlorofluorescein
(TET) and carboxytetramethylrhodamine (TAMRA) were at-
tached respectively to the 5’ and 3’ ends of strand A. When
strand F is hybridized with the overhangs of strands B and C
(left side of Figure 1A), the tweezers are closed, and the fluo-
rescence emission from TET at ~540 nm (lex=514.5 nm) is
quenched by resonant intramolecular energy transfer to
TAMRA due to the close proximity of these two dyes. However,
when strand F is dissociated (right side of Figure 1A), the
tweezers are open, and the fluorescence from TET is recovered.
Here, 12 azobenzene moieties are introduced onto a 32-nt-
long strand F (F12X) so that opening and closure of the tweez-
ers can be photo-controlled by the dissociation and hybridiza-
tion of strand F (F12X) with B and C. What we expect is as fol-
lows: the tweezers are closed after visible light irradiation (azo-
benzene cis!trans isomerization), whereas UV light irradiation
(trans!cis isomerization) opens them due to the destabiliza-
tion effect of cis-azobenzene.
When strands A, B, and C were mixed in the absence of


strand F at 50 8C, strong fluorescence from TET was observed
because the tweezers were completely open (Figure 2: b).
In the presence of Fn (the native form of strand F), however,
the fluorescence decreased dramatically because the tweezers
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were closed by the hybridization of overhangs of B and C with
Fn (Figure 2: g). Similarly, the presence of photoresponsive
F12X lowered the fluorescence to almost the same level as that
of Fn after irradiating with visible light at 50 8C for 1 min (c),
demonstrating that trans-azobenzene-modified F12X (trans-F12X)
could close the tweezers as efficiently as Fn did.


[25,26] In con-


trast, fluorescence was signifi-
cantly recovered by UV light irra-
diation of the solution contain-
ing A, B, C, and trans-F12X at
50 8C for 5 min (d): its spectra
was close to that of the open
tweezers consisting of only A, B,
and C (compare b with
d).[27–29] These results clearly
demonstrate that opening and
closure of the tweezers with
photoresponsive F12X are
switched simply by light irradia-
tion. Photoinduced opening and
closing of the tweezers also took
place at other temperatures,
ACHTUNGTRENNUNGalthough the photoregulation
ACHTUNGTRENNUNGefficiency depends greatly on
the operation temperature (Fig-
ure S1). According to our previ-
ous study, an efficient photo-
ACHTUNGTRENNUNGregulation of DNA hybridization
should be carried out at a tem-
perature between the melting
temperature (Tm) of the duplex
containing trans-azobenzenes
and that of the duplex with cis-
azobenzenes.[23,30] Because the
Tm values of B, C, and F12X in cis


and trans configurations were 35.0 and 59.2 8C, respectively
(Figure S2), the photon-fuelled tweezers designed in the study
presented herein worked most efficiently at around 50–55 8C.
Although the working temperature range was limited and the
tweezers did not work at ambient temperature, the Tm value
can be lowered by changing the sequence of the F strand and
the number of azobenzene groups introduced.
As described above, our photon-fuelled nanomachine pro-


duces no waste during operation. In the original report of such
tweezers,[8a] closure was carried out by the addition of strand F
with an eight-nt-long overhang, and opening (removal of
strand F) was done by the addition of strand Fc, which is com-
plementary to F (Figure S3). Therefore, successive opening and
closing required successive additions of strands F and Fc, and
this inevitably produced a large amount of F–Fc duplex waste.
As a result, cycling efficiency of the original tweezers de-
creased by about 40% after seven cycles owing to the succes-
sive addition of DNA fuel and accumulation of waste duplex.[8a]


In our system, opening and closure are carried out by succes-
sive irradiation of the solution containing photoresponsive F12X
with UV and visible light. Figure 3 shows the change in fluores-
cence intensity as the tweezers were cycled ten times between
the open and closed states by successive irradiation with UV
and visible light at 50 8C. For every cycle, almost all the tweez-
ers were closed after visible light irradiation for 1 min, and the
tweezers were open after UV light irradiation for 4 min. The cy-
cling efficiency did not decrease after 10 open/close iterations
(Figure 3), because no extra oligonucleotides were added.


Figure 1. A) Schematic illustration of the nanotweezers photoswitched by light irradiation, and B) oligonucleotide
sequences. The tweezers are closed (left side of panel A) when the azobenzene groups are in the trans configura-
tion as a result of irradiation with visible light. Irradiation with UV light opens the tweezers through trans!cis
ACHTUNGTRENNUNGisomerization (right). Strands A and F are shown in black and blue, respectively, and strands B and C are colored
green. Residue X with the azobenzene moiety is shown in red. Underlined letters in strand A indicate the regions
that hybridize with strands B and C. Complementary regions between F (Fn and F12X), and B and C are shown in
boldface. Strand F12X is the photoresponsive DNA bearing 12 azobenzene moieties, and Fn is the native control
ACHTUNGTRENNUNGsequence without azobenzene modification.


Figure 2. Closure and opening of the DNA tweezers with light irradiation at
50 8C, monitored by fluorescence intensity. The tweezers are completely
open with strands A, B, and C present in solution (b). Also shown are
data for the inclusion of strand F12X after UV light irradiation for 5 min (d),
or after visible light irradiation for 1 min (c), or upon the addition of
strand Fn (g).
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Therefore, the efficiency of photoregulation does not change
with the number of operation cycles as long as the DNA
strands involved are not destroyed. In fact, no decomposition
of the introduced azobenzene residues was detected under
the light irradiation conditions used, although continuous irra-
diation with visible light for a long time (>30 min) was found
to destroy the fluorophore TET (data not shown). Thus, these
photoresponsive tweezers are expected to endure many open/
close cycles without loss in working efficiency.
Another point of concern is the duration of irradiation time


required to open or close the tweezers. In the case of visible
light irradiation at 50 8C, we found that irradiation for 1 min
was sufficient to reach equilibrium (Figure 4A), whereas UV


ACHTUNGTRENNUNGirradiation for 3 min was necessary to open the tweezers (Fig-
ure 4B). Therefore, an efficient open/close photoswitching
cycle can be performed with UV and visible light irradiation for
3 and 1 min, respectively (see Figure S4 for fluorescence spec-
tra). Although the switching time depends on light intensity, it
was similar to that used for the DNA-fuelled machine under
the irradiation conditions employed earlier.[8a]


In conclusion, an efficient photon-fuelled molecular machine
was constructed with photoresponsive azobenzene-modified


DNA. Further studies underway include improvement in opera-
tion efficiency and decreasing the number of molecular en-
gines by using modified azobenzenes, improving the thermal
stability of cis-azobenzene, and designing new nanomachines
with hairpin structures.


Experimental Section


Materials : The azobenzene-containing oligonucleotides were sup-
plied by Nihon Techno Service Co., Ltd. (Tsukuba, Japan), and puri-
fied by polyacrylamide gel electrophoresis. The oligonucleotides
containing only native bases (strands B, C, and Fn) and strand A
modified with TET and TAMRA were supplied by Integrated DNA
Technologies, Inc. (Coralville, USA). Oligonucleotides B, C, and Fn
were used directly after desalting. Oligonucleotide A was purified
by RP HPLC. The concentrations of all oligonucleotides were deter-
mined by UV/Vis spectroscopy within 10% error. The molecular
ACHTUNGTRENNUNGextinction coefficient (e) of an azobenzene residue is 1.095M
104 m


�1 cm�1. Stock solutions of 25 mm in TE buffer (10 mm Tris
pH 8.0, 1.0 mm EDTA) were prepared.


FRET assays to monitor DNA nanomachine operation : The pho-
toresponsive tweezers were prepared by mixing stoichiometric
quantities of four strands A, B, C, and F in SPSC buffer (50 mm


Na2HPO4 pH 6.5, 1.0m NaCl) to a final concentration of 1.0 mm. The
solution was added to a 3-mm square quartz cuvette, and the fluo-
rescence spectra of TET were measured with a JASCO FP-6500 fluo-
rescence spectrometer (JASCO, Tokyo, Japan) excited at 514.5 nm
(3 nm bandwidth). For data shown in Figures 3 and 4, the fluores-
cence intensity emitted at 543 nm was used. The irradiation was
carried out with a xenon light source (MAX-301, Asahi Spectra Co.,
Ltd. Tokyo, Japan) equipped with an interference filter (half band-
width 9 nm) centered at 341.5 nm for UV light irradiation
(0.5 mWcm�2) and an interference filter (half bandwidth 9 nm) cen-
tered at 449.5 nm for visible light irradiation (90 mWcm�2). During
irradiation, the cuvette containing the tweezers was put in a water
bath to maintain a fixed temperature (�2 8C). After irradiation, the
cuvette was immediately moved into the fluorescence spectrome-
ter that was kept at the same temperature to measure fluores-
cence. During the fluorescence measurements, further UV or visible
light irradiation was not carried out.


Tm measurements: Solutions consisting of strands A, B, C, and F in
SPSC buffer (50 mm Na2HPO4 pH 6.5, 1.0m NaCl) were prepared to
give a final DNA concentration of 0.5 mm. After holding at 90 8C for
3 min, the solution was gradually cooled to 10 8C (1.0 8Cmin�1).
Melting curves were obtained at a heating rate of 1.0 8Cmin�1.
Peak temperatures in the derivative curves (dA/dT) were designat-
ed as melting points. UV spectra and UV melting profiles (260 nm)
were recorded by a JASCO model V-530 spectrometer equipped
with a programmable temperature controller.
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Figure 3. Repeated opening and closing of the photoresponsive molecular
tweezers at 50 8C by alternate irradiation with visible light for 1 min and UV
light for 4 min. When the tweezers are closed, resonant energy transfer from
the TET dye to TAMRA decreases the fluorescence intensity. The solution
containing the tweezers was irradiated outside the fluorometer and then
the cell was placed into the holder to measure the fluorescence after 30 s
(lem=543 nm).


Figure 4. Time course for A) closing the tweezers with visible light irradiation
and B) opening them with UV light irradiation at 50 8C (lem=543 nm).
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Polarity of Major Grooves Explored by Using an Isosteric Emissive
Nucleoside


Renatus W. Sinkeldam, Nicholas J. Greco, and Yitzhak Tor*[a]


More than half a century after the double helical structure of
DNA was revealed, our understanding of certain fundamental
features of this magnificent macromolecular assembly is still
lacking. In particular, the polarity of nucleic acid grooves re-
mains rather illusive. Knowledge of the forces that operate in
these cavities, where key biological-recognition events take
place, is of fundamental as well as practical importance. A
basic understanding of these unique environments, where
multiple functional groups coalesce, is highly desirable as it
can shed light on the interplay of weak molecular forces
within confined spaces.[1–4] Practically, information on the local
polarity of specific cavities in nucleic acids can facilitate the
design of low molecular weight ligands that impact the struc-
ture and biological function of these key biopolymers.[5, 6]


The polarity of DNA grooves has been experimentally inter-
rogated by using environmentally sensitive fluorescent
probes.[7–16] This approach is informative, but bears several pre-
dicaments: a) any probe placed within the cavity to be as-
sessed inherently modifies the molecular architecture of the
native environment and therefore taints the readout; b) most
studies have utilized dielectric constant (e, relative permittivi-
ty)—a parameter that defines bulk solvent property and not
an anisotropic medium as its measure; c) relatively large fluo-
rophores (e.g. , dansyl), which are frequently connected by flex-
ible linkers, have been employed; these possibly populate mul-
tiple conformers each of which senses a different microenvir-
onment.[17] Collectively, these challenges are responsible, at
least in part, for the dramatically different estimates so far re-
ported for the dielectric constant of the major groove in nucle-
ic acids, which range from about 40 to 70.[9–16]


For the most accurate readout of groove polarity by means
of fluorescence spectroscopy, an “ideal” probe must meet the
following requirements: 1) its size and shape must be such
that only the groove is examined; a linker, if used, must be as
short and rigid as possible; 2) its presence must not hamper
Watson–Crick (WC) base pairing or native-helix formation; 3) its
absorption maximum must allow for selective excitation; and
4) its fluorescence maximum must be sensitive to polarity
changes while maintaining sufficient quantum yield under all
conditions. To meet these requirements, we avoided the conju-
gation of large fluorophores, but rather developed new emis-
sive nucleoside analogues in which a natural nucleobase frag-


ment is an integral electronic element of the chromophore. In
this fashion, small and minimally invasive probes, capable of
engaging in normal WC base pairing within unaltered duplex-
es, were employed. Here, we report the application of an
ACHTUNGTRENNUNGenvironmentally sensitive furan-containing deoxyuridine 1 for
probing the groove microenvironment in B-, A-, and abasic-
duplex DNA.


The emissive furan-containing nucleoside analogue 1 nicely
fulfils the criteria listed above. It represents an isosteric nucleo-
base mimic of T that is capable of participating in WC base
pairing with A to form stable duplexes (Figure 1).[18] The direct


conjugation of the furan moiety to the pyrimidine core creates
a biaryl chromophore, in which the pyrimidine nucleus is an in-
tegral component of the fluorescent probe.[19] The rigid modifi-
cation at the 5-position projects toward the major groove with
a well defined trajectory, while probing the groove’s inner sur-
face (Figure 1).


The ground-state absorption spectrum of 1, which has a
maximum at 316 nm when isolated from the native nucleobas-
es, is virtually insensitive to changes in polarity, while its emis-
sion spectra are significantly impacted by the environ-
ment.[18–20] In addition to these attractive photophysical fea-
tures, nucleoside 1 is prepared in only one step from available


Figure 1. Models of DNA duplexes (blue) showing the location and surface
area (orange) of the furan moiety of 1 (right) in comparison to the methyl
group of T (left).
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precursors, and can be sequence-specifically incorporated into
oligonucleotides by using standard solid-phase phosphorami-
dite-based chemistry.[18–20]


Regardless of the probe’s identity, estimating the polarity of
DNA grooves under native conditions is always referenced to
values determined for the isolated chromophore in solvent
mixtures of known polarity. To generate an expanded polarity
scale for nucleoside 1, its absorption and emission spectra
were measured in methylcyclohexane/isopropanol and diox-
ane/water mixtures—two solvent systems that cover a wide,
yet considerably overlapping polarity range (Figure 2A).[21] For


each solution, the Stokes shift (nabs�nem) was then calculated
and the associated microscopic solvent-polarity value ET(30)
was experimentally determined;[22,23] this resulted in an amal-
gamated reference scale (Figure 3).


To probe the polarity of major grooves in nucleic acids, a
nonself-complementary oligonucleotide 2, that contained 1 in
a central position, was prepared.[21] It was then hybridized to


different single-stranded oligonucleotides, including a perfect
complement 3, an identical RNA complement 4, and a THF-
containing oligonucleotide 5 (Figure 4).


The resulting double-stranded oligonucleotides represented
a perfect B-form duplex DNA (2·3), an A-form DNA·RNA mixed
duplex (2·4), and an abasic-containing B-form DNA duplex
(2·5), in which the fluorescent nucleoside was placed opposite
to the defect position. Thermal denaturation experiments con-
firmed that the emissive oligonucleotides were fully hybridized


Figure 2. Absorption (dashed lines) and emission (solid lines) spectra of A) 1
in dioxane (red) and water (blue) mixture; B) the diacetate of 1 in methylcy-
clohexane (red) and isopropanol (blue) mixtures.[21]


Figure 3. Correlation between Stokes shifts and microscopic polarity ET(30)
for 1 and its diacetate. The averaged data points (*) are shown with error
bars and a linear fit (c).


Figure 4. Single-stranded oligonucleotides used in this study, where Y is a
THF (abasic) residue.


Figure 5. Ground-state absorption (c)[24] and emission (c) spectra for
A) single strand 2, B) 2·3 duplex, C) 2·4 duplex, and D) 2·5 duplex. Also
shown are CD spectra for modified (*) and control oligonucleotides (*):
A) 2 vs. 6, B) 2·3 vs. 6·3, C) 2·4 vs. 6·4, and D) 2·5 vs. 6·5.[21]
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under the experimental conditions used for photophysical
evaluation, and CD spectroscopy confirmed the presence of
the expected duplex polymorphs (Figure 5).[21]


The single-stranded oligonucleotide 2 and the correspond-
ing duplexes 2·3–2·5 were then photophysically evaluated for
their absorption and emission maxima, and Stokes shifts were
calculated (Table 1).[21,24] As expected, single-stranded 2
showed the largest Stokes shift ; this indicates that the environ-
mentally sensitive nucleoside is relatively exposed to a polar
aqueous environment. Its “absolute” polarity (ET(30)=48.3 kcal
mol�1) was significantly lower than that of water (ET(30)=
63.1 kcalmol�1) ; this suggests partial shielding of 1 by neigh-
boring nucleobases and is supported by a CD spectrum that
shows a noteworthy secondary structure (Figure 5A).[18] Upon
perfect duplex formation, a significant drop in Stokes shift
ACHTUNGTRENNUNGsuggests a more apolar environment (ET(30)=46.2 kcalmol�1),
which is consistent with encapsulation of the probe within a
double helical B-form DNA. Hybridization of 2 to its RNA com-
plement 4, which forced A-form duplex formation (Figure 5C),
yielded a lower major-groove polarity (ET(30)=44.8 kcalmol�1).
This is consistent with concealment of the probe in a much
deeper major groove found in A-form duplexes. Interestingly,
placement of the fluorescent probe opposite an abasic site
showed the smallest Stokes shift ; this corresponds to an apolar
environment (ET(30)=44.6 kcalmol�1) similar to that of A-form
DNA. This is consistent with our previous proposal, which sug-
gested that in such abasic-containing duplexes 1 assumes a
syn conformation and is stacked between neighboring base
pairs.[18, 25–27]


To put these results in perspective, we compared our obser-
vations to previously reported values for the polarity of the
DNA major groove (Figure 6).[28] Ganesh and Barawkar reported
an e value of 55 for a DNA duplex with a dansyl probe placed
close to the center of a self-complementary dodecamer.[10] This
corresponds to 75% water in dioxane, which is equivalent to
ET(30)~57 kcalmol�1.[29] Majima and co-workers reported a
major-groove dielecric constant of 61,[12] which relates to
~83% water in dioxane; this corresponds to ET(30) value of
about 58 kcalmol�1. Saito et al. estimated the major groove to
be even more polar, with an e value of 70,[14] which on their
reference scale equals 61% water in ethylene glycol, or an
ET(30) value of approximately 57 kcalmol�1.[30] As all probes,
except 1, are connected through relatively long and flexible


linkers, they interrogate an environment farther away from the
groove wall. The relatively rigid and linkerless furan-containing
probe 1 is located deeper in the major groove, and its readout
suggests a rather apolar environment. This is consistent with a
relatively low polarity proposed for the interior of the groove
by distant-dependent dielectric constant correlations that
show a steep increase in polarity as one moves away from the
groove wall toward the groove exterior.[3, 4, 31]


Although seemingly straightforward, the experimental evalu-
ation of confined biomolecular environments with fluorescent
probes is a laden and challenging task. The probe’s intrinsic
features, such as size, shape, and polarizability, inevitably
evoke changes within the biomolecular cavity that might taint
the readout. Infinitesimally small probes are clearly unrealistic,
but small and minimally perturbing new fluorophores, such as
1, when judiciously placed and systematically applied in con-
junction with the expression of polarity based on ET(30) are
likely to shed new light on fundamentally important questions
regarding biopolymeric microenvironments.
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Glutamate–Glycine and Histidine–Glycine Co-oligopeptides: Batch
Co-oligomerization versus Pulsed Addition of N-Carboxyanhydrides


Carole Lamy,[b] J�r�me Lemoine,[d] Denis Bouchu,[c] Peter Goekjian,*[b] and Peter Strazewski*[a]


Prebiotic a-amino acids are thought to have evolved into
today’s proteins because copolymers derived from these resi-
dues offer catalytically competent side chains within an evolva-
ble dynamic scaffold. The manner in which peptides of main-
chain lengths of above thirty residues, and that bear different
side-chain functional groups might have formed spontaneous-
ly from chemically activated monomeric precursors is an issue
that has attracted considerable attention. One possibility is the
appearance of short peptides that are capable of catalyzing
the formation and hydrolysis of amide bonds between pep-
tides; these peptides thus bear, depending on the conditions,
ligase or peptidase activities.[1] The ability to combine with
themselves and other peptides might significantly enhance the
variety and higher-order structural stability. An effective enrich-
ment of stably folded peptides that bear a few catalytically
competent side chains could result from the low expected sol-
ubility of the vast majority of the multimers formed from
simple amino acids. The synthesis of libraries of random oligo-
peptides from a mixture of different amino acids under chemi-
cally simple conditions has thus become an important chal-
lenge.


The central difficulty in making such “random” oligopeptides
lies in the fact that monomeric precursors of amino acids that
bear potentially useful side-chain functional groups can poly-
merize at very different rates. Based on the principles of co-
polymerization,[2] the amino acid distribution within a copoly-
mer will not necessarily reflect the composition of the initial


solution of the monomeric precursors. When rate differences
between precursors reach several orders of magnitude, batch
copolymerization of the mixture results in the exclusive forma-
tion of homopolymers rather than the desired copolymer. A
further challenge lies in obtaining polymer chains of sufficient
length in aqueous solutions. Whereas peptide chains above
30-mers have been achieved in nonaqueous solutions that
contained mixtures of different N-carboxyanhydrides (NCAs=


Leuch’s anhydrides) that polymerized at similar rates,[3] and in
homoplymers of simple amino acids such as oligoalanines,[4, 5]


the longest reported co-oligopeptide that has been synthe-
sized in situ from aqueous mixtures of amino acid–NCAs are
pentamers.[6] In order to generate copolymers that bear the
requisite features for the potential evolution of catalytic activi-
ty, it is thus necessary to overcome the difficulties inherent to
the large differences in polymerization rates of key amino
acids under given aqueous conditions.


Amino acids such as histidine, glutamate, and serine are
ACHTUNGTRENNUNGcatalytically competent,[7] whereas glycine, alanine, valine, and
similar amino acids can be considered to be good spacers and
folders. Our preliminary studies focused on the preparation of
co-oligomers of glycine (Gly, G) and glutamate (Glu, E), which
are two partners that oligomerize at similar speeds. The addi-
tion of an unbuffered D2O solution of Gly or Glu (120 mm) to
dry 1,1’-carbonyldiimidazole (CDI, 2.5 equiv) led within a few
minutes to the corresponding NCAs; these were readily identi-
fied by 1H NMR spectroscopy and electrospray mass spectrom-
etry. Homo-oligomerization of the individual solutions by initia-
tion with free amino acid occurred within a few hours at room
temperature to give oligomers Glyn (n=4–27) or Glum (m=2–
12; see the Supporting Information).[8] Batch co-oligomeriza-
tion of an equimolar mixture of CDI-activated Gly and Glu
(60 mm each, Figure 1) was followed by NMR spectroscopy.
After the addition of initiating Gly, Glyn–Glum co-oligomers
were obtained that ranged from tetramers to 21-mers and con-
tained evenly distributed amounts of both amino acids, with
n=3–11 and m=4–10, as revealed by ESI+ and MALDI-TOF+


mass spectrometry.
We chose histidine and glycine as the first “unequal pair” of


partners to be co-oligomerized and wish to report here our
proof of concept in activating histidine (His, H, 1), a highly cat-
alytically competent residue, yet slow polymerizer, and in co-
oligomerizing it with glycine (Gly, G), which is perhaps the fast-
est polymerizer among the proteinogenic amino acids. The
process provides different populations of Gly–His co-oligomers
where the peptide lengths and His contents can be varied in a
controlled fashion.


It has long been recognized that His does not oligomerize
under the same conditions as the NCAs of Gly, Glu and other
amino acids.[9] The 1H NMR spectroscopy data in Figure 2
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shows that the addition of a 120 mm aqueous solution of 1 to
CDI results in the transient formation of the N-imidazolylcar-
bonyl derivative 2.[10] 2 converts within a few hours into the
thermodynamically stable, bicyclic urea derivative 3,[9c] which
does not oligomerize even after 24 h at room temperature, or
after several hours at 50 8C. The addition of chlorotrimethyl-
ACHTUNGTRENNUNGsilane (TMSCl) to an aqueous (D2O or H2O) solution of 3 led to


the formation of His4–His15 oligomers[9c] within a few hours at
50 8C, with a maximum abundance at His6 and His7 (Figure 2
and MALDI-TOF MS in the Supporting Information). Despite its
high reactivity with water, TMSCl does not appear to act solely
as a source of DCl, because polymerization at comparable pH
in the absence of TMSCl is noticeably slower (Supporting Infor-
mation). TMSCl thus makes 3 amenable to clean oligomeriza-
tion under mild conditions.


We next turned our attention to the problem of producing
His–Gly co-oligomers. The challenge arises from the fact that
Gly oligomerizes rapidly at 50 8C, and batch co-oligomerization
under these conditions will thus lead first to the formation of
oligoGly, followed by the slower formation of oligoHis. Indeed,
treatment of an equimolar mixture of urea 3 and Gly–NCA
(60 mm each) with TMSCl at 50 8C gave primarily homo-oligo-
mers, or at best, incorporation of a single Gly into oligoHis.
The obvious solution was therefore to reduce the polymeri-
zation rate of the Gly species without limiting the molar ratio
by limiting its concentration by the slow addition of activated
Gly to oligomerizing His. Thus, treatment of an aqueous solu-
tion of His (120 mm) with CDI and warming to 50 8C for 1 hour
provided 3, which was treated with TMSCl. A separate fresh so-
lution of the Gly–NCA was prepared by treatment of an aque-
ous solution of Gly (120 mm) with CDI at 0 8C. The pulsed addi-
tion of the Gly–NCA to the oligomerizing His urea over the
course of 3 h at 50 8C, either 0.2 equivalents every 20 min
(2 equiv total), 0.2 equivalents every 40 min (1 equiv total), or
0.4 equivalents every 40 min (2 equiv total), provided Gaussi-
an-like distributions of His–Gly co-oligomers that showed
ACHTUNGTRENNUNGextensive incorporation of Gly. The longest detected oligo ACHTUNGTRENNUNG(His–
Gly) peptides were composed of, depending on the pulse ad-
dition mode, 24 to 29 amino acid residues (Figure 3).


An even distribution of Gly residues can be observed within
each family. The overall distribution of His depends, not sur-
prisingly, on the total amount of activated Gly that was added
(compare yellow and blue vs. violet bars in Figure 3B). MS–MS
analysis of the peaks that correspond to co-oligomers contain-
ing one or two His showed that the histidines are interspersed
among the glycine residues (Supporting Information for MS–
MS of Gly8His1 and Gly6His2 oligomers). The high complexity of
MS–MS spectra from co-oligomers that contain more than two
His residues showed the presence of complex mixtures; this
precludes the formation of a single-block oligoGly–oligoHis co-
oligomer. The choice of different addition programs with the
same total Gly content (yellow vs. blue bars in Figure 3B) is
ACHTUNGTRENNUNGexpected to influence the distribution of His within the co-oli-
gomer, that is, the distances between His residues within the
main-chain. Additional studies are underway to address this
issue. To the best of our knowledge, this is the first report of
the successful CDI-mediated co-oligomerization that involves
His.


In conclusion, mild conditions for efficient oligomerization of
histidine have been established by chlorotrimethylsilane activa-
tion of the bicyclic urea 3. Co-oligomers of glutamate–glycine
and of histidine–glycine have been prepared through in situ
activation of the amino acids by using batch co-oligomeriza-
tion and pulsed addition protocols, respectively. The products


Figure 2. 1H NMR spectra of the oligomerization of His (1) mediated by CDI
and TMSCl. A) 1 in unbuffered D2O. B) 5 min after addition of CDI (2.5 equiv)
to 1 (120 mm in D2O) at 25 8C, 2 accumulates as the main intermediate,
which is identified as N-(imidazolylcarbonyl)histidine through electrospray
MS–MS analyses of H2O solutions under otherwise identical conditions (m/z
248 for the protic monoanion). C) After 1 h at 50 8C, 2 fully converts into the
known bicyclic urea derivative 3 (m/z 180 for the protic monoanion), which
oligomerizes within several hours when treated with either TMSCl or more
slowly when acidified to pD 5.9 (measured pH* 5.5).[13] D) The 1H NMR spec-
trum of oligoHis. See the Supporting Information also.


Figure 1. 1H NMR spectra of an unbuffered D2O solution of Gly and Glu
(60 mm each) after the addition of CDI (2.5 equiv). A) Within the first 5 min
at 25 8C the respective NCAs are formed. B) Oligomerization shown after 4 h,
and C) after 16 h at 25 8C after the addition of Gly as initiator. See Support-
ing Information for the mass analysis of oligo ACHTUNGTRENNUNG(Gly–Glu).
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showed even distributions of the amino acids and hitherto un-
precedented main-chain lengths, that is up to 21 residues for
oligo ACHTUNGTRENNUNG(Glu–Gly), and up to 29 residues for oligo ACHTUNGTRENNUNG(His–Gly). The
pulsed addition mode allows for some control over the aver-
age relative amino acid composition and distribution, and
allows, for instance, oligo ACHTUNGTRENNUNG(His–Gly) populations that bear maxi-
mal abundances either of His4–5Gly10–12, or of His6–7Gly6–8 to be
generated. It is noteworthy that, contrary to the outcome
under the batch co-oligomerization conditions, the His/Gly
ratio that was observed in the most abundant co-oligomers
closely reflect the ratio of total amino acids that were added
to the reaction mixture.


The combination of an exceptionally simple chemical re-
ACHTUNGTRENNUNGaction system (compared to in vitro random mRNA translation,
for example) with the ability to select specific amino acids and
different addition protocols opens the way to generating large
populations of co-oligomers of two or more different amino
acids. Because the amino acid composition, the average main-
chain length, and the global distribution of catalytically com-
petent side chains are tuneable, they have potential for novel
medical applications,[11] and bear features that are well suited
for various in vitro selection experiments, such as in catalysis,
autocatalysis, molecular recognition (aptamer selection), or
enzyme inhibition.[12] Future experiments with NCA-generated


mixed co-oligopeptide populations will show if the
autocatalytic emergence of prebiotic peptides or
even proteins could have been a viable pathway for
the evolution of early biotic catalytic activities.


Experimental Section


Oligohistidine : A solution of l-histidine (5 mL, 125 mm


in D2O) was added to solid 1,1’-carbonyldiimidazole (CDI;
247.2 mg, 1.52 mmol) at room temperature. The solution
was stirred at room temperature overnight, then a
sample (0.5 mL) was diluted in a 615 mm aqueous imida-
zole solution (0.5 mL D2O) and heated to 50 8C. TMSCl
was added (55 mL, 296mmol) at room temperature, and
the solution was heated at 50 8C. The reaction was moni-
tored by 1H NMR spectroscopy. Final conditions were
60 mm (activated) histidine, 580 mm imidazole (taking
into account the contribution of the CDI), and 280 mm


TMSCl; the pD at the end of the reaction was 6.7 (at
25 8C: pD=measured pH*+0.43�0.02).[13] The approxi-
mate observed half-conversion time of the urea 3 as a
function of the quantity of TMSCl that was added under
these conditions was as follows: <30 min (75 mL); 7 h
(55 mL) ; 17 h (25 mL); >24 h (10 mL). These conditions
were chosen to allow for comparative studies. A simpli-
fied procedure consisted of heating the histidine–CDI
mixture (0.5 mL) at 50 8C for 1 h, followed by treatment
with TMSCl (25 mL), and then by keeping the resulting
solution at 50 8C overnight.


Glutamate–glycine co-oligomers : A solution of glycine
(500 mL, 120 mm) and l-glutamic acid (500 mL, 120 mm)
were added to solid CDI (50 mg, 0.3 mmol) at room tem-
perature. After 5 min, more glycine solution (100 mL,
120 mm) was added, and the mixture was allowed to
stand at room temperature. The oligomerization of Gly–
Glu was essentially complete after 16 h.


Histidine–glycine co-oligomers : A 120 mm solution of l-histidine
in H2O (500 mL) was added to each of four eppendorf tubes that
contained solid CDI (2.5 equiv). The solutions were heated at 50 8C
for 1 h, and TMSCl (12 mL, 67 mmol) was added. A separate solution
of glycine–NCA was prepared by treating solid CDI (2.5 equiv) with
aqueous glycine (120 mm in H2O), and was then kept at 0 8C. Five
minutes after the addition of TMSCl to the activated histidine solu-
tion, the Gly–NCA solution was added to the oligomerizing histi-
dine according to the following schedules over the course of 3 h:
A) Gly–NCA (100 mL, 120 mm) every 20 min (10 additions, 1000 mL
total) ; B) Gly–NCA (100 mL, 120 mm) every 40 min (5 additions,
500 mL total) ; C) Gly–NCA (200 mL, 120 mm) every 40 min (5 addi-
tions, 1000 mL total) ; D) no Gly–NCA added (control). The solutions
were heated for an additional hour, then stored at 4 8C. Samples
were prepared for ESI-MS by centrifugation at 10000 rpm (10 min),
and then by diluting of some of the supernatant (20 mL) into
MeOH/H2O 1:1 (1 mL) that contained formic acid (0.5%, v/v).
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Self-Cleavable Bioluminogenic Luciferin Phosphates as Alkaline
Phosphatase Reporters


Wenhui Zhou,*[a] Christine Andrews,*[b] Jianquan Liu,[a] John W. Shultz,[b] Michael P. Valley,[b] Jim J. Cali,[b]


Erika M. Hawkins,[b] Dieter H. Klaubert,[a] Robert F. Bulleit,[b] and Keith V. Wood[b]


Alkaline phosphatase (AP)—a
stable enzyme with high specific
activity for the hydrolysis of
phosphate esters—is widely
used as a conjugated enzyme
label in enzyme-linked immuno-
sorbent assays (ELISA)[1] and
DNA hybridization assays.[2] It is
also used as an in situ probe to
monitor the expression and
translocation of fusion proteins
from the cytoplasm[3] and for vis-
ualization of the spatial distribu-
tion of target biomolecules, such
as cognate ligands or receptors
in cells, tissues, and embryos.[4]


Among the many methods for
detecting AP activity, there are
various phosphate substrates,
such as the colorimetric p-nitro-
phenyl phosphate,[5] the fluores-
cent AttoPhos<,[6] and the chemi-
luminescent adamantyl 1,2-di-
ACHTUNGTRENNUNGoxetane AMPPD derivatives[7]


(Scheme 1). It is the ultrasensitiv-
ity of chemiluminescence, specif-
ically with 1,2-dioxetane AMPPD
derivatives, that has made this
the overwhelming choice for
monitoring AP activity.
Although a luciferase-coupled


bioluminescent assay is not only
generically similar to the chemi-
luminescent assay and could
show similar sensitivity, it also
has the additional potential of
creating recombinant luciferase to AP protein fusions, which
might be preferable for the detection of AP activity in situ. The


development of a suitable substrate to reach this ultrasensitivi-
ty is needed in order to promote the bioluminescent AP assay
for practical applications. Chemical modification of the 6-hy-
droxyl group of luciferin (or the 6-amino group of aminoluci-
ferin) is an effective means to approach bioluminescent assays
for enzymes of interest,[8] and 6-luciferin phosphate (Scheme 1)
has been previously shown to detect AP activity.[9] However,
the detection limit of 10�19 mol of AP was 2–3 orders of magni-
tude lower than that for the AMPPD assay.[7] Since the hydroly-
sis of phosphate monoesters is highly dependent on the pKa
of the leaving group[10] and the lower pKa 8.5


[11] of the luciferin
phenol compared to a pKa ~9.0[7] of the adamantyl dioxetane
phenol favors both nucleophilic attack and P�O bond fission


Scheme 1. Chemical structures of substrates for AP enzyme. A) Known chemiluminescent substrate AMPPD deriva-
tives and bioluminescent substrate 6-luciferin phosphate; B) proposed self-cleavable luciferin phosphates, amino-
luciferin trimethyl lock phosphate 1, and luciferin p-hydroxymethylphenyl phosphate 2.
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for phosphate hydrolysis, we reasoned that the high back-
ground from nonenzymatic hydrolysis of 6-luciferin phosphate
might be responsible for the low sensitivity in this particular
case. We, therefore, hypothesized that the use of a self-cleava-
ble chemical adaptor that is bound to luciferin at one end and
phosphate at the other, could allow us to optimize the pKa of
the hydroxyl group at the phosphate-bonding site. This could
lead to enhanced stability, but still allow the release of free
ACHTUNGTRENNUNGluciferin upon AP activity.
Reactive molecules capable of spontaneous intramolecular


cyclization or 1,4- and 1,6-elimination have been utilized in the
field of prodrugs for enzyme-triggered drug delivery, and in
solid-phase synthesis for the release of synthetic molecules
from solid supports.[12] Specifically, substituted phenol propion-
ic acid derivatives, referred to as “trimethyl lock”,[13] upon un-
masking of the phenol group either undergo a facile spontane-


ous intramolecular lactonization due to the steric interaction
of three methyl groups to form hydroxylcoumarin and release
the moieties attached to the carboxyl functional group
(Scheme 1B, 1) ; or spontaneous 1,6-elimination of p-hydroxy
benzylether derivatives[12,14] triggers the liberation of the moi-
eties at the ether end by the formation of a quinone methide
(Scheme 1B, 2). Given that the adaptors of trimethyl lock and
p-hydroxy benzylether are alkylsubstituted phenoles, we esti-
mated that the pKa values of the hydroxyl group in adaptors
were close to the pKa 9.95


[15] of phenol, and consequently, we
predicted that their corresponding phosphates would be more
stable than 6-luciferin phosphate. Therefore, we designed ami-
noluciferin trimethyl lock phosphate (1) and luciferin p-hydroxy-
methyl phenyl phosphate (2 ; Scheme 1).
The synthesis of trimethyl lock phosphate 1 was accom-


plished as shown in Scheme 2A. The known 2-(3-hydroxy-1,1-


Scheme 2. A) Synthesis of luciferin trimethyl lock phosphate 1. i) TBDMS-Cl/TEA/CH2Cl2, 73%; ii) ClPO ACHTUNGTRENNUNG(OEt)2/KO-tBu/THF, 60 8C, 83%; iii) Jones’/KF/acetone, 87%;
iv) isobutylchloroformate/N-methyl-morpholine/2-cyano-6-aminobenzothiazole, 60%; v) (CH3)3SiI/CH2Cl2, 75%; vi) d-cysteine/TEA. B) Synthesis of luciferin p-hy-
droxylmethyl phenol phosphate 2. i) ClPOACHTUNGTRENNUNG(OEt)2/TEA/CH2Cl2, room temperature, 83%; ii) HCl/MeOH, 98%; iii) CBr4/Ph3P/CH2Cl2, 92%; iv) 6-hydroxylbenzothi-
ACHTUNGTRENNUNGazole/K2CO3/acetone, 77%; v) (CH3)3SiI/CH2Cl2, 63%; vi) d-cysteine/TEA.
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dimethyl-propyl)-3,5-dimethyl-phenol (3) was prepared by lac-
tonization of the commercially available 3,5-dimethylphenol
and methyl 3,3-dimethylacrylate in methanesulfonic acid fol-
lowed by reduction with lithium aluminium hydride.[13i] Selec-
tive protection of the alkylhydroxyl group of 3 with tert-butyl-
dimethylsilyl chloride (TBDMS-Cl) in methylene chloride under
basic conditions gave 4 in 73% yield. Compound 4 was then
phosphorylated with diethyl chlorophosphate under strong
basic potassium tert-butoxide conditions to produce 5 in a
yield of 83%. We found no phosphorylation of 4 under the
more common base conditions, such as with TEA. Compound
5 was converted into acid 6 by in situ deprotection with KF fol-
lowed by oxidation with Jones’ reagent in acetone; the oxida-
tion was sensitive to temperature. The aldehyde intermediate,
instead of acid 6, was often found as a dominant product at
low temperature (0 8C), whereas at room temperature we
could drive the formation of 6 to completion with an average
yield of 87%. Compound 6 was activated with isobutylchloro-
formate, and then coupled to 2-cyano-6-aminobenzothiazole
to give 7. The coupling reaction had to be conducted for 4–
5 days at room temperature in the presence of excess base in
order to gain moderate yields (40–60%). We ascribe this slow
reactivity to the lack of nucleophility of the amine group of
the electron deficient benzothiale ring. Deethylation of 7 with
trimethyliodosilane, followed by treatment with toluidine gave
8 in a yield of 75%. The cyclization of 8 with d-cysteine under
basic conditions[8b, c] gave the desired luciferin trimethyl lock, 1.
A similar method was employed for the synthesis of luciferin


p-hydroxymethyl phenylphosphate 2 (Scheme 2B). Selective
protection of the alkyl hydroxyl group of p-hydroxymethyl
phenol followed by phosphorylation of the phenol group with
diethyl chlorophosphate yielded 10. Upon removal of the pro-
tecting group alcohol 11 was produced and then converted
into bromide 12 with CBr4/Ph3P in methylene chloride. The
subsequent alkylation of 2-cyano-6-hydroxybenzothiazole with
12 under basic conditions,[8b, c] followed by deethylation with
trimethyliodosilane and ring cyclization with d-cysteine yielded
the final compound 2.
The reactivity of 1 and 2 as substrates was examined in a


two-step assay format. In the alkaline phosphatase reaction
(step 1), calf intestinal AP (Promega) was incubated with the
substrate for 30 min at room temperature in a reaction
(100 mL) containing Tris-HCl (50 mm, pH 9.3), MgCl2 (10 mm),
ZnCl2 (0.10m), and spermidine (1 mm). In the luciferin-detec-
tion reaction (step 2), luciferin detection reagent (100 mL),
which comprised of luciferase, ATP, and buffer, was added to
the AP reaction, and the luminescent signal was measured by
using a Veritas 96 microplate luminometer. The resulting lumi-
nescence with 1 and 2 in the presence of AP enzyme above
control background signal suggested that the compounds
were substrates for AP and produced aminoluciferin or lucifer-
in either by spontaneous intramolecular cyclization or 1,6-elim-
ination upon dephosphorylation. Only the starting compounds
and free luciferin or aminoluciferin were observed by HPLC,
and no intermediates were detected; this confirms that the
ACHTUNGTRENNUNGluminescent signal indeed reflected the oxidation of luciferin
by luciferase. The background controls for 1 and 2 yielded low


net signals without noticeable change upon increasing incuba-
tion time in the absence of AP; this implies insignificant non-
enzymatic hydrolysis for either compound. The apparent Km
values for 1 and 2 were measured by varying the substrate
concentrations while AP enzyme concentration was main-
tained constant (Figure 1). Compounds 1 and 2 exhibited Km


values of (224�10) and (0.34�0.04) mm for AP, respectively.
This indicates that relative to the Km of 43 mm reported for 6-O-
luciferin phosphate, 1 is a poor substrate for AP, whereas 2
ACHTUNGTRENNUNGappeared to be a good substrate.
We also performed the assay in a one-step format, similar to


that described above but with incubation of AP in the pres-
ence of luciferin-detection reagent. We found insignificant dif-
ferences between the one-step and two-step assay formats;
this suggested that the cleavage of the adaptors was not a
rate-limiting step, and thus we employed the one-step method
for evaluating the sensitivity of our assay. The sensitivity of 1
and 2 for AP was assessed by measuring the limit of detection,
which was defined as the amount of enzyme necessary to give
a net luminescent signal equal to three times the standard de-
viation of the background control. Compounds 1 and 2 exhib-


Figure 1. Michaelis–Menten kinetics of 1 and 2 with AP enzyme. The AP
ACHTUNGTRENNUNGreaction was conducted in a volume of 100 mL, and contained AP (14 pg),
MgCl2 (10 mm), ZnCl2 (0.10m), spermidine (1 mm), and Tris-HCl (50 mm,
pH 9.3). After 30 min incubation, luciferin detection reagent (100 mL) was
added and the luminescent signal was measured. A) 1; B) 2.
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ited a 100000-fold linear dynamic range with limits of detec-
tion of ~10�20 and ~10�22 mol of AP enzyme, respectively. The
lower sensitivity of 1 was most likely due to its approximately
three-times higher background than that of 2.[16] However,
both compounds showed poor linearity at low concentration
of AP (<10000 molecules; Figure 2). The same trend was ob-


served for the chemiluminescent assay with the commercially
available AMPPD derivative (CDP-Star, Tropix). We postulate
that at low concentration alkaline phosphatase might dissoci-
ate into monomers that show higher activity than the dimeric
species.[17]


The immunobioluminescence assay with 2 as a reporter for
AP activity was further evaluated by employing rabbit anti-cas-
pase-3 polyclonal antibody (Promega) and purified Schistomso-
ma japonicum glutathione-S-transferase (GST; Sigma) as anti-
gens, and goat anti-rabbit IgG–AP conjugate (Promega) and
rabbit anti-GST–AP conjugate (Sigma) as enzyme labels, re-
spectively. As a comparison, standard immunoassay protocols
were performed.[18] Figure 3 shows that the bioluminescent im-
munoassay exhibited a 10000-fold linear dynamic range from
1.9 ng to 1.9 mg for anti-caspase-3 polyclonal antibody and
80 ng to 80 mg for S. japonicum GST, with limits of detection of
190 and 650 pg, respectively.
In summary, this report describes the use of a reactive chem-


ical adaptor to stabilize bioluminogenic phosphates for report-
ing alkaline phosphatase activity. Trimethyl lock and 1,6-elimi-
nation based latent luciferin phosphates were successfully pre-
pared. The 1,6-elimination based luciferin phosphate exhibited
the ability to detect ~10�22 mol of AP enzyme in a homogene-
ous solution, and picograms of protein in an immunoassay;


this indicates that the bioluminescent reporter could be an al-
ternative to the ultrasensitive chemiluminescence assay for
monitoring AP activity. This chemical-adaptor strategy could
be applied to the development of other fluorogenic or biolu-
minogenic substrates with an additional means of tuning
chemical structures and functionalities for other enzyme
assays. The luciferase-coupled bioluminescent assay also pro-
vides a unique potential for in situ probing of enzyme activi-
ties in combination with protein fusions.
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Chemoenzymatic Transfer of Fluorescent Non-natural Amino Acids to the
N Terminus of a Protein/Peptide


Masumi Taki,*[a, b] Hiroyuki Kuroiwa,[a] and Masahiko Sisido*[a]


Leucyl/phenylalanyl-tRNA–protein transferase (L/F transferase)
from E. coli is known to catalyze the transfer of hydrophobic
amino acids from an aminoacyl-tRNA to the N terminus of pro-
teins that possess lysine or arginine as the N-terminal resi-
due.[1–3] We have reported that substrates of the enzymatic re-
action can be expanded to include non-natural amino acids by
using a tRNAPhe aminoacylated with various types of non-natu-
ral amino acids.[4, 5] This should become a new and versatile
tool for N-terminal-specific incorporation of specialty amino
acids into proteins and peptides. However, it is difficult to
transfer large non-natural amino acids to the N terminus by
using wild-type L/F transferase.[4] Here, we engineered L/F
transferase to allow the incorporation of large fluorescent non-
natural amino acids. Another possible problem with this tech-
nique was the tedious and costly transcription process of a
tRNA that lacks the 3’-terminal CpA unit. To solve this problem,
we minimized the tRNA structure as substrate for the transfer-
ase and found that even micro-RNAs can mediate aminoacyl
transfer.
Recently, the crystal structure of wild-type L/F transferase


complexed with an aminoacyl-tRNA analogue (puromycin) was
reported (PDB ID: 2DPT).[6] Judging from the crystal structure,
we postulated that there are steric conflicts between large
amino acids on a bound aminoacyl-tRNA and hydrophobic res-
idues in the binding pocket of the wild-type transferase. To
expand the substrate specificity so as to accommodate non-
natural amino acids with large side groups, we designed and
expressed four different mutant transferases (M144A, F173A,
F177A, I185A)[6] in which hydrophobic amino acids in the bind-
ing pockets were replaced by alanines to minimize the steric
conflicts with amino acid side groups bound to aminoacyl-
tRNAs. By using these mutant transferases, successful transfers
were observed for fluorescent non-natural amino acids that
possessed acridonyl and benzoacridonyl groups (Figure 1A
and B).[7] Acrydonylalanine (acdAla; 1) and benzoacrydonylala-
nine (badAla; 2) are known to be highly fluorescent and pho-
todurable when excited with a blue-laser at the wavelength of


about 405 nm or with a visible laser at approximately 450–
500 nm, respectively.[7] Thus the attachment of these fluores-
cent amino acids should enable the visualization of peptides
and proteins.
tRNAs charged with these fluorescent amino acids at the


3’ ends were prepared according to the chemical aminoacyla-
tion method developed by Hecht and co-workers.[8] Key inter-
mediates for chemical aminoacylation (aminoacyl pdCpAs)
were synthesized as described before.[7] The resulting amino-
ACHTUNGTRENNUNGacyl-tRNA was added to a reaction mixture that contained
a target peptide (H-KRRPPGFSPFR-OH=Lys-bradykinin)[5] and
each mutant transferase.[6] Products of the aminoacyl transfer
to the peptide were identified by MALDI-TOF mass spectrosco-
py. As described in the Supporting Information, all mutant
transferases successfully transferred the large fluorescent
amino acids to Lys-bradykinin. Aminoacyl transfer to a target
protein (Lys-SoCBM13)[3–5] was also successful. Fluorescence
images of SDS-PAGE experiments are shown in Figure 1. The
images indicate that the fluorescent amino acids were trans-
ferred to Lys-SoCBM13 when the reaction was performed with
some of the mutant transferases. The product of the aminoacyl
transfer to the Lys-SoCBM13 protein was also identified by
MALDI-TOF mass spectroscopy. The average mass of the sub-
strate Lys-SoCBM13 (m/z found 17000) was found to be shifted
by 313 (m/z found 17313). This shift corresponds to the mass
of a single badAla unit (314). Interestingly, amino acid prefer-
ences were somewhat different for different mutant enzymes:
the F173A mutant preferred badAla rather than acdAla
(lane 3), whereas acdAla was favored by I185A in preference to
badAla (lane 5). After the enzymatic reaction, N-terminal se-
quences of resultant proteins were analyzed by Edman degra-
dation by using an amino-acid sequencer.[5] The efficiency of
aminoacyl transfer of acdAla with I185A was 22%, and that of
badAla with F173A was 41%, under optimized conditions.[4, 5]


Changing the molar ratio of the reagents or increasing the re-
action time did not enhance the efficiency. Favorable mutation
positions seem to depend on the side-chain structures of
amino-acid substrates. For example, p-aminophenylalanine was
more efficiently introduced to Lys-bradykinin by the I185A
mutant than either by the F173A mutant or wild-type transfer-
ase. In the case of 6-methoxy-2-naphthylalanine, successful in-
troduction was observed with the F173A mutant, but not with
the I185A mutant or wild-type transferase.
Next, we made an attempt to minimize the RNA structures


as carriers of the amino acid. A previous report has suggested
that the tRNA acceptor stem region is important for substrate
recognition.[9] We isolated the acceptor stem region of E. coli
tRNAPhe and aminoacylated the resulting microhelix with 1-
naphthylalanine (napAla). The RNA was chemically synthesized
(Japan Bioservice, Saitama, Japan) and charged with napAla at
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its 3’ end by chemical aminoacylation.[8] Transfer of a single
napAla unit to Lys-bradykinin was observed in the presence of
aminoacylated microhelix 3 and transferase (Figure 2). Judging
from the results of the Edman degradation, the efficiency of


the aminoacyl transfer of napAla was 36%. Aminoac-
yl transfer was not ACHTUNGTRENNUNGdetected either in the absence of
the microhelix or transferase.
We deleted further nucleotide units from the


ACHTUNGTRENNUNGacceptor stem to find the minimum sequence that
could act as amino-acid carrier. All of the microhelices
4–6 that carried a napAla unit at the 3’ end were suc-
cessfully recognized by the wild-type transferase (Fig-
ure 3A). Results from TOF-MS analysis indicated that
the target peptide (Lys-bradykinin) disappeared and
the desired product (napAla-Lys-bradykinin) appeared
exclusively when we used microhelix 5 ; napAla was
almost quantitatively transferred to the peptide
under the optimized reaction conditions (see foot-
note of Figure 1). The product of the aminoacyl trans-
fer from microhelix 5 to Lys-SoCBM13 protein was
also identified by MALDI-TOF-MS; the average mass
of the substrate Lys-SoCBM13 shifted by 194. This
shift corresponds to the mass of a single napAla
(197) unit. The TOF-MS data clearly show that a
single napAla was covalently attached to the sub-
strate protein. Shorter microhelices 3, 4, and 6 gave
smaller yields. Most surprisingly, an aminoacylated di-
nucleotide (napAla, 7) also worked as substrate for
the transferase (Figure 3B), although Leibowitz and
Soffer[1] have reported unsuccessful transfer for 8
when it was aminoacylated with phenylalanine. Of
course, aminoacyl transfer did not occur when the
transferase was absent.
Thus, we found that amino acid specificity could


be expanded to include badAla (2) by the use of a
mutant transferase (F173A). Further, the amino acid
carrier could be minimized to microhelix 5 for effi-
cient attachment, and even to 7 for partial attach-


ment. Combining these results, we attempted the synthesis of
a fluorescently labeled protein, badAla-Lys-SoCBM13, using mi-
crohelix 5 aminoacylated with badAla. The efficiency of amino-
acyl transfer to Lys-SoCBM13 was 21% in the presence of the


Figure 2. MALDI-TOF mass spectrum of Lys-bradykinin after transfer of the napAla unit by using aminoacylated microhelix RNA 3 with wild-type L/F transfer-
ase. The enzymatic reaction was performed at 37 8C.


Figure 1. Chemical structures of the fluorescent non-natural amino acids A) acdAla, and
B) badAla. Fluorescence imaging of the products of aminoacyl transfer to Lys-SoCMB13
protein for C) acdAla, visualized under excitation at 365 nm; and D) badAla, visualized
under excitation at 488 nm. The same amounts of protein were subjected to SDS-PAGE
(15% gels). Lanes 1: wild-type L/F transferase, lanes 2–5: M144A, F173A, F177A, I185A
mutant transferases, respectively. The optimized reaction conditions were: aminoacyl-
tRNA (400 pmol), target protein (Lys-SoCBM13; 180 pmol), and L/F transferase (13 pmol)
in a 2.5 mL reaction mixture incubated at 37 8C for 0.5 h.[4, 5] The horizontal arrow indicates
the position of Lys-SoCBM13, and the bands at the void volume were tentatively as-
signed as free (hydrolyzed) amino acids. Incorporation efficiency was evaluated by Ed-
ACHTUNGTRENNUNGman degradation.
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F173A mutant. It seems that the lack of the cloverleaf structure
of tRNA had an unfavorable effect on the transfer reaction to
the target protein. Most probably lack of interaction between
the D stem of the aminoacyl-tRNA and transferase prevented
efficient complexation between the aminoacyl-microhelix and
transferase.[6] Despite this, partial aminoacyl transfers from a
ACHTUNGTRENNUNGdinucleotide aminoacylated with badAla (7) to Lys-bradykinin
were definitely detected in the presence of the same mutant
transferase (Figure 3C). Again, transfer of the fluorescent
amino acid from 7 to the peptide did not occur in the absence


of transferase. We also prepared an AMP–napAla conjugate,
which worked as a good substrate for wild-type transferase
and was linked to Lys-bradykinin. Very recently, AMP–phenyl-
alanine was found to be a substrate for wild-type transfer-
ase.[10] The hydrophobic amino acid itself might be sufficient
for substrate recognition not only for natural phenylalanine[10]


but also non-natural aromatic amino acids.
In conclusion, we have succeeded in the transfer of large flu-


orescent non-natural amino acids that can be excited by either
visible or blue-lasers, to the N terminus of a Lys-terminated


Figure 3. A) Structures of the aminoacylated oligonucleotide substrates that successfully worked as substrates of L/F transferase; 8 has been reported not to
work.[1] MALDI-TOF mass spectra of Lys-bradykinin after the transfer of B) napAla, and C) badAla units by using the corresponding aminoacyl-dinucleotide 7
with wild-type and F173A-mutant L/F transferase, respectively. The enzymatic reaction was performed at 37 8C.
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protein or peptide by using engineered L/F transferase mu-
tants. Also, we have found that the tRNA structures could be
simplified to microhelices or even to dinucleotide (pdCpA) or
mononucleotide (AMP; pA) as carriers for the non-natural
amino acids. With this method we can avoid tedious and
costly transcription of tRNA using chemically synthesized oli-
goRNAs. Aminoacylation of a microhelix might be chemically
or enzymatically achieved by using an aminoacyl phosphate
oligonucleotide hybridized to the 3’ end of the microhelix[11] or
aminoacyl-tRNA synthetase,[12] respectively.


Experimental Section[13]


In vitro aminoacyl transfer from aminoacyl-nucleotide to the
N terminus of Lys-bradykinin peptide or Lys-SoCBM13 protein :
Standard in vitro aminoacyl transfer to the Lys-peptide or Lys-pro-
tein was carried out in a 2.5 mL reaction mixture containing Tris-
HCl buffer (50 mm, pH 8.0), KCl (200 mm), peptide or protein
(180 pmol each), aminoacylated oligonucleotide (400 pmol), and
L/F transferase (13 pmol). The reaction mixture was incubated for
0.5 h at 37 8C unless otherwise noted.


To obtain the mass spectra, the reaction solution was desalted and
concentrated by using ZipTipC18 silica resin (Millipore) after the
enzymatic reaction, and eluted directly onto the MALDI target.
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Discovery of Chromone-Based Inhibitors of the Transcription Factor STAT5


Judith M�ller, Bianca Sperl, Wolfgang Reindl, Anke Kiessling, and Thorsten Berg*[a]


Molecular signals originating at the cell surface are conveyed
by a complex system of interconnected signaling pathways to
the nucleus. They converge at transcription factors, which in
turn regulate the transcription of sets of genes which ultimate-
ly determine the cellular phenotype. Whereas enzymes in-
volved in signaling pathways, that is, intracellular kinases and
phosphatases and receptor tyrosine kinases, have been recog-
nized and exploited as intervention points for modulating cel-
lular properties with small organic molecules,[1] transcription
factors are often considered “nondruggable” because of their
lack of enzymatic activities. However, as many transcription
factors require interactions with themselves or other proteins,
cell-permeable inhibitors of protein–protein interactions could
provide an approach towards the inhibition of this important
class of proteins, and would thereby allow for the analysis of
transcription factor functions and for therapeutic intervention
of diseased states.[2, 3] Initially regarded as unfeasible, a growing
body of evidence indicates that the inhibition of protein–pro-
tein interactions can be potently and selectively achieved by
drug-like molecules,[4–11] some of which are even undergoing
clinical trials.[12,13]


STATs (signal transducers and activators and transcription)
are a family of transcription factors, which require their Src-ho-
mology 2 (SH2) domain at two steps of the signaling process
to be active. Firstly, STATs need to bind via their SH2 domain
to activated receptors and nonreceptor tyrosine kinases
(NRTKs), and can subsequently be phosphorylated at a con-
served tyrosine residue C-terminal of their SH2 domain
(Scheme 1). Secondly, upon tyrosine phosphorylation, STATs
dissociate from the respective receptor or NRTK, and form
dimers via reciprocal interactions between their SH2 domains
and the sequences surrounding the phosphorylated tyrosine
residue. Therefore, a small molecule which inhibits the pro-
tein–protein interactions mediated by the SH2 domain of
STATs could inhibit STAT functions efficiently (Scheme 1).[14]


Direct inhibition of STATs is less likely to result in unintentional
inhibition of additional signaling pathways than the targeting
of upstream kinases.


Two STAT family members, STAT3 and STAT5, have been rec-
ognized as therapeutic targets for many human tumors.[15, 16]


We have recently identified a small-molecule inhibitor of
STAT3, which acts by selectively inhibiting the function of the
STAT3 SH2 domain, thus validating the outlined approach


toward STAT inhibition.[17] Two isoforms of STAT5 exist, dubbed
STAT5a and STAT5b, which are 93% identical at the amino acid
level. STAT5 is overactive in several kinds of leukemias, and
also in breast cancer, uterine cancer, prostate cancer, and squa-
mous cell carcinoma of the head and neck (SCCHN).[18] As the
inhibition of signaling by STAT5 has been shown to inhibit
tumor growth and to induce apoptosis of tumor cells,[19–21]


direct inhibition of the STAT5 protein would be desirable to
help dissect and counteract the role of STAT5 in cancer. Small-
molecule inhibitors of STAT5 could furthermore be useful tools
to clarify the relevance of STAT5 for various cellular processes
in genetically unmodified systems.[22] Despite the significant in-
terest in small-molecule inhibitors of STAT5, to the best of our
knowledge, nonpeptidic molecules which inhibit the function
of the STAT5 SH2 domain have not been published to date.


To identify organic molecules which can inhibit the function
of the SH2 domain of STAT5, we used a homogeneous assay
based on fluorescence polarization which monitors binding of
the peptide 5-carboxyfluorescein-GYACHTUNGTRENNUNG(PO3H2)LVLDKW, which is
derived from the erythropoietin (EPO) receptor,[23,24] to the SH2
domain of STAT5b.[17,25] Screening of diverse chemical libraries
consisting of a total of 17298 molecules for compounds which
disrupt the interaction between STAT5b and its binding pep-
tide led to the identification of the chromone-derived acyl hy-
drazone 1 (Table 1, apparent IC50=47�17 mm). The functions
of the SH2 domains of STAT3, STAT1, and of the tyrosine kinase
Lck were inhibited to a lesser extent (Table 1, Figure 1).


Scheme 1. Simplified model of STAT signaling induced by activated cytokine
receptors. The signaling steps indicated by the dashed arrows (phosphoryla-
tion and dimerization) could be inhibited by an inhibitor of the SH2 domain
of STAT family members.
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Table 1. Activities of compounds 1–16 against the SH2 domains of STAT5b, STAT3, STAT1, and Lck in the fluorescence polarization assay.


No Structure STAT5b apparent IC50 [mm] STAT3 apparent IC50 [mm] STAT1 apparent IC50 [mm] Lck apparent IC50 [mm]
or inhibition [%][a] or inhibition [%][a,b] or inhibition [%][a,b] or inhibition [%][a,b]


1 47�17 mm 36�4% inhibition 26�3% inhibition 7�7% inhibition
at 500 mm at 500 mm at 500 mm


2 53�32 mm 54�8 mm 52�1 mm 34�4% inhibition
at 500 mm


3 79�20 mm 159�19 mm 396�84 mm 12�1% inhibition
at 500 mm


4 217�45 mm 107�9 mm 162�36 mm 340�2 mm


5 311�61 mm n.d. n.d. n.d.


6 56�10 mm 50�3% inhibition 43�3% inhibition 17�8% inhibition
at 500 mm at 500 mm at 500 mm


7 53�24 mm 241�55 mm 38�2% inhibition 23�8% inhibition
at 500 mm at 500 mm


8 64�26 mm 176�22 mm 351�23 mm 38�3% inhibition
at 500 mm


9 90�30 mm 47�3% inhibition 42�8% inhibition 18�6% inhibition
at 500 mm at 500 mm at 500 mm


10 86�27 mm 242�43 mm 46�1% inhibition 7�6% inhibition
at 500 mm at 500 mm


11 92�13 mm 343�14 mm 36�4% inhibition 6�4% inhibition
at 500 mm at 500 mm


12 15�1 mm 54�7 mm 69�5 mm 381�48 mm


13 11�2 mm 20�2 mm 34�5 mm 111�5 mm


14 22�4 mm 41�11 mm 64�8 mm 287�57 mm


15 51�10 mm n.d. n.d n.d


16 0% inhibition n.d n.d n.d
at 500 mm


[a] Proteins were incubated with compounds for 1 h at 22 8C before addition of fluorophore-labeled peptide. See experimental procedures for details.
[b] n.d. : not determined.


724 www.chembiochem.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 723 – 727



www.chembiochem.org





The chemical structure of 1 was confirmed by resynthesis
(see the Supporting Information for synthesis of 1 and selected
derivatives). Substitution of the hydrogen at C6 of the chro-
mone ring by an ethyl group (compound 2) did not affect
ACHTUNGTRENNUNGactivity of 1 against STAT5b, but led to complete loss of selec-
tivity against other STAT family members (Table 1). A fluorine
atom at C6 (compound 3) decreased activity against STAT5
slightly and also negatively affected the activity profile. Simul-
taneous introduction of two methyl groups in positions 5 and
7 of the chromone ring decreased the activity against STAT5
by more than fourfold (compound 4), and even caused prefer-
ential inhibition of STAT3 over STAT5b. Substitution of the
chromone group for a naphthyl ring (compound 5) reduced
activity against STAT5b by more than sixfold. These data indi-
cate recognition of the chromone part of 1–3 by STAT family
members.


Analysis of the requirements for the acyl hydrazone parts of
the molecules revealed a surprisingly large tolerance for vari-
ous groups. Substitution of the nicotinoyl residue for furan-2-
carbonyl (compound 6) or benzoyl (compound 7) resulted in
similar potency against STAT5b as that observed for 1 (Table 1).
The 4-methoxybenzoyl group also conferred activity, albeit
with decreased selectivity (compound 8). Insertion of a C2


spacer between the aromatic ring and the acyl carbon (com-
pound 9) was tolerated with a slight decrease in activity.
Stimulated by the wide range of tolerated acyl hydrazone sub-
stituents, we investigated the activity of acetyl hydrazone 10
and formyl hydrazone 11. Both compounds turned out to be
only about twofold less active than 1, which led us to investi-
gate whether chromone aldehydes formed by cleavage of the
corresponding acyl hydrazones in aqueous media might be
ACHTUNGTRENNUNGinvolved in STAT inhibition. In fact, formyl chromone 12 was
threefold more active than acyl hydrazone 1 (Table 1). Ana-
logues to the structure–activity relationships observed for hy-
drazones 2 and 3, introduction of an ethyl group (compound
13) or a fluorine (compound 14) in the 6-position of the chro-
mone moiety changed activity against STAT5b only slightly. As
had been observed for the nicotinoyl hydrazones 4 and 5, the


presence of methyl groups in positions 5 and 7 of the chro-
mone ring (compound 15) or substitution of the chromone
ring for a naphthyl group in (compound 16) led to significant
or even complete loss of activity, arguing for recognition of
the chromone moiety by STAT5.


The discovery of chromone aldehydes as inhibitors of STAT
family proteins might suggest a model by which, under the
assay conditions, acyl hydrazones 1–11 are cleaved to the re-
spective aldehydes which represent the active species. Howev-
er, the following three observations argue for a more complex
inhibition mode, as they suggest a contribution of the acyl hy-
drazone parts towards protein recognition. Firstly, the activity
profile of aldehydes 12 and 13 against STAT family members
differed from the activity profile of the corresponding nicotino-
yl hydrazones 1 and 2. In the case of the unsubstituted chro-
mone core, nicotinoyl hydrazone 1 showed more selective
ACHTUNGTRENNUNGactivity than aldehyde 12, whereas in the context of 6-ethyl
chromone, the free aldehyde 13 was more selective than the
corresponding nicotinoyl hydrazone 2 (Table 1). Secondly, the
specificities of hydrazones bearing the same chromone group
differ (compare the activity profile of 1 for STAT5b over STAT3
to the corresponding profiles of 8, 10, or 11). Thirdly, the activi-
ties of compounds 1 and 6–11 containing the unsubstituted
chromone moiety against STAT5b differed from each other,
even if only by a factor of two (compare the activities of 1 and
6 to the activities of 9–11 in Table 1). Differences in activities
and specificities within the group of acyl hydrazones carrying
the unsubstituted chromone core were also observed in the
assays described in the following paragraphs.


In principle, inhibitors of STAT SH2 domains can be expected
to interfere with DNA binding of STATs, as DNA binding re-
quires dimerization of phosphorylated STAT subunits. However,
dissociation of preformed, phosphorylated STAT5 dimers,
which interact via two reciprocal SH2 domain–pTyr interac-
tions, is a significantly harder task than the inhibition of associ-
ation between a single SH2 domain and its pTyr-containing
ligand. Using the high-affinity peptide QDTpYLVLDKWL known
to bind to the STAT5 SH2 domain, we found that dissociation
of preformed STAT5 dimers[23] requires approximately 100-fold
higher concentrations of this SH2-domain binding peptide (IC50


�50 mm, Figure S1 in the Supporting Information) than inhibi-
tion of binding between a single SH2 domain and its binding
motif in the fluorescence polarization assay (IC50�0.5 mm).[25]


Nevertheless, the most active and selective acyl hydrazones
from the fluorescence polarization assay, 1 and 6, strongly in-
hibited STAT5 DNA binding at concentrations of 400 mm and
higher (Figure 2A). DNA binding of the structurally unrelated
transcription factor dimers consisting of Jun und Fos, which
need to bind to each other to stably bind to DNA, was not sig-
nificantly affected by 1 and 6 at 400 mm (Figure 2B). Derivative
9, and especially the less selective derivative 8 showed only
partial, if any, selectivity in this assay (Figure S2 in the Support-
ing Information).


To validate the results of the fluorescence polarization assay
in a more relevant cellular setting, we analyzed the effects of
the test compounds on STAT activation, that is, phosphoryla-
tion of STATs at the conserved tyrosine residue adjacent to


Figure 1. Activity profile of compound 1 against the SH2 domains of
STAT5b, STAT3, STAT1, and Lck in the fluorescence polarization assay at
22 8C.
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their SH2 domains. The peptide motifs used in the fluores-
cence polarization assays are derived from the receptors to
which STATs bind, and receptor binding is a prerequisite to
STAT phosphorylation. Therefore, inhibition of a STAT SH2
domain should be reflected by decreased tyrosine phosphory-
lation of the respective STAT (Scheme 1). Stimulation of lym-
phoma cells (Daudi) with IFN-a leads to simultaneous tyrosine
phosphorylation of STAT5, STAT1, and STAT3,[26] which is moni-
tored by Western blot analysis using antibodies that recognize
STAT proteins only when phosphorylated at their conserved
ACHTUNGTRENNUNGtyrosine residue. Preincubation of the cells with the two most
active and selective acyl hydrazones, compounds 1 and 6,
before IFN-a treatment inhibited IFN-a-induced STAT5 tyrosine
phosphorylation, but not tyrosine phosphorylation of STAT3
and STAT1 (Figure 3A). In addition, we analyzed the activity of
derivatives 8 and 9, which had proven less selective (8) or
slightly less potent (9) in the fluorescence polarization assays
(Table 1). Cellular activity profiles of 8 and 9 matched their in
vitro activity profiles (Figure S3 in the Supporting Information).
Compound 4, which was significantly less active than 1 and 6
in vitro (Table 1), displayed only weak activity in the cellular
assay (Figure 3B). The good correlation between in vitro and
cellular activities argues against the notion that the in vitro


ACHTUNGTRENNUNGeffects of the acyl hydrazones, albeit observed at rel-
atively high concentrations, could have been influ-
enced by effects not relevant under cellular condi-
tions. As activation of STATs by tyrosine phosphoryla-
tion is indispensable for STAT dimerization via recip-
rocal SH2–phosphotyrosine interactions, which in
turn is required for nuclear translocation, DNA bind-
ing, and target gene activation, the selective inhibi-
tion of STAT5 activation by 1 and 6 inhibits STAT5 sig-
naling at a very early stage. As a result of the high
concentrations of compounds needed in the gel shift
analysis (see Figure 2), we assume that inhibition of
STAT5 phosphorylation is the more relevant cellular
mechanism of action than inhibition of dimerization
or DNA binding. We did not observe any obvious
morphological changes of the Daudi cells upon expo-
sure to the test compounds in these experiments.


As aldehydes 12 and 13 were the most potent
agents against STAT5b in the fluorescence polariza-
tion assay (Table 1), we also tested their effects in the
cellular STAT activation assay. Despite their good po-
tencies in vitro, their ability to inhibit tyrosine phos-
phorylation of STAT5 was not superior to the corre-
sponding nicotinoyl hydrazone 1 (Figure S4 in the
Supporting Information). The low cellular activities of
aldehydes 12 and 13 could be caused by unspecific
interactions with components of the tissue culture
medium or the cell membrane, which would lead to
their deactivation before reaching their intracellular
targets. The aldehydes’ cellular selectivity profiles re-
sembled the selectivity profiles observed in vitro, in
that 12 was more selective for STAT5 than 13
(Table 1).


To the best of our knowledge, this manuscript is
the first report of nonpeptidic small molecules which inhibit
activation of the cancer target STAT5 directly by targeting the
function of its SH2 domain. In particular, chromone-based nico-
tinoyl hydrazone 1 selectively inhibited the function of the
STAT5b domain and STAT5 DNA binding in vitro, and selective-
ly inhibited activation of STAT5 in a cancer cell line. Our data
provide further evidence for the feasibility of targeting the
function of the SH2 domain of STATs with small organic mole-
cules,[17, 27,28] and add to the growing body of evidence that
transcription factors are in fact amenable to inhibition by low-
molecular weight compounds.[3,29,30] Future research will be
aimed at understanding the binding mode of the inhibitors,
and will assess the suitability of the compounds for the inhibi-
tion of STAT5 in a wider range of cell types.
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Figure 3. A) Inhibition of STAT5 tyrosine phosphorylation, but not of STAT3
and STAT1 tyrosine phosphorylation, by inhibitors 1 and 6. Lysates of unsti-
mulated Daudi cells are shown in the first lane. In all other lanes, cells were
treated with IFN-a to induce phosphorylation of STAT5, STAT3, and STAT1.
Cells were incubated with the indicated concentrations of compounds for
1 h before IFN-a stimulation. STAT phosphorylation was monitored using
phosphospecific antibodies which only recognize the respective STAT pro-
teins when the conserved tyrosine residue at the C terminus of their SH2
domain is phosphorylated. Reblots using antibodies which recognize STATs
regardless of their phosphorylation state, and antibodies against actin were
performed to control for equal loading of the lanes. The STAT5 antibodies
do not discriminate between STAT5 isoforms. B) Compound 4 had only a
weak effect on STAT5 tyrosine phosphorylation. * denotes an additional pro-
tein recognized by the STAT5 antibody.
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Identification, Synthesis, and Enzymology of Non-natural
Glucosinolate Chemopreventive Candidates
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Scott R. Rajski*[a]


Introduction


Diets rich in fruits and vegetables are associated with reduced
risks of degenerative diseases such as cancer and cardiovascu-
lar disease.[1,2] Crucifers such as broccoli, cauliflower, water-
cress, Brussels sprouts, and cabbage exhibit pronounced che-
mopreventive effects, many of which likely result from the bio-
activities of organic isothiocyanates (ITCs) abundant in these
plants.[3,4] Many ITCs have been shown to prevent chemical
carcinogenesis by enhanced detoxification of reactive carcino-
gens through the induction of phase II enzymes such as gluta-
thione S-transferases, NAD(P)H:quinone reductase, epoxide hy-
drolase, and UDP-glucuronosyl-transferases.[4–8] ITCs also block
carcinogen activation by reducing expression levels of phase I
enzymes and stimulating apoptosis of damaged cells.[9–12]


Although organic isothiocyanates were identified as the
agents responsible for the chemopreventive and chemothera-
peutic benefits of Brassica vegetables, they are not natively
produced in the plants. Rather, isothiocyanates result from the
enzymatic degradation of glucosinolate natural products
(Scheme 1). Glucosinolates (b-thioglucoside-N-hydroxysulfates:
e.g. , glucoraphin 1) are amino-acid-derived secondary metabo-
lites that can be cleaved by the enzyme myrosinase (b-thioglu-
coside glucohydrolase, EC 3.2.3.1).[13–15] Myrosinase and glucosi-
nolates are localized in separate plant cells—myrosin cells and
S-cells, respectively—or in separate intracellular compart-
ments.[16–19] Herbivore attack, particularly by chewing insects,
causes tissue disruption, thereby bringing glucosinolates into
contact with myrosinase.[14] In addition, intestinal bacteria pro-
duce myrosinase, which allows humans to degrade dietary glu-
cosinolates even when plant myrosinase has been inactivated
through cooking.[19,20] Myrosinase catalyzes the hydrolysis of


the thioglucosidic linkages in glucosinolates to form unstable
aglycone intermediates. Depending on the structure of the
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Scheme 1. Metabolism of glucosinolates, exemplified by glucoraphanin. De-
glycosylation of glucoraphanin (1) by myrosinase, followed by subsequent
Lossen rearrangement, yields the isothiocyanate l-sulforaphane (2), which is
in turn further metabolized through the mercapturic acid pathway to cys-
teine-conjugate 3.


Isothiocyanates (ITCs) are one of the many classes of breakdown
products of glucosinolates found in crucifers such as broccoli and
are thought to be partially responsible for the reduced risk of de-
generative diseases associated with the consumption of vegeta-
bles. The production of ITCs such as l-sulforaphane is dependent
on the hydrolytic bioactivities of myrosinase, localized both
within vegetable tissues and within flora of the human GI tract,
and is associated with important cancer chemopreventive activi-
ties. We hypothesized that novel isothiocyanates with enhanced
chemopreventive properties relative to l-sulforaphane could be
identified and that their glucosinolate precursors could be synthe-
sized. From a library of 30 synthetic ITCs, we identified several
with bioactivities equal or superior to those of l-sulforaphane.


The corresponding non-natural glucosinolate precursors to these
novel ITCs were constructed and found to be substrates for myro-
sinase. By utilizing a novel RP-HPLC assay to monitor myrosi-
nase-dependent hydrolysis reactions, 2,2-diphenylethyl glucosino-
late and (biphenyl-2-yl)methyl glucosinolate were shown to ex-
hibit 26.5 and 2.8%, respectively, of the relative activity of sinigrin
and produced their corresponding ITCs in varying yields. These
data support the notion that non-natural glucosinolates can act
as prodrugs for novel ITCs, with a mechanism of action reliant
on their hydrolytic cleavage by myrosinase. Such non-natural glu-
cosinolates may serve as very economical chemopreventive
agents for individuals at risk for cancers of and around the GI
tract.


ChemBioChem 2008, 9, 729 – 747 A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 729



www.chembiochem.org





aglycone side chain and the presence of additional proteins
and cofactors, the aglycones degrade to a variety of bioactive
products, including isothiocyanates, nitriles, thiocyanates, epi-
thionitriles, and oxazolidine-2-thiones.[14, 21–27] At physiological
pH, these intermediates predominantly undergo Lossen rear-
rangements to form the corresponding isothiocyanates (such
as 2).[21, 25,28] Importantly, intact glucosinolates themselves have
no documented bioactivity.[29]


The specific reaction depicted in Scheme 1 is clinically rele-
vant, as the isothiocyanate l-sulforaphane (l-SFN, 2) is the
principal inducer of phase II enzymes in broccoli extracts and
is well documented as a potent chemopreventive agent.[30–33]


l-SFN attenuates carcinogenesis at multiple stages through
the Nrf2-dependent activation of the antioxidant response ele-
ment (ARE).[34] Importantly, reduced expression of phase I en-
zymes and induction of phase II enzymes are attributed to acti-
vation of the ARE through thiocarbamoylation of the enzyme
Keap1, which ordinarily exists in complexation with the ARE-
targeted transcription factor Nrf2.[35] The majority of ARE induc-
ers are electrophiles capable of modifying cysteine, suggesting
that Keap1 cysteines are targeted by these compounds in
ACHTUNGTRENNUNGsignaling ARE induction.[36] Although modification of specific
Keap1 cysteines by ARE inducers has been postulated to cause
dissociation of the Keap1–Nrf2 complex directly, resulting in
Nrf2 nuclear accumulation,[31,37] recent studies have indicated
that Keap1 cysteine modification by 2 and other isothiocya-
nates is insufficient to disrupt the Keap1–Nrf2 interaction.[38]


The structural identities of isothiocyanates appear to play a
key role in the degree of elicited chemopreventive properties.
Minor changes in isothiocyanate structure have been shown to
impact in vitro bioactivities significantly.[4, 39–43] These empirical
findings may be explained, in part, by the observation that a
primary metabolite of 2, l-sulforaphane-l-cysteine (3), elicits
moderate histone deacetylase (HDAC) inhibition.[44] Numerous
studies on HDAC inhibitors have shown that similarly minor
changes in structure can profoundly alter bioactivity.[45–50] Al-
though a tremendous amount of structure–activity relationship
data is now available for HDAC inhibitors,[51,52] significantly less


information relating to those structural attributes of small mol-
ecules responsible for chemopreventive bioactivities is avail-
able. Although HDAC inhibition represents but one possible
target of ITC action, we hypothesized that the structure of 2 is
likely suboptimal for bioactivity and that novel isothiocyanates
with enhanced chemopreventive properties relative to 2 could
be identified. Moreover, we proposed that the documented ac-
tivity of GI-tract-localized myrosinase could be exploitable to
unmask relevant non-natural glucosinolates to afford their re-
spective ITCs capable of eliciting enhanced anticarcinogenic
properties. Non-natural glucosinolates that demonstrate GI-
specific activation are likely to serve as important chemopre-
ventive agents for those genetically predisposed to colorectal
cancer and other cancers that target organs proximal to the GI
tract.


We present here preliminary efforts toward the design of
non-natural glucosinolates as novel prodrug chemopreventive
agents. A library of synthetic isothiocyanates was constructed
and bioactivities against tumor cells relative to those of l-SFN
were comparatively analyzed. These studies resulted in the
identification of multiple ITCs with improved potency and se-
lectivity for cancerous cells relative to l-SFN, as well as several
structure–activity trends relating to ITC cytotoxicity. Several
ITCs were identified as lead compounds, and their correspond-
ing non-natural glucosinolates were constructed. We have ob-
served that these synthetic glucosinolates are substrates for
myrosinase bioactivity, with enzymatic hydrolysis resulting in
evolution of their respective ITCs. Together, these findings sug-
gest the viability of exploiting myrosinase within the human GI
tract to achieve drug specificity for organs in and around the
GI tract.


Results and Discussion


Synthesis of d,l-sulforaphane


The syntheses of d,l-sulforaphane and erysolin were carried
out as highlighted in Scheme 2. This overall procedure was


Scheme 2. Synthesis of d,l-sulforaphane (9) and erysolin (10).
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modified from previously reported work by Vermeulen et al. ,
both to increase yields and in order to obtain erysolin (10).[53]


Specifically, an excess of 1,4-dibromobutane was used to form
the single-displacement SN2 product 5 predominantly upon
addition of potassium phthalimide. The disubstituted product
was the only significant side-product and 5 could readily be
isolated by flash chromatography. Displacement of the remain-
ing bromide in 5 was accomplished with a slight excess of
sodium thiomethoxide. Trituration and the subsequent remov-
al of residual water afforded 6 in consistently high yields. Un-
masking of the phthalimide by treatment with hydrazine mon-
ohydrate under reflux conditions, followed by distillation, yield-
ed 7 in 80% yield, a significant improvement over previous
methods.[53] Importantly, we found that elimination of the
acidic workup step and distillation of the oil 7 from the residu-
al solid reaction byproduct greatly reduced the net loss of
product. Treatment of 7 with an excess of thiophosgene under
basic conditions yielded the isothiocyanate 8. With 8 as a


common intermediate, oxidation products 9 and 10 were ob-
tained by using either stoichiometric or excess equivalents of
m-CPBA. The published procedure that this synthetic effort
was based upon reports a yield of 20% over five steps for 9.[53]


However, our modification of this procedure increases this
yield to 34% over the same number of steps.


Syntheses of isothiocyanates


Utilizing generalized procedures for conversion of a primary
amine into an isothiocyanate, we set out to construct a small
library of isothiocyanates. Commercially available primary
amines were selected for inclusion by a number of criteria, in-
cluding steric volume, alkyl ring size, aromaticity, the number
of methylene units, ring substitution patterns, conformational
restriction, and bioisosteric substitution. Primary amines were
treated with excesses of thiophosgene and isolated by stan-
dard column chromatography (Scheme 3A).[53] Isothiocyanates


Scheme 3. Syntheses of isothiocyanates and panel of isothiocyanates screened. A) Synthesis of isothiocyanates. B) Isothiocyanates with yields.
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11–36 were obtained in yields ranging from 9% to quantita-
tive (Scheme 3B). It was observed that isothiocyanates with
low molecular weights and small alkyl chains typically had the
lowest yields, likely a result of their increased volatility and loss
during purification. Additionally, we hypothesize that certain
functionalities present in the primary amines were not entirely
stable to the harsh thiophosgene conditions. Repeated at-
tempts to obtain 18 by using thiophosgene resulted in several
unidentified breakdown products and a maximum yield of
14%. However, 18 could be obtained in 91% yield by employ-
ing a different isothiocyanate-installing reagent.[54] Utilization
of di-(2-pyridyl)thionocarbonate rather than thiophosgene and
sodium hydroxide offered a milder and less hazardous means
to install isothiocyanates. Although this reagent is much more
expensive than thiophosgene, we have observed that its gen-
eral utility supercedes that of thiophosgene in nearly all re-
gards excluding cost. Subjection of 3-picolylamine to di-(2-pyri-
dyl)thionocarbonate readily provided 18.


Cytotoxicity of isothiocyanates


The activity of isothiocyanate library members was assessed by
two cytotoxicity assays in a total of eight human cancer cell
lines representing a broad range of carcinomas, including
breast, colon, CNS, liver, lung, ovary, prostate, and a mouse


mammary normal epithelial control line (Figure 1). l-Sulfora-
phane (2) was found to be moderately cytotoxic, with an aver-
age IC50 of 5.7�2.2 mm across all eight human cancer cell lines,
but was nonspecific because it affected all cells, including
NmuMG (IC50=6.6�0.7 mm), with similar efficiencies (Table 1).
Five compounds that exhibited overall enhanced activities rela-
tive to l-SFN were identified from the isothiocyanate library. Li-
brary members 18 (average IC50=2.5�1.0 mm), 29 (average
IC50=4.7�1.2 mm), 30 (average IC50=3.3�1.1 mm), 32 (average
IC50=4.8�1.6 mm), and 36 (average IC50=3.8�1.3 mm) exhibit-
ed increased potency over l-SFN. This was especially evident
for 18, which was a highly potent cytotoxin against every
human cancer cell line tested [1.2�0.1 mm in the case of NCI/
ADR RES, 7.5 times more potent than l-SFN (9.0�0.7 mm)] . Ad-
ditionally, 18 displayed moderate selectivity for cancerous cells
over NmuMG (26.0�1.2 mm, ~ fourfold less potent than l-SFN).
If both increased potency and selectivity are taken into ac-
count, these data indicate that 18 has nearly 30 times greater
potential therapeutic effectiveness than l-SFN.


Isothiocyanates 29 and 32 are also notable for their en-
hanced selectivity toward cancerous cells over healthy cells, as
indicated in Table 1. Even though compounds 29 and 32 both
exhibit potencies against cancer cells comparable to that of 2,
they are significantly more selective for cancer cells over
normal ones. While, on average, compound 2 displays only 1.3


Table 1. Range and mean IC50s for isothiocyanates across eight human cancer cell lines and NmuMG control cells.


Compound Low IC50 [mm][a] High IC50 [mm][a] Average carcinoma IC50 [mm][b] IC50 (NmuMG) [mm][c]


2 3.1�0.9 (MCF7) 9.0�0.7 (NCI/ADR RES) 5.7�2.2 6.6�0.7
9 2.8�0.1 (Hep3B) 16.5�1.4 (NCI/ADR RES) 7.6�4.2 3.2�0.2
8 8.9�0.4 (SF-268) 45.3�4.9 (NCI-H460) 22.0�11.9[d] 23.5


10 2.3�0.8 (MCF7) 11.1�0.6 (NCI/ADR RES) 5.6�3.4 5.3�0.4
11 27.6�7.0 (HCT-116) >50.0 (multiple) >50.0[e] >200.0
12 30.3 (NCI-H460) >50.0 (multiple) >50.0 >200.0
13 12.6�0.8 (MCF7) >50.0 (multiple) >50.0[f] >200.0
14 15.4�1.5 (SF-268) >50.0 (NCI/ADR RES) 29.3�10.6[g] 14.8�0.4
15 >50.0 (multiple) >50.0 (multiple) >50.0 >200.0
16 26.7�4.9 (MCF7) >50.0 (multiple) >50.0[h] 21.5�1.2
17 19.4�0.8 (HCT-116) >50.0 (multiple) 35.2�11.6[i] 65.7�5.1
18 1.2�0.1 (NCI/ADR RES) 4.5�0.2 (NCI-H460) 2.5�1.0 26.0�1.2
19 3.2�0.3 (HCT-116) 14.5�1.2 (NCI-H460) 8.7�3.7 15.4�0.3
20 >50.0 (multiple) >50.0 (multiple) >50.0 150.8�29.7
21 2.7�0.2 (MCF7) 20.1�0.9 (NCI/ADR RES) 10.1�6.8 4.6�0.6
22 5.9�0.6 (MCF7) 22.3�1.6 (NCI/ADR RES) 10.7�5.7 9.8�0.7
23 3.2�0.7 (MCF7) 16.1�1.1 (NCI-H460) 6.8�4.0 3.8�0.3
24 3.2�0.0 (MCF7) 15.2�0.7 (NCI/ADR RES) 6.5�4.5 2.1�0.1
25 3.2�0.7 (MCF7) 9.8�0.5 (NCI/ADR RES) 5.8�2.6 17.0�1.1
26 2.0�0.2 (SF-268) 19.8�1.0 (Hep3B) 9.2�6.8 21.5�1.2
27 10.5�0.7 (SF-268) 30.9�2.8 (NCI/ADR RES) 17.9�7.1 15.4�0.3
28 3.6�0.2 (Hep3B) 13.3�1.4 (NCI-H460) 8.3�2.8[j] 17.0�1.1
29 3.2�0.3 (Du145) 6.4�0.2 (NCI-H460) 4.7�1.2 180.1
30 2.1�0.0 (Hep3B, MCF7) 5.3�0.2 (NCI-H460) 3.3�1.1 3.1�0.4
31 4.4�0.1 (SF-268) 15.0�1.5 (NCI-H460) 7.9�4.2 65.7�5.1
32 3.3�0.2 (NCI/ADR RES) 8.2�0.4 (Du145) 4.8�1.6 186.6
33 >50.0 (multiple) >50.0 (multiple) >50.0 >200.0
34 7.2�0.4 (SF-268) 13.7�0.5 (NCI-H460) 11.5�2.1 17.7�1.0
35 3.9�0.5 (SF-268) 28.6�3.4 (NCI-H460) 18.3�8.0 13.0�0.7
36 1.2�0.0 (HCT-116) 5.6�0.4 (NCI-H460) 3.8�1.3 3.6�0.3


[a] �SEM (cell line). [b] �Standard deviation (cell line). [c] �SEM. [d] IC50>30 mm in NCI/ADR RES. [e] IC50=27.6 mm in HCT-116, 32.8 mm in Hep3B.
[f] IC50=12.6 mm in MCF7. [g] Noninhibitory in NCI/ADR RES. [h] Calculated solely from Calcein AM data. [i] Noninhibitory in Hep3B, NCI/ADR RES, NCI-H460.
[j] No data in NCI/ADR RES
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Figure 1. Summary of the IC50 data from Calcein AM and CellTiter-Glo high-throughput cytotoxicity assays. Reciprocal IC50 values are displayed for clarity, with
the current figure representing an IC50 range of 1.2 mm (18, NCI/ADR RES) to >50.0 mm (e.g. , 11, all cell lines). Compounds exhibiting IC50s greater than
50.0 mm were considered to be non-inhibitory (IC50


�1=0) in all cell lines, with the exception of the NmuMG, where 200.0 mm was used. The IC50 value for each
library member represents at least three replicates of dose-response experiments conducted over five concentrations at twofold dilutions. IC50 values and cor-
responding error values can be found in the Supporting Information. The five library member “hits” are shown for structural comparison. A) Reciprocal IC50s
calculated by the Calcein AM assay. Live cells were distinguished by the presence of a ubiquitous intracellular enzymatic activity that converts the nonfluores-
cent, cell-permeable molecule calcein AM into the intensely fluorescent molecule calcein, which is retained within live cells. B) Reciprocal IC50s calculated by
the CellTiter-Glo assay. Live cells were observed by fluorescence through the enzymatic action of luciferase on luciferin, a process dependent on and propor-
tional to the cellular concentration of ATP. Du145: human prostate carcinoma; HCT-116: human colon carcinoma; Hep3B: human liver carcinoma; SF-268:
human CNS glioblastoma; SK-OV-3: human ovary adenocarcinoma; NCI/ADR RES: human breast carcinoma; NCI-H460: human breast carcinoma; MCF7:
human breast carcinoma; NmuMG: mouse mammary normal epithelial cells.
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times the activity against cancer cells relative to NmuMG cells,
29 and 32 are 36.3 and 38.6 times more selective, respectively.
This level of selectivity far surpasses what was exhibited by
other members of the isothiocyanate library and appears to be
highly dependent on the precise substitution pattern of the
parent isothiocyanate. Comparison of 29, 30, and 31 indicates
that significant cell selectivity is only observed for (biphenyl-2-
yl)methyl 29 (36.3-fold) and (biphenyl-4-yl)methyl 31 (8.3-fold) ;
(biphenyl-3-yl)methyl 30 is unselective.


From the results of these cytotoxicity assays, three synthetic
isothiocyanates were selected as candidates for the construc-
tion of the corresponding non-natural glucosinolates; the
structures of these isothiocyanates and glucosinolates are de-
picted in Scheme 4. Each of these compounds was found to
exhibit differentially enhanced bioactivities relative to the lead
compound l-sulforaphane (2). 3-(Pyridylmethyl) isothiocyanate
(18) was selected as the single most potent isothiocyanate
screened, with an observed average IC50 of 2.5�1.0 mm. (Bi-
phenyl-2-yl)methyl isothiocyanate (29) was chosen for its pro-
found selectivity for cancer cells over NmuMG cells, in addition
to its enhanced potency relative to 2. Finally, 2,2-diphenylethyl
isothiocyanate (36) was selected for its potency in relation to 2
as well as its amenability toward extremely accurate reproduci-
bility. With these aglycone structures, non-natural glucosino-
lates 37, 38, and 39 were identified as attractive synthetic tar-
gets.


Syntheses of non-natural glucosinolates


Although glucosinolates are often isolated directly from plant
tissue,[55,56] many of the naturally occurring ones have been
synthesized.[57,58] In addition, the syntheses of many different
glucosinolate analogues have also been reported, including
ACHTUNGTRENNUNGanalogues containing non-natural aglycones, a-glucosinolates,
sugar variants, deoxy 1-thio-glucose derivatives, aza-desulfo-
glucosinolates, phosphate bio-isosteres, fluorinated analogues,
and C-glucosinolates.[59–66] The synthetic pathways that have


been developed for glucosinolates over recent decades are
ACHTUNGTRENNUNGinvariably based on a key coupling step between partially pro-
tected 1-thio-b-d-glucopyranose and a highly reactive hydroxi-
moyl chloride to yield a (Z)-thiohydroximate precursor.[67]


In general, we hoped to apply these preexisting synthetic
strategies toward the construction of glucosinolates 37, 38,
and 39. Our retrosynthetic analysis was largely based upon
previously published routes (Scheme 5).[68] The strategy envi-
sioned was intended to be amenable to a wide assortment of
targets and thus diversity-oriented, given our long-term inter-
est in developing myrosinase-activated bioactive substances.
Removal of acetyl groups was envisioned as the final step in
the synthesis of 40. The sulfate precursor 41 would be gener-


Scheme 4. Lead isothiocyanates and their corresponding target non-natural
glucosinolates.


Scheme 5. General retrosynthesis for glucosinolates 37, 38, and 39.
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ated through selective sulfation of the thiohydroximate. Com-
pound 42 could be formed through the coupling of commer-
cially available 2,3,4,6-tetra-O-acetyl-1-thio-b-d-glucose (43) to
various hydroximoyl chlorides 44. These hydroximoyl chlorides
could be generated through chlorination of oximes 45, which
in turn could be derived from aldehydes 46. We believed that
aldehyde 46 was the crucial synthon. The aldehyde precursors
of glucosinolates 37 and 38 would be generated by hydrolysis
of 1,3-dithianes 48, which in turn could be formed through
treatment of 1,3-dithiane carbanion with their corresponding
commercially available alkyl bromides 49. Alternatively, the
ACHTUNGTRENNUNGaldehyde precursor of glucosinolate 38 would be readily gen-
erated through simple oxidation of commercially available pri-
mary alcohol 47.


The synthesis of appropriate aldehydes from commercially
available materials was envisioned as the initial step in the
generation of non-natural glucosinolates. As shown in
Scheme 6, aldehyde 51 was obtained in 88% yield through the
oxidation of 50 with Dess–Martin periodinane.[69] In contrast,
alkylation of (biphenyl-2-yl)methyl bromide (52) with 1,3-di-
thiane anion produced 53 in moderate yield.[70] Dethioacetyli-
zation of 53 by treatment with Dess–Martin periodinane result-
ed in aldehyde 54.[71] Although we have shown that 54 can be
synthesized by this route, the yield was found to be only 29%
over two steps; ideally, this could be improved upon through
future optimization. Unfortunately, aldehyde 55 was not a
viable synthetic target en route to glucosinolate 37 (data not
shown). This was not surprising, given that we could find only
one account of 55’s synthesis in the literature, and the pyridyl
nitrogen clearly represents a reactive liability.[72]


The aldehyde functionality in 51 and 54 provided a conver-
gent route to glucosinolates 38 and 39. Aldehydes 51 and 54


were transformed into their corresponding oximes 56 and 57
through treatment with hydroxylamine in exceptionally high
yield, as a 1.8:1 and a 1.2:1 ratio of isomers, respectively.[68]


Crude 56 and 57 exhibited greater than 95% purity by 1H NMR
and were used without purification. Literature precedent has
shown that hydroximoyl chlorides can be derived from oximes
by treatment with N-chlorosuccinimide.[68,73, 74] However, the hy-
droximoyl chlorides of 56 and 57 proved to be highly unstable
and not amenable to purification. To circumvent this issue, hy-
droximoyl chlorides were generated in situ by treatment of 56
or 57 with N-chlorosuccinimide in DMF.[68] Subsequent addition
of 2,3,4,6-tetra-O-acetyl-1-thio-b-d-glucose and DIEA afforded
58 and 59, respectively, in high yields and as single isomers
(99% and 97%, respectively). Sulfation of the thiohydroximate
in 58 and 59 was accomplished with chlorosulfonic acid and
pyridine; the resulting sodium salts were isolated by silica gel
chromatography (79% yields). Zemplen de-O-acetylations of
60 and 61 afforded the final deprotected glucosinolates 38
and 39 in quantitative yields. Overall, 38 was synthesized in
65% yield over five steps, while 39 was synthesized in 22%
yield over six steps. It must be noted that the yield of 39 is
most significantly attenuated by the first two steps; production
of aldehyde 54 is particularly low-yielding.


Myrosinase-catalyzed glucosinolate hydrolysis


Myrosinase specific activity was determined spectrophotomet-
rically at 227 nm with sinigrin 62 as substrate according to the
established protocol, where one myrosinase unit was defined
as the amount of enzyme able to hydrolyze 1 nmol 62 min�1


at pH 7.4 and 37 8C.[75] Lineweaver–Burk analysis for the enzy-
matic hydrolysis of 62 was also performed by the same


Scheme 6. Syntheses of non-natural glucosinolates 38 and 39.
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method, and Km and Vmax values were determined to be
117 mm and 1.10 Uml


�1, respectively (Figure 2). This determined
Km in particular agrees closely with the documented Km of
115 mm.[76] Unfortunately, the hydrolysis of 38 and 39 could not


be accurately determined by this method, likely as a result of
complications due to the limited solubility of hydrolysis prod-
ucts in aqueous buffer (data not shown). Although ITC solubili-
ty could be reestablished with the addition of CH3CN, we
ACHTUNGTRENNUNGobserved that this resulted in the complete loss of myrosinase
activity. Given these limitations, hydrolysis reactions were in-
stead monitored by reversed-phase HPLC (RP-HPLC).


RP-HPLC method development was largely based on a pub-
lished separation method for multiple organic isothiocya-
nates.[77] Standards of glucosinolates 62, 38, and 39, isothiocya-
nates 29 and 36, and the corresponding primary amines 2,2-di-
phenylethylamine (63) and (biphenyl-2-yl)methyl amine (64)
were characterized (Table 2). All compounds exhibited broad
elution peaks giving homogeneous UV-visible spectra at all


timepoints, implicating that the broadening was characteristic
of the compounds and/or the HPLC system. Injections of great-
er than 20 nmol for glucosinolates 38 and 39 in CH3CN/phos-
phate buffer (0.1m, pH 7.4) 1:1 were especially prone to over-
loading and partial elution in the void volume. For each com-
pound, the relationship between the amount of compound in-
jected and baseline-corrected peak area was linear between
5.0 and 50.0 nmol, with linear correlation coefficients (r2) rang-
ing from 0.9923 to 0.9993. For mixed standards containing 36/
38 and 29/39, elution peaks of the corresponding glucosino-
late/isothiocyanate pairs were completely resolved by more
than 10 min. In addition, the areas of integration for all peaks
were indistinguishable from standards obtained by injection of
single compounds. Addition of 50% (v/v) acetonitrile to aque-
ous solutions of 29 and 36 resulted in the complete restora-
tion of detectable isothiocyanate and strongly suggested that
this method would provide a rapid means by which to monitor
hydrolysis reactions performed solely in phosphate buffer
(Figure 3).


Hydrolysis reactions for 38, 39, and 62 were performed in
phosphate buffer (0.1m, pH 7.4) at 37 8C and monitored by RP-
HPLC. For all glucosinolates tested, we observed time-depen-
dent decreases in concentration over 24 h, as monitored by
the standardized integrated peak area, height, and also the
cross-sectional UV-visible spectra (Figure 4). We found that this
effect was myrosinase-dependent; control reaction mixtures
ACHTUNGTRENNUNGincubated at 37 8C but lacking myrosinase did not show appre-
ciable decreases in glucosinolate concentration after 24 h
(Figure 5). Importantly, reactions using 38 and 39 showed an
increase in peak signal between 40–56 min as a function of


Figure 2. Lineweaver–Burk plot for the hydrolysis of sinigrin (62) by myrosi-
nase. Rates were determined from data from the initial 3 min of spectropho-
tometric assay in a total volume of 1.000 mL containing 2.74 Umyrosinase.
Calculated values for 62 : Km =117 mm, Vmax=1.10 Uml


�1 enzyme stock.


Table 2. Spectral characterization of isothiocyanates, glucosinolates and
amines by RP-HPLC injection.


Compound Solvent[a] tR [min] lmax [nm]


29 A 41.0–56.0 234.4
36 A 40.0–54.0 217.9,[b] 246.1
38 B 16.0–28.0 219.1[b]


A 0.6–1.8, 8.0–28.0 219.1[b]


39 B 15.0–27.0 234.4
A 0.6–1.8, 8.0–28.0 234.4


62 B 0.6–2.0 227.3
63 A 16.5–30.0 216.7,[b] 258.0
64 A 15.0–30.0 234.4


[a] Solvent A: 1:1 CH3CN/phosphate buffer (0.1m, pH 7.4); solvent B:
phosphate buffer (0.1m, pH 7.4). [b] First derivative lmax


Figure 3. Relative RP-HPLC integration areas for isothiocyanates in injection
solvents. All isothiocyanate solutions were 1.0 mm and independently con-
structed in triplicate. Areas of integration for isothiocyanate elution peaks
were calculated, averaged, and standardized against those obtained by
using MeOH. Error bars represent standard deviation (n=3). The addition of
CH3CN (50% v/v) to solutions of 29 and 36 in aqueous buffer restored the
solubility to levels observed solely in organic solvents. CAN: acetonitrile. PB:
phosphate buffer (0.1m, pH 7.4).
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time. Both the cross-sectional UV-visible spectra and the reten-
tion times of these peaks matched the corresponding stand-
ards for isothiocyanates 29 and 36 (see Table 2). In addition,
UV-visible spectra were uniform across the broad elution
peaks, implicating that these peaks each represented a single
eluted compound. Taken together, these observations strongly
suggest that these newly formed peaks correlate to isothiocya-
nates 29 and 36.


Hydrolysis experiments were repeated in triplicate, and con-
centrations of all glucosinolates and isothiocyanates were cal-
culated by use of standard curves. The mean concentrations
and standard deviations at each reaction timepoint were calcu-
lated (Figure 4). In general, glucosinolate and isothiocyanate
concentrations across replicates exhibited excellent precision,
with standard deviations (n=3) ranging from 0.06 to 72 mm.
The rates of glucosinolate hydrolysis were calculated for 62,
38, and 39 by linear regression of average concentrations
(Table 3). Glucosinolate 62 was hydrolyzed the most rapidly by


Figure 5. Stability of glucosinolates in phosphate buffer (0.1m, pH 7.4) at
37 8C. Prolonged exposure to reaction conditions without the addition of
myrosinase did not result in detectable decreases in glucosinolate concen-
tration over time.


Table 3. Comparison of myrosinase activity determined for glucosinolates
62, 38, and 39.


Glucosinolate Rate of Vmax kcat Relative
hydrolysis [nmolmin�1mg�1] ACHTUNGTRENNUNG[min�1][b] activity
ACHTUNGTRENNUNG[mmh�1][a] [%]


62 190.6[c] 158.9 10.72 100.0
38 161.4[d] 42.0 2.84 26.5
39 42.1[e] 4.4 0.30 2.8


[a] Calculated from linear regression of averages for 62 (0–6 h), 38 (0–
6 h), and 39 (2–10 h) and representing initial reaction velocities. [b] Calcu-
lated with a dimeric molecular weight of 135 kDa and the assumption
that there are two active sites per dimer. [c] Rate with 20.0 mg myrosinase
mL�1 buffer. [d] Rate with 64.0 mg myrosinase mL�1 buffer. [e] Rate with
160.0 mg myrosinase per mL buffer.


Figure 4. Summary of hydrolysis reactions of glucosinolates with myrosinase.
Initial concentrations of glucosinolates were 1 mm in phosphate buffer
(0.1m, pH 7.4). Reactions were analyzed by RP-HPLC, and concentrations of
glucosinolates and isothiocyanates were calculated by use of standard
curves. Error bars represent the standard deviation (n=3). A) Hydrolysis of
sinigrin (62, 20 mg myrosinase mL�1 buffer). The formation of allyl isothiocya-
nate was not determined. B) Hydrolysis of 2,2-diphenylethyl glucosinolate 38
to 2,2-diphenylethyl isothiocyanate (36, 64 mg myrosinase mL�1 buffer).
C) Hydrolysis of (biphenyl-2-yl)methyl glucosinolate 39 to (biphenyl-2-yl)-
methyl isothiocyanate (29, 160 mg myrosinase mL�1 buffer).
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myrosinase, with a maximum velocity (Vmax) of 158.9 nmol
min�1 per mg protein. In contrast, glucosinolates 38 and 39
were found to have Vmax values of 42.0 and 4.4 nmolmin�1 per
mg protein. Enzymatic turnover rates (kcat) were calculated
from the reported average dimeric molecular weight of
135 kDa from myrosinase in Sinapis alba and on the assump-
tion that there are two active sites per dimer.[78,79] Glucosino-
lates 62, 38, and 39 showed kcat values of 10.72, 2.84, and
0.30 min�1, respectively. Importantly, non-natural glucosinolates
38 and 39 were found to exhibit 26.5% and 2.8% relative ac-
tivities, respectively, in comparison to the natural substrate si-
nigrin (62). In comparison, benzyl glucosinolate (glucotropaeo-
lin) has been shown to have 63.3% of the relative activity of
62 in the presence of myrosinase isolated from Brevicoryne
brassicae.[80] Given that glucosinolates 38 and 39 are both sig-
nificantly larger than benzyl glucosinolate and are more likely
to experience space restrictions within the enzyme active site,
it is not entirely surprising that these compounds act as less
ACHTUNGTRENNUNGeffective myrosinase substrates than benzyl glucosinolate in
comparison with 62. This is especially evident for 39, contain-
ing the highly rigid biaryl functionality. Overall, these data pro-
vide evidence that non-natural glucosinolates 38 and 39 are
capable of hydrolysis by myrosinase, albeit with differing effi-
ciencies.


In addition to providing relative rates of glucosinolate hy-
drolysis, the data in Figure 4 highlight the production of iso-
thiocyanates 29 and 36 as the only observable hydrolysis prod-
ucts. Under these conditions, the hydrolysis of 38 resulted in
the formation of isothiocyanate 36 with a maximum yield of
approximately 40%, occurring at a time of 10 h. Conversely,
isothiocyanate 29 was produced with a maximum average
yield of 8% after 4 h. In similar studies, isothiocyanates have
been reported in yields ranging from 60% to quantitative, with
other hydrolysis products making up the remainder.[77,81] By
virtue either of our detection method or enzymatic chemistry,
we failed to observe signals indicative of hydrolysis products
other than the expected isothiocyanates.


Aqueous degradation of isothiocyanates


In reactions with both 38 and 39, isothiocyanate concentra-
tions declined over time after reaching their maxima, similarly
to previous reports on the degradation of isothiocyanates in
water.[25,77, 81,82] In contrast to such cases in which the major
degradation product was primarily the corresponding amine,
neither 63 or 64 were detected in our reactions (see Table 2).
Rather, isothiocyanates appeared simply to diminish over time,
without explanation as to the factors responsible for this be-
havior or the final state of the isothiocyanates.


To allow better understanding of this phenomenon, the sta-
bilities of isothiocyanates 29 and 36 in aqueous buffer were as-
sessed by RP-HPLC. These assays were performed with initial
isothiocyanate concentrations of 1 mm and with use of the
same procedure and variables as in the hydrolysis experiments,
only without the addition of myrosinase. Assays were per-
formed in triplicate for each timepoint, and the average con-
centrations were plotted (Figure 6). Compounds 29 and 36


each exhibited a reproducible, time-dependent decrease in iso-
thiocyanate concentration under the experimental conditions,
albeit to varying degrees. The concentration of isothiocyanate
36 decreased at an average rate of 47 mmh�1 (11.8 nmolh�1)
over the first 8 h, with a slightly reduced rate of loss over the
next 14 h. Conversely, 29 degraded much more quickly over
the initial 4 h, with a rate of 136 mmh�1 (34 nmolh�1), while the
final 18 h showed a rate of loss similar to that observed with
36. Both sets of data were compared with the time-dependent
sums of the corresponding average glucosinolate and isothio-
cyanate concentrations from hydrolysis reactions (Figure 6,
dotted lines), representing the detectable mass balances of the
hydrolysis reactions, which theoretically should total the start-
ing glucosinolate concentration of 1000 mm at all reaction
timepoints. The observed rate of degeneration of 36 closely re-
sembles the net loss in detectable compounds from hydrolysis


Figure 6. Stabilities of isothiocyanates 33 and 29 in phosphate buffer (0.1m,
pH 7.4) at 37 8C. Initial concentrations of isothiocyanates were 1 mm. Reac-
tions were analyzed by RP-HPLC and isothiocyanate concentrations were cal-
culated by use of standard curves. Error bars represent the standard devia-
tion (n=3). Dotted lines represent the sums of average glucosinolate and
isothiocyanate concentrations at each timepoint from hydrolysis reactions,
with error bars corresponding to the average standard deviation for added
data points. A) Degradation of 2,2-diphenylethyl isothiocyanate (36). B) Deg-
radation of (biphenyl-2-yl)methyl isothiocyanate (29).
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reactions. Although the corresponding curves for the 29
system differed in absolute value by up to 20%, their line
shapes and rates of loss were highly congruent. In short, these
data suggest that the instability of isothiocyanates 29 and 36
under in vitro enzymatic conditions is a major impediment to
their detection in myrosinase hydrolysis reactions of 38 and
39. However, the magnitude of this effect may be substantially
altered when performed in vivo, as isothiocyanates are likely to
be readily absorbed by cells as they are produced within the
GI tract.


Conclusions


We have synthesized a small library of ITCs and have identified
several with increased cytotoxicity and selectivity over l-SFN in
eight human cancer cell lines. Cytotoxicity assays also provided
the means by which to identify isothiocyanates 18, 29, and 36
as lead compounds for the construction of the corresponding
non-natural glucosinolates. Two of these target glucosinolates,
38 and 39, were successfully constructed. We have developed
an efficient RP-HPLC method to monitor the hydrolysis of
ACHTUNGTRENNUNGglucosinolate substrates by myrosinase. This methodology pro-
vides highly reproducible results and offers several advantages
over other documented techniques. In addition, it is also the
first documented method for the generalized time-dependent,
concomitant detection of glucosinolate/isothiocyanate pairs.
Using this assay, we have shown that non-natural glucosino-
lates 38 and 39 are both substrates for myrosinase and that
their enzyme-mediated hydrolysis results in the production of
bioactive isothiocyanates 36 and 29, respectively. Enzymatic
hydrolysis of glucosinolate 38 proceeded with 26.5% of the ef-
ficiency of that of sinigrin 62, resulting in a 40% yield of iso-
thiocyanate 36. We have also provided preliminary evidence
that the observed limited yields of isothiocyanates are likely a
result of their extended exposure to aqueous media at elevat-
ed temperatures. Although the instability of isothiocyanates in
aqueous media has been well documented, we believe that
these specific results may be an artifact of the artificially pro-
longed assay conditions required to obtain meaningful, time-
dependent RP-HPLC analysis.


Although the in vitro enzymatic release of isothiocyanates
from non-natural glucosinolates described is slower than the
rates reported for their natural counterparts, this does not de-
tract from the larger goal of developing new myrosinase-acti-
vated agents. For one thing, simply because in vitro enzymatic
rates differ does not necessarily mean that in vivo rates will
differ with similar magnitudes or even with the same relative
rank. Secondly, the slower rates of myrosinase-catalyzed gluco-
sinolate consumption may be compensated for (in vivo) both
by continual dietary intake, and hence constitutive GI expo-
sure, as well as by the absence or minimized toxicity of the
excess, nonhydrolyzed glucosinolates. In addition, each of the
released non-natural isothiocyanates exhibits enhanced poten-
cy relative to l-sulforaphane. Finally, it should be noted that
the non-natural glucosinolates 38 and 39 are only first-genera-
tion analogues exhibiting the proof of principle; continued
structure–activity studies are likely to identify analogues with


increased potency and rates of enzymatic isothiocyanate re-
lease.


As a whole, this work forms a preliminary body of evidence
supporting the use of synthetic glucosinolates as prodrugs for
isothiocyanates known to exhibit chemopreventive and che-
motherapeutic activities. Activation of these non-natural gluco-
sinolates remains reliant on the same myrosinase-dependent
mechanism as observed with glucosinolates found in many di-
etary vegetables. This is particularly significant as myrosinase is
localized in humans to the GI tract and may be capable of sim-
ilarly activating orally administered non-natural glucosinolates.
Exploitation of myrosinase-dependent mechanisms of drug
ACHTUNGTRENNUNGactivation has not been extensively explored. We believe that
these initial findings suggest that the natural biological activi-
ties of GI-tract-localized myrosinase could be harnessed to ach-
ieve drug specificity for organs in and around the GI tract.


Experimental Section


All reactions were carried out under argon unless indicated other-
wise. All reagents were obtained from available commercial sour-
ces and were used without further purification unless otherwise
noted. The silica gel used in column flash chromatography was
60 O, 230–400 mesh. Analytical TLC was performed on EM Science
silica gel plates with detection by UV light. NMR spectra were ac-
quired on Varian Unity Inova 400 MHz and 500 MHz spectrometers
with TMS or solvent as internal reference; the chemical shifts are
reported in ppm, in d units. Mass spectroscopic data were
ACHTUNGTRENNUNGobtained at the University of Wisconsin-Madison Department of
Chemistry or School of Pharmacy Analytical Instrumentation Cen-
ters.


2-(4-Bromobutyl)isoindoline-1,3-dione (5): A solution of 1,4-dibro-
mobutane (4.40 mL, 36.46 mmol) in anhydrous DMF (52 mL) was
chilled to 0 8C. After 15 min, potassium phthalimide (3.46 g,
18.67 mmol) was slowly added to the stirring solution, and the re-
action mixture was allowed to warm to ACHTUNGTRENNUNGambient temperature over
18 h. The mixture was concentrated in vacuo and co-stripped sev-
eral times with anhydrous THF. Products were dissolved in H2O/
EtOAc (1:1, 200 mL) and the aqueous phase was extracted with
EtOAc (3P100 mL). Combined organics were washed with brine,
dried over Na2SO4, and filtered through a celite plug prior to con-
centration in vacuo. Silica gel chromatography (hexane/EtOAc 3:1)
and subsequent concentration afforded 5 (3.47 g, 66%) as a white
solid. 1H NMR (CDCl3): d=7.85 (dd, J=5.4, 3.1 Hz, 2H), 7.73 (dd, J=
5.4, 3.0 Hz, 2H), 3.73 (t, J=6.7 Hz, 2H), 3.45 (t, J=6.4 Hz, 2H),
1.89 ppm (m, 4H); 13C NMR (CDCl3): d=168.5, 134.1, 132.2, 123.4,
37.1, 32.9, 30.0, 27.4 ppm; HRMS (ESI): m/z : calcd for [M+Na]+ :
303.9949; found: 303.9936.


2-[4-(Methylthio)butyl]isoindoline-1,3-dione (6): Sodium thio-
methoxide (3.81 g, 54.33 mmol) was dissolved in anhydrous DMF
(40 mL), and the system was chilled to 0 8C. To this was added a so-
lution of 5 (13.70 g, 48.56 mmol) in anhydrous DMF (95 mL). After
15 min at 0 8C, the reaction mixture was allowed to warm to ambi-
ent temperature over 18 h. The resulting solution was slowly
poured into a stirring, ice-chilled bath of deionized water (800 mL).
The precipitate was collected by filtration, washed with cold water,
and redissolved in CH2Cl2 (400 mL). Organics were washed with
brine, dried over Na2SO4, and concentrated in vacuo to afford 6
(11.1 g, 92%) as pinkish-white crystals. 1H NMR (CDCl3): d=7.84
(dd, J=5.4, 3.1 Hz, 2H), 7.72 (dd, J=5.4, 3.0 Hz, 2H), 3.71 (t, J=
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7.1 Hz, 2H), 2.54 (t, J=7.3 Hz, 2H), 2.09 (s, 3H), 1.80 (m, 2H),
1.65 ppm (m, 2H); 13C NMR (CDCl3): d=168.5, 134.0, 132.2, 123.3,
37.6, 33.7, 27.8, 26.5, 15.6 ppm; HRMS (ESI-EMM): m/z : calcd for
[M+Na]+ : 272.0721; found: 272.0727.


4-(Methylthio)butan-1-amine (7): Hydrazine monohydrate (520 mL,
537 mg, 10.73 mmol) was added to a solution of 6 (2.00 g,
8.04 mmol) in absolute EtOH (48 mL). This solution was heated to
reflux for 3 h and then cooled to 0 8C to precipitate the solid fully.
The solid was removed by filtration and was washed excessively
with anhydrous Et2O (1 L). The filtrates were combined and con-
centrated in vacuo. Distillation at reduced pressure (6 mmHg, b.p.
55 8C) afforded 7 (762 mg, 80%) as a colorless oil. 1H NMR (CDCl3):
d=2.72 (t, J=6.7 Hz, 2H), 2.52 (t, J=7.4 Hz, 2H), 2.10 (s, 3H), 1.64
(m, 2H), 1.55 (m, 2H), 1.33 ppm (br s, 2H); 13C NMR (CDCl3): d=
42.1, 34.4, 33.2, 26.7, 15.7 ppm; LRMS (ESI): m/z : calcd for [M+H]+ :
120.1; found: 120.1.


1-Isothiocyanato-4-(methylthio)butane (8): Thiophosgene
(1.38 mL, 18.10 mmol) was dissolved in anhydrous CH2Cl2 (41 mL),
and the mixture was chilled to 0 8C. Compound 7 (698 mg,
5.86 mmol) and NaOH (607 mg, 15.17 mmol) were added in se-
quence, and the solution was allowed to warm to ambient temper-
ature over 3.5 h. Solvents were mostly removed in vacuo and the
remainder was filtered through celite to remove any solid. Silica
gel chromatography (hexane/CH2Cl2 3:1) and subsequent concen-
tration afforded 8 (795 mg, 84%) as an orange oil. 1H NMR (CDCl3):
d=3.55 (t, J=6.4 Hz, 2H), 2.53 (t, J=6.9 Hz, 2H), 2.09 (s, 3H), 1.87–
1.68 ppm (m, 4H); 13C NMR (CDCl3): d=129.4, 44.4, 32.8, 28.5, 25.4,
14.9 ppm; HRMS (EI): m/z : calcd for [M]+ : 161.0333; found:
161.0337.


1-Isothiocyanato-4-(methylsulfinyl)butane (9): A solution of m-
CPBA (934 mg, 5.41 mmol) in anhydrous CH2Cl2 (6.25 mL) was
slowly added to a solution of 8 (795 mg, 4.93 mmol) in anhydrous
CH2Cl2 (7.0 mL). After 2 h of stirring at ambient temperature, the re-
action mixture was diluted with CH2Cl2 (100 mL) and the organics
were washed with satd. NaHCO3 and brine, dried over Na2SO4, and
concentrated in vacuo. Silica gel chromatography (CH2Cl2/CH3CN
2:1) and subsequent concentration afforded 9 (735 mg, 84%) as a
light yellow oil. 1H NMR (CDCl3): d=3.58 (t, J=6.2 Hz, 2H), 2.71 (m,
2H), 2.58 (s, 3H), 1.95–1.81 ppm (m, 4H); 13C NMR (CDCl3): d=
129.8, 52.9, 44.3, 38.3, 28.5, 19.6 ppm; HRMS (ESI): m/z : calcd for
[M+Na]+ : 200.0180; found: 200.0172.


1-Isothiocyanato-4-(methylsulfonyl)butane (10): A solution of m-
CPBA (964 mg, 5.59 mmol) in anhydrous CH2Cl2 (5.0 mL) was slowly
added to a solution of 8 (283 mg, 1.75 mmol) in anhydrous CH2Cl2
(2.5 mL). After 2 h of stirring at ambient temperature, the mixture
was diluted with CH2Cl2 (100 mL) and the organics were washed
with satd. NaHCO3 and brine, dried over Na2SO4, and concentrated
in vacuo. Silica gel chromatography (CH2Cl2) and subsequent
ACHTUNGTRENNUNGconcentration afforded 10 (203 mg, 60%) as an off-white solid.
1H NMR (CDCl3): d=3.56 (t, J=6.1 Hz, 2H), 3.01 (t, J=7.8 Hz, 2H),
2.86 (s, 3H), 1.90 (m, 2H), 1.81 ppm (m, 2H); 13C NMR (CDCl3): d=
130.4, 53.5, 44.4, 40.6, 28.4, 19.6 ppm; HRMS (EI): m/z : calcd for
[M]+ : 193.0231; found: 193.0230.


Method A : Isothiocyanate installation with thiophosgene. A so-
lution of thiophosgene (0.50m, 3 equiv) in anhydrous CH2Cl2 was
chilled to 0 8C. A solution of the primary amine in anhydrous
CH2Cl2 (1 mLmmol�1) was added. If the hydrochloride salt of the
amine was used, it was first neutralized with diisopropylethylamine
(DIEA, 1–2 equiv). Finely crushed NaOH (3 equiv) was then added
and the resulting solution was allowed to warm to ambient tem-


perature over 3 h. Products were concentrated in vacuo and any
resulting solids were removed by filtration through celite.


Method B : Isothiocyanate installation with di(pyridin-2-yl) thio-
nocarbonate : The primary amine was dissolved in anhydrous
CH2Cl2 (14.5 mLmmol�1) at ambient temperature, and di(pyridin-2-
yl) thionocarbonate (1 equiv) was added. The reaction mixture was
stirred for 24 h, followed by solvent removal in vacuo. (General
Method B is the preferred method for conversion of a primary
amine into an isothiocyanate for reasons of safety, general utility,
and ease of use. Although only one isothiocyanate in this report
was constructed by this method, our laboratory has readily em-
ployed this method for the construction of several as-of-yet un-
ACHTUNGTRENNUNGreported isothiocyanates.)


1-Isothiocyanato-2-methylpropane (11): Compound 11 was syn-
thesized by Method A from thiophosgene (206 mL, 311 mg,
2.71 mmol), isobutylamine (96 mL, 70 mg, 0.96 mmol), and NaOH
(133 mg, 3.32 mmol). Silica gel chromatography (hexane/CH2Cl2
5:1) and subsequent concentration afforded 11 (31 mg, 28%) as an
orange oil. 1H NMR (CDCl3): d=3.34 (d, J=6.2 Hz, 2H), 2.00 (nonet,
J=6.7 Hz, 1H), 1.01 ppm (d, J=6.7 Hz, 6H); 13C NMR (CDCl3): d=
129.8, 52.6, 29.8, 19.9 ppm.


1-Isothiocyanato-2,2-dimethylpropane (12): Compound 12 was
synthesized by Method A from thiophosgene (196 mL, 296 mg,
2.57 mmol), neopentylamine (112 mL, 83 mg, 0.85 mmol), and
NaOH (137 mg, 3.42 mmol). Silica gel chromatography (hexane/
CH2Cl2 5:1) and subsequent concentration afforded 12 (55 mg,
40%) as a light orange oil. 1H NMR (CDCl3): d=3.26 (s, 2H),
1.02 ppm (s, 9H); 13C NMR (CDCl3): d=57.3, 33.5, 27.1 ppm.


Isothiocyanatocyclopropane (13): Compound 13 was synthesized
by Method A from thiophosgene (903 mL, 1.36 g, 11.85 mmol), cy-
clopropylamine (271 mL, 221 mg, 3.87 mmol), and NaOH (488 mg,
12.20 mmol). Silica gel chromatography (hexane/CH2Cl2 5:1) and
subsequent concentration afforded 13 (35 mg, 9%) as an orange
oil. 1H NMR (CDCl3): d=2.89 (tt, J=7.0, 3.8 Hz, 1H), 0.93–0.87 (m,
2H), 0.87–0.81 ppm (m, 2H); 13C NMR (CDCl3): d=126.7, 25.5,
8.3 ppm.


(Isothiocyanatomethyl)cyclohexane (14): Compound 14 was syn-
thesized by Method A from thiophosgene (206 mL, 311 mg,
2.71 mmol), cyclohexylmethylamine (125 mL, 109 mg, 0.96 mmol),
and NaOH (131 mg, 3.27 mmol). Silica gel chromatography
(hexane/CH2Cl2 3:1) and subsequent concentration afforded 14
(138 mg, 92%) as an orange oil. 1H NMR (CDCl3): d=3.33 (d, J=
6.3 Hz, 2H), 1.80–1.71 (m, 4H), 1.17–1.59 (m, 2H), 1.32–1.07 (m,
3H), 1.06–0.94 ppm (m, 2H); 13C NMR (CDCl3): d=129.5, 51.3, 38.7,
30.4, 26.1, 25.7 ppm; HRMS (EI): m/z : calcd for [M]+ : 155.0769;
found: 155.0771.


1-Isothiocyanatobenzene (15): Compound 15 was synthesized by
Method A from thiophosgene (182 mL, 274 mg, 2.38 mmol), aniline
(87 mL, 89 mg, 0.96 mmol), and NaOH (127 mg, 3.17 mmol). Silica
gel chromatography (hexane/CH2Cl2 25:1) and subsequent concen-
tration afforded 15 as a colorless oil in quantitative yield. 1H NMR
(CDCl3): d=7.33 (m, 2H), 7.26 (m, 1H), 7.20 ppm (m, 2H); 13C NMR
(CDCl3): d=135.5, 131.4, 129.7, 127.5, 125.9 ppm; HRMS (EI): m/z :
calcd for [M]+ : 135.0143; found: 135.0149.


1-Bromo-4-isothiocyanatobenzene (16): Compound 16 was syn-
thesized by Method A from thiophosgene (208 mL, 314 mg,
2.73 mmol), 4-bromoaniline (163 mg, 0.95 mmol), and NaOH
(144 mg, 3.60 mmol). Silica gel chromatography (hexane/CH2Cl2
25:1) and subsequent concentration afforded 16 (168 mg, 83%) as
a white solid. 1H NMR (CDCl3): d=7.46 (d, J=8.7 Hz, 2H), 7.08 ppm
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(d, J=8.7 Hz, 2H); 13C NMR (CDCl3): d=137.1, 132.9, 130.7, 127.3,
120.9 ppm; HRMS (EI): m/z : calcd for [M]+ : 212.9248; found:
212.9245.


1-Butyl-4-isothiocyanatobenzene (17): Compound 17 was synthe-
sized by Method A from thiophosgene (208 mL, 314 mg,
2.73 mmol), 4-butylaniline (150 mL, 140 mg, 0.94 mmol), and NaOH
(123 mg, 3.07 mmol). Silica gel chromatography (hexane/CH2Cl2
25:1) and subsequent concentration afforded 17 as a light yellow
oil in quantitative yield. 1H NMR (CDCl3): d=7.16 (d, J=8.6 Hz, 2H),
7.14 (d, J=8.6 Hz, 2H), 2.62 (t, J=7.8 Hz, 2H), 1.60 (m, 2H), 1.37
(sextet, J=7.4 Hz, 2H), 0.95 ppm (t, J=7.4 Hz, 3H); 13C NMR
(CDCl3): d=142.7, 134.8, 129.6, 128.7, 125.7, 35.4, 33.5, 22.4,
14.0 ppm; HRMS (EI): m/z : calcd for [M]+ : 191.0769; found:
191.0777.


3-(Isothiocyanatomethyl)pyridine (18): Compound 18 was synthe-
sized by Method B from 3-(isothiocyanatomethyl)pyridine (140 mL,
150 mg, 1.39 mmol) and di(pyridin-2-yl)thionocarbonate (325 mg,
1.40 mmol). Silica gel chromatography (hexane/EtOAc 1:2) and sub-
sequent concentration afforded 18 (190 mg, 91%) as a yellow oil.
1H NMR (CDCl3): d=8.62 (d, J=4.4 Hz, 1H), 8.59 (s, 1H), 7.70 (dt,
J=7.9, 1.718 Hz, 1H), 7.36 (dd, J=7.8, 4.8 Hz, 1H), 4.76 ppm (s,
2H); 13C NMR (CDCl3): d=149.7, 148.2, 134.6, 133.7, 130.1, 123.7,
46.4 ppm; HRMS (EI): m/z : calcd for [M]+ : 150.0252; found:
150.0248.


1-(Isothiocyanatomethyl)benzene (19): Compound 19 was syn-
thesized by Method A from thiophosgene (480 mL, 724 mg,
6.30 mmol), benzylamine (200 mL, 196 mg, 1.83 mmol), and NaOH
(224 mg, 5.61 mmol). Silica gel chromatography (hexane/CH2Cl2
5:1) and subsequent concentration afforded 19 (127 mg, 46%) as a
orange oil. 1H NMR (CDCl3): d=7.34 (m, 5H), 4.68 ppm (s, 2H);
13C NMR (CDCl3): d=134.1, 131.9, 128.8, 128.2, 126.7, 48.5 ppm;
HRMS (EI): m/z : calcd for [M]+ : 149.0299; found: 149.0303.


2-(Isothiocyanatomethyl)furan (20): Compound 20 was synthe-
sized by Method A from thiophosgene (206 mL, 311 mg,
2.71 mmol), furfurylamine (89 mL, 93 mg, 0.96 mmol), and NaOH
(125 mg, 3.12 mmol). Silica gel chromatography (hexane/CH2Cl2
3:1) and subsequent concentration afforded 20 (37 mg, 27%) as an
orange oil. 1H NMR (CDCl3): d=7.43 (m, 1H), 6.37 (dd, J=3.2,
1.8 Hz, 1H), 6.35 (bd, J=3.2 Hz, 1H), 4.66 ppm (s, 2H); 13C NMR
(CDCl3): d=147.5, 143.4, 135.1, 110.8, 108.9, 42.1 ppm; HRMS (EI):
m/z : calcd for [M]+ : 139.0092; found: 139.0092.


1-Bromo-2-(isothiocyanatomethyl)benzene (21): Compound 21
was synthesized by Method A from thiophosgene (208 mL, 314 mg,
2.731 mmol), 2-bromobenzylamine hydrochloride (213 mg,
0.96 mmol), DIEA (250 mL, 186 mg, 1.44 mmol), and NaOH (155 mg,
3.87 mmol). Silica gel chromatography (hexane/CH2Cl2 5:1) and
subsequent concentration afforded 21 (209 mg, 95%) as a reddish-
orange oil. 1H NMR (CDCl3): d=7.59 (dd, J=8.0, 0.8 Hz, 1H), 7.46
(dd, J=7.7, 1.2 Hz, 1H), 7.38 (td, J=7.4, 0.9 Hz, 1H), 7.23 (td, J=
7.7, 1.5 Hz, 1H), 4.81 ppm (s, 2H); 13C NMR (CDCl3): d=133.8, 133.4,
133.1, 130.1, 128.9, 128.1, 122.5, 49.3 ppm; HRMS (EI): m/z : calcd
for [M]+ : 226.9404; found: 226.9405.


1-Bromo-4-(isothiocyanatomethyl)benzene (22): Compound 22
was synthesized by Method A from thiophosgene (196 mL, 296 mg,
2.58 mmol), 4-bromobenzylamine (184 mg, 0.99 mmol), and NaOH
(123 mg, 3.07 mmol). Silica gel chromatography (hexane/CH2Cl2
5:1) and subsequent concentration afforded 22 (193 mg, 85%) as a
reddish-orange oil. 1H NMR (CDCl3): d=7.51 (d, J=8.4 Hz, 2H), 7.19
(d, J=8.4 Hz, 2H), 4.67 ppm (s, 2H); 13C NMR (CDCl3): d=133.4,


133.3, 132.2, 128.7, 122.5, 48.3 ppm; HRMS (EI): m/z : calcd for [M]+ :
226.9404; found: 226.9410.


2-(Isothiocyanatomethyl)-1,2-dimethoxybenzene (23): Com-
pound 23 was synthesized by Method A from thiophosgene
(182 mL, 274 mg, 2.39 mmol), 2,3-dimethoxybenzylamine (167 mg,
1.00 mmol), and NaOH (130 mg, 3.25 mmol). Silica gel chromatog-
raphy (hexane/CH2Cl2 4:1 to hexane/CH2Cl2 3:1) and subsequent
concentration afforded 23 (164 mg, 78%) as a light yellow oil.
1H NMR (CDCl3): d=7.08 (t, J=8.0 Hz, 1H), 6.93 (m, 2H), 4.72 (s,
2H), 3.89 (s, 3H), 3.87 ppm (s, 3H); 13C NMR (CDCl3): d=152.7,
146.6, 131.5, 128.0, 124.4, 120.3, 113.0, 61.0, 55.9, 44.1 ppm; HRMS
(EI): m/z : calcd for [M]+ : 209.0511; found: 209.0502.


2-(Isothiocyanatomethyl)-1,3,5-trimethoxybenzene (24): Com-
pound 24 was synthesized by Method A from thiophosgene
(182 mL, 274 mg, 2.39 mmol), 2,4,6-trimethyoxybenzylamine
(185 mg, 0.94 mmol), and NaOH (123 mg, 3.07 mmol). Silica gel
chromatography (hexane/CH2Cl2 1:1 to CH2Cl2) and subsequent
concentration afforded 24 (218 mg, 97%) as a light yellow oil.
1H NMR (CDCl3): d=6.52 (s, 2H), 4.64 (s, 2H), 3.87 (s, 6H), 3.84 ppm
(s, 3H); 13C NMR (CDCl3): d=153.8, 138.1, 133.3, 130.1, 104.1, 61.0,
56.4, 49.1 ppm; HRMS (EI): m/z : calcd for [M]+ : 239.0616; found:
239.0626.


5-(Isothiocyanatomethyl)benzo[d] ACHTUNGTRENNUNG[1,3]dioxole (25): Compound
25 was synthesized by Method A from thiophosgene (220 mL,
332 mg, 2.89 mmol), 3,4-methylenedioxybenzylamine (144 mg,
0.96 mmol), and NaOH (120 mg, 3.00 mmol). Silica gel chromatog-
raphy (hexane/CH2Cl2 5:1) and subsequent concentration afforded
25 (84 mg, 45%) as a off-white solid. 1H NMR (CDCl3): d=6.79 (m,
3H), 5.98 (s, 2H), 4.60 ppm (s, 2H); 13C NMR (CDCl3): d=148.3,
147.9, 132.5, 128.1, 120.8, 108.6, 107.8, 101.6, 48.8 ppm; HRMS (EI):
m/z : calcd for [M]+ : 193.0198; found: 193.0202.


1-(Isothiocyanatomethyl)naphthalene (26): Compound 26 was
synthesized by Method A from thiophosgene (220 mL, 332 mg,
2.89 mmol), 1-(methylamine)naphthalene (140 mL, 150 mg,
0.95 mmol), and NaOH (122 mg, 3.06 mmol). Silica gel chromatog-
raphy (hexane/CH2Cl2 5:1) and subsequent concentration afforded
26 (137 mg, 72%) as an off-white solid. 1H NMR (CDCl3): d=7.86
(m, 3H), 7.60–7.41 (m, 4H), 5.07 ppm (s, 2H); 13C NMR (CDCl3): d=
133.9, 133.0, 130.6, 129.9, 129.6, 129.2, 127.2, 126.4, 126.0, 125.5,
122.7, 47.3 ppm; HRMS (EI): m/z : calcd for [M]+ : 199.0456; found:
199.0462.


(S)-1-Isothiocyanato-1,2,3,4-tetrahydronaphthalene (27): Com-
pound 27 was synthesized by Method A from thiophosgene
(208 mL, 314 mg, 2.73 mmol), (S)-1,2,3,4-tetrahydronaphthalenea-
mine (138 mL, 142 mg, 0.97 mmol), and NaOH (137 mg, 3.42 mmol).
Silica gel chromatography (hexane/CH2Cl2 5:1) and subsequent
concentration afforded 27 (159 mg, 87%) as a yellow-orange oil.
1H NMR (CDCl3): d=7.33 (m, 1H), 7.21 (m, 2H), 7.10 (m, 1H), 4.90
(t, J=5.3 Hz, 1H), 2.83 (dt, J=17.0, 5.9 Hz, 1H), 2.72 (ddd, J=17.0,
7.75, 6.1 Hz, 1H), 2.08 (m, 2H), 1.96 (m, 1H), 1.81 ppm (m, 1H);
13C NMR (CDCl3): d=136.5, 133.3, 132.0, 129.6, 128.7, 128.4, 126.6,
55.9, 30.9, 28.7, 19.4 ppm; HRMS (EI): m/z : calcd for [M]+ : 189.0612;
found: 189.0610.


(R)-1-Isothiocyanato-1,2,3,4-tetrahydronaphthalene (28): Com-
pound 28 was synthesized by Method A from thiophosgene
(182 mL, 274 mg, 2.39 mmol), (R)-1,2,3,4-tetrahydronaphthalenea-
mine (138 mL, 142 mg, 0.97 mmol), and NaOH (125 mg, 3.12 mmol).
Silica gel chromatography (hexane/CH2Cl2 5:1) and subsequent
concentration afforded 28 (183 mg, 100%) as a light yellow oil.
1H NMR (CDCl3): d=7.32 (m, 1H), 7.20 (m, 2H), 7.10 (m, 1H), 4.89
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(t, J=5.4 Hz, 1H), 2.83 (dt, J=17.0, 6.0 Hz, 1H), 2.72 (ddd, J=17.0,
7.6, 6.0 Hz, 1H), 2.08 (m, 2H), 1.96 (m, 1H), 1.81 ppm (m, 1H);
13C NMR (CDCl3): d=136.5, 133.3, 132.0, 129.5, 128.6, 128.4, 126.6,
55.8, 30.9, 28.7, 19.4 ppm; HRMS (EI): m/z : calcd for [M]+ : 189.0612;
found: 189.0603.


1-(Isothiocyanatomethyl)-2-phenylbenzene (29): Compound 29
was synthesized by Method A from thiophosgene (196 mL, 296 mg,
2.57 mmol), (biphenyl-2-yl)methyl amine hydrochloride (213 mg,
0.97 mmol), DIEA (250 mL, 186 mg, 1.44 mmol), and NaOH (134 mg,
3.35 mmol). Silica gel chromatography (hexane/CH2Cl2 5:1) and
subsequent concentration afforded 29 (189 mg, 87%) as a deep
orange oil. 1H NMR (CDCl3): d=7.49–7.45 (m, 1H), 7.43–7.32 (m,
5H), 7.27–7.23 (m, 3H), 4.55 ppm (s, 2H); 13C NMR (CDCl3): d=
141.4, 139.8, 132.0, 131.8, 130.4, 129.09, 128.6, 128.6, 128.4, 128.2,
127.8, 47.1 ppm; HRMS (EI): m/z : calcd for [M]+ : 225.0612; found:
225.0618.


1-(Isothiocyanatomethyl)-3-phenylbenzene (30): Compound 30
was synthesized by Method A from thiophosgene (196 mL, 296 mg,
2.57 mmol), (biphenyl-2-yl)methyl amine hydrochloride (220 mg,
1.00 mmol), DIEA (250 mL, 186 mg, 1.44 mmol), and NaOH (134 mg,
3.35 mmol). Silica gel chromatography (hexane/CH2Cl2 5:1) and
subsequent concentration afforded 30 as a deep orange oil in
quantitative yield. 1H NMR (CDCl3): d=7.56–7.48 (m, 3H), 7.47–7.37
(m, 4H), 7.33 (m, 1H), 7.22 (m, 1H), 4.66 ppm (s, 2H); 13C NMR
(CDCl3): d=142.1, 140.4, 134.9, 132.6, 129.5, 129.0, 127.8, 127.2,
127.2, 125.7, 125.6, 48.8 ppm; HRMS (EI): m/z : calcd for [M]+ :
225.0612; found: 225.0609.


1-(Isothiocyanatomethyl)-4-phenylbenzene (31): Compound 31
was synthesized by Method A from thiophosgene (220 mL, 332 mg,
2.89 mmol), (biphenyl-4-yl)methyl amine (177 mg, 0.97 mmol), and
NaOH (122 mg, 3.07 mmol). Silica gel chromatography (hexane/
CH2Cl2 5:1) and subsequent concentration afforded 31 (137 mg,
64%) as a off-white solid. 1H NMR (CDCl3): d=7.58 (m, 4H), 7.43
(m, 2H), 7.35 (m, 3H), 4.71 ppm (s, 2H); 13C NMR (CDCl3): d=141.5,
140.5, 133.3, 132.6, 129.0, 127.8, 127.8, 127.5, 127.2, 48.6 ppm;
HRMS (EI): m/z : calcd for [M]+ : 225.0612; found: 225.0622.


1-(Isothiocyanatomethyl)-4-phenoxybenzene (32): Compound 32
was synthesized by Method A from thiophosgene (196 mL, 296 mg,
2.57 mmol), 4-phenoxybenzylamine (198 mg, 0.99 mmol), and
NaOH (125 mg, 3.12 mmol). Silica gel chromatography (hexane/
CH2Cl2 5:1) and subsequent concentration afforded 32 (104 mg,
43%) as a light orange oil. 1H NMR (CDCl3): d=7.34 (m, 2H), 7.25
(m, 2H), 7.12 (tt, J=7.4, 1.1 Hz, 1H), 7.02–6.98 (m, 4H), 4.65 ppm
(s, 2H); 13C NMR (CDCl3): d=157.7, 156.9, 132.5, 130.0, 129.0, 128.7,
123.9, 119.3, 119.1, 48.4 ppm; HRMS (EI): m/z : calcd for [M]+ :
241.0561; found: 241.0550.


4-Isothiocyanato-2,3-dimethyl-1-phenyl-1,2-dihydropyrazol-5-
one (33): Compound 33 was synthesized by Method A from thio-
phosgene (208 mL, 314 mg, 2.73 mmol), 4-aminoantipyrine
(196 mg, 0.96 mmol), and NaOH (110 mg, 2.75 mmol). Silica gel
chromatography (EtOAc) and subsequent concentration afforded
33 (235 mg, 99%) as a light yellow solid. 1H NMR (CDCl3): d=7.45
(t, J=7.7 Hz, 2H), 7.32 (m, 3H), 3.10 (s, 3H), 2.27 ppm (s, 3H);
13C NMR (CDCl3): d=160.9, 147.9, 142.9, 134.1, 129.3, 127.5, 124.5,
103.6, 35.7, 10.9 ppm; HRMS (EI): m/z : calcd for [M]+ : 245.0623;
found: 245.0635).


1-(2-Isothiocyanatoethyl)benzene (34): Compound 34 was syn-
thesized by Method A from thiophosgene (196 mL, 296 mg,
2.57 mmol), 2-phenylethylamine (122 mL, 117 mg, 0.97 mmol), and
NaOH (131 mg, 3.27 mmol). Silica gel chromatography (hexane/


CH2Cl2 5:1) and subsequent concentration afforded 34 (97 mg,
61%) as a light orange oil. 1H NMR (CDCl3): d=7.33 (m, 2H), 7.26
(m, 1H), 7.21 (m, 2H), 3.70 (t, J=7.0 Hz, 2H), 2.97 ppm (t, J=
7.0 Hz, 2H); 13C NMR (CDCl3): d=137.1, 131.0, 128.9, 127.3, 46.5,
36.6 ppm; HRMS (EI): m/z : calcd for [M]+ : 163.0456; found:
163.0463.


1-(2-Isothiocyanatoethyl)cyclohex-1-ene (35): Compound 35 was
synthesized by Method A from thiophosgene (206 mL, 311 mg,
2.71 mmol), 2-(cyclohex-1-enyl)ethylamine (135 mL, 121 mg,
0.97 mmol), and NaOH (140 mg, 3.50 mmol). Silica gel chromatog-
raphy (hexane/CH2Cl2 5:1) and subsequent concentration afforded
35 as an orange oil in quantitative yield. 1H NMR (CDCl3): d=5.54
(m, 1H), 3.53 (t, J=6.7 Hz, 2H), 2.31 (t, J=6.8 Hz, 2H), 2.01 (m, 2H),
1.91 (m, 2H), 1.67–1.60 (m, 2H), 1.60–1.52 ppm (m, 2H); 13C NMR
(CDCl3): d=132.8, 131.0, 125.6, 43.8, 38.7, 27.9, 25.4, 22.9,
22.3 ppm; HRMS (EI): m/z : calcd for [M]+ : 163.0769; found:
163.0771.


2-Isothiocyanato-1,1-diphenylethane (36): Compound 36 was
synthesized by Method A from thiophosgene (220 mL, 332 mg,
2.89 mmol), 2,2-diphenylethylamine (192 mg, 0.97 mmol), and
NaOH (123 mg, 3.06 mmol). Silica gel chromatography (hexane/
CH2Cl2 5:1) and subsequent concentration afforded 36 as a light
yellow oil in quantitative yield. 1H NMR (CDCl3): d=7.30 (m, 4H),
7.25–7.16 (m, 6H), 4.31 (t, J=7.6, 1H), 3.99 ppm (d, J=7.5 Hz, 2H);
13C NMR (CDCl3): d=140.4, 131.9, 128.9, 128.0, 127.4, 51.4,
49.4 ppm; HRMS (EI): m/z : calcd for [M]+ : 239.0769; found:
239.0763.


3,3-Diphenylpropanal (51): 3,3-Diphenylpropanol (1.00 g,
4.72 mmol) was dissolved in anhydrous CH2Cl2 (45 mL), and this so-
lution was stirred at ambient temperature for 15 min. Dess–Martin
periodinane in CH2Cl2 (15% w/v, 16.5 mL, 9.10 mmol) was added to
this solution. The mixture was stirred for 2 h until TLC indicated
nearly full consumption of the starting alcohol. The mixture was di-
luted with Et2O (150 mL) and stirred with satd. Na2SO3 (75 mL) and
satd. NaHCO3 (75 mL) for 10 min until the organic phase became
clear. The organics were washed with satd. NaHCO3 and brine and
were dried over Na2SO4 prior to concentration in vacuo. Silica gel
chromatography (hexane/CH2Cl2 1:1) and subsequent concentra-
tion afforded 51 (868 mg, 88%) as a colorless oil. 1H NMR (CDCl3):
d=9.67 (t, J=1.8 Hz, 1H), 7.29–7.14 (m, 10H), 4.59 (t, J=7.7 Hz,
1H), 3.12 ppm (dd, J=7.7, 1.8 Hz, 2H); 13C NMR (CDCl3): d=201.1,
143.4, 128.8, 127.9, 126.8, 49.5, 45.1 ppm; HRMS (EI): m/z : calcd for
[M]+ : 210.1045; found: 210.1041.


3,3-Diphenylpropanal oxime (56): Compound 51 (151 mg,
0.72 mmol) was dissolved in EtOH (95%, 2.7 mL) and pyridine
(268 mL, 262 mg, 3.31 mmol), and hydroxylamine hydrochloride
(94 mg, 1.35 mmol) was added. This solution was heated to reflux
for 2.5 h, followed by concentration in vacuo. Products were dis-
solved in H2O/EtOAc (1:1 100 mL), and the aqueous phase was ex-
tracted with EtOAc (3P50 mL). Combined organics were washed
with brine and dried over Na2SO4 prior to concentration in vacuo
to afford 56 (152 mg, 94%) as an off-white solid. Ratio of isomers:
1.77:1. 1H NMR (CDCl3): d=9.65 (br s, 1H), 9.16 (br s, 1H), 7.29 (t,
J=6.1 Hz, 1H), 7.27–7.12 (m, 10H), 6.63 (t, J=5.1 Hz, 1H), 4.18 (t,
J=8.3 Hz, 1H), 4.13 (t, J=8.1 Hz, 1H), 3.11 (dd, J=8.2, 5.1 Hz, 2H),
2.92 ppm (dd, J=8.1, 6.2 Hz, 2H); 13C NMR (CDCl3): d=150.9, 150.8,
143.7, 143.5, 128.8, 128.0, 127.9, 126.7, 49.2, 48.0, 35.5, 31.6 ppm;
HRMS (ESI): m/z : calcd for [M+H]+ : 226.1232; found: 226.1235.


(2,3,4,6-Tetra-O-acetyl-b-d-glucopyranosyl)-1-(2,2-diphenyle-
thyl)thiohydroximate (58): Compound 56 (202 mg, 0.90 mmol)
was dissolved in DMF (5.9 mL), and N-chlorosuccinimide (123 mg,
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0.92 mmol) was slowly added in portions. The solution was heated
to 50–70 8C for 2 h and then cooled to ambient temperature.
2,3,4,6-Tetra-O-acetyl-1-thio-b-d-glucose (321 mg, 0.88 mmol) in
DMF (5.85 mL) and anhydrous diisopropylethylamine (1.39 mL,
1.04 g, 8.02 mmol) were added to this solution. The resulting solu-
tion was stirred at ambient temperature for 18 h. The mixture was
diluted with Et2O and washed with H2SO4 (1m). The remaining
aqueous phase was extracted with EtOAc (3P50 mL). The organics
were combined, dried over MgSO4, and concentrated in vacuo. Re-
sidual DMF was removed by co-stripping with Et2O and mild heat-
ing in vacuo. Silica gel chromatography (hexane/CH2Cl2/MeOH
6:3:1), concentration in vacuo, and subsequent lyophilization from
H2O/CH3CN afforded 58 (517 mg, 100%) as a white solid. 1H NMR
(CDCl3): d=8.78 (br s, 1H), 7.33–7.14 (m, 10H), 5.17 (t, J=9.4 Hz,
1H), 5.05 (t, J=9.9 Hz, 1H), 5.02 (t, J=9.4 Hz, 1H), 4.92 (d, J=
10.3 Hz, 1H), 4.51 (ABX, JAX=7.6 Hz, JBX=7.4 Hz, 1H), 4.14 (ABM,
JAB=12.4 Hz, JAM=5.8 Hz, 1H), 4.05 (ABM, JAB=12.4 Hz, JBM=1.6 Hz,
1H), 3.63 (ABMX, JMX=9.8 Hz, JBM=5.8 Hz, JAM=1.6 Hz, 1H), 3.31
(ABX, JAB=15.4 Hz, JAX=7.6 Hz, 1H), 3.15 (ABX, JAB=15.4 Hz, JBX=
7.4 Hz, 1H), 2.02 (s, 3H), 2.00 (s, 3H), 1.98 (s, 3H), 1.91 ppm (s, 3H);
13C NMR (CDCl3): d=170.9, 170.4, 169.5, 169.4, 149.9, 143.9, 143.2,
128.8, 128.7, 128.0, 127.8, 126.8, 126.7, 80.1, 76.0, 73.8, 70.2, 68.1,
62.4, 48.4, 38.8, 20.7, 20.7, 20.6 ppm; HRMS (ESI): m/z : calcd for
[M+Na]+ : 610.1723; found: 610.1743.


(2,3,4,6-Tetra-O-acetyl)-1-(2,2-diphenylethyl)glucosinolate (60):
Anhydrous pyridine (7.80 mL, 7.63 g, 96.44 mmol) was dissolved in
CH2Cl2 (8.5 mL), and the system was cooled to 0 8C. A solution of
chlorosulfonic acid (700 mL, 1.22 g, 10.49 mmol) in CH2Cl2 (8.5 mL)
was slowly added over 5 min. The resulting solution was warmed
to ambient temperature, a solution of 58 (298 mg, 0.51 mmol) in
CH2Cl2 (5.9 mL) was added, and the solution was stirred at ambient
temperature for 18 h. A solution of NaHCO3 (1.29 g, 15.38 mmol) in
H2O (13.5 mL) was slowly added, and solvents were concentrated
in vacuo. The remaining solution was extracted with EtOAc (3P
50 mL) and the combined organics were dried over Na2SO4 and
concentrated in vacuo. Two-step silica gel chromatography (EtOAc/
hexane/MeOH 6:3:1 to EtOAc/MeOH 4:1, Rf=0.05 in EtOAc/
hexane/MeOH 6:3:1), concentration in vacuo, and subsequent lyo-
philization from H2O/CH3CN afforded 60 (275 mg, 79%) as a white
solid. 1H NMR (CD3OD): d=7.38–7.33 (m, 4H), 7.31–7.25 (m, 4H),
7.21–7.14 (m, 2H), 5.27 (t, J=9.7 Hz, 1H), 5.08 (d, J=10.1 Hz, 1H),
5.01 (t, J=9.8 Hz, 1H), 4.94 (dd, J=9.9, 9.3 Hz, 1H), 4.71 (ABX, JBX=
8.7 Hz, JAX=6.7 Hz, 1H), 4.17 (ABX, JAB=12.4 Hz, JAX=6.3 Hz, 1H),
4.11 (ABX, JAB=12.4 Hz, JBX=1.7 Hz, 1H), 3.94 (ABXY, JXY=10.0 Hz,
JAX=6.3 Hz, JBX=1.7 Hz, 1H), 3.45 (ABX, JAB=15.4 Hz, JAX=6.7 Hz,
1H), 3.38 (ABX, JAB=15.4 Hz, JBX=8.7 Hz, 1H), 2.01 (s, 3H), 1.99 (s,
3H), 1.96 (s, 3H), 1.86 ppm (s, 3H); 13C NMR (CD3OD): d=172.4,
171.5, 171.3, 171.0, 157.8, 145.3, 129.7, 129.6, 129.5, 129.1, 127.8,
127.6, 80.9, 76.9, 74.9, 71.1, 69.6, 63.8, 49.7, 39.7, 20.7, 20.7, 20.7,
20.6 ppm; HRMS (ESI): m/z : calcd for [M+Na]+ : 712.1110; found:
712.1098.


1-(2,2-Diphenylethyl)glucosinolate (38): Compound 60 (94.7 mg,
0.137 mmol) was dissolved in anhydrous MeOH (1.9 mL), and
NaOMe in MeOH (0.5m, 145 mL, 0.073 mmol) was added. The solu-
tion was stirred at ambient temperature for 1 h, after which AcOH
(500 mL) was added. Concentration in vacuo, followed by lyophili-
zation from H2O/CH3CN 40:1, afforded 38 as a white solid in quan-
titative yield. 1H NMR (CD3OD): d=7.31–7.24 (m, 4H), 7.22–7.16 (m,
4H), 7.11–7.04 (m, 2H), 4.63 (ABX, JAX=7.6 Hz, JBX=7.2 Hz, 1H),
4.62 (d, J=9.5 Hz, 1H), 3.75 (ABX, JAB=12.2 Hz, JAX=2.0 Hz, 1H),
3.56 (ABX, JAB=12.2 Hz, JBX=5.8 Hz, 1H), 3.44 (ABX, JAB=15.4 Hz,
JAX=7.6 Hz, 1H), 3.33 (ABX, JAB=15.4 Hz, JBX=7.2 Hz, 1H), 3.28–


3.22 (m, 2H), 3.20–3.13 ppm (m, 2H); 13C NMR (CD3OD): d=160.0,
145.9, 145.1, 129.6, 129.5, 129.3, 129.3, 127.6, 127.4, 83.9, 82.4, 79.5,
74.3, 71.2, 62.7, 49.6, 40.0 ppm; HRMS (ESI): m/z : calcd for
[M+Na]+: 544.0688; found: 544.0687.


(2-Biphenyl-2-ylmethyl)-1,3-dithiane (53): The 1,3-dithiane (1.91 g,
15.86 mmol) was dissolved in anhydrous THF (14 mL), and the
system was cooled to �40 8C (CH3CN/CO2). A solution of nBuLi in
hexanes (10m, 2.00 mL, 20.00 mmol) was added, and the reaction
was allowed to proceed at �40 8C for 30 min, after which the mix-
ture was warmed to �20 8C (CCl4/CO2) for 1.5 h. The solution was
then re-cooled to �40 8C, (biphenyl-2-yl)methyl bromide (2.96 mL,
16.21 mmol) was added, and the mixture was stirred at �40 8C for
1.5 h. Excess nBuLi was quenched with water (20 mL), and the solu-
tion was extracted with CH2Cl2 (3P60 mL). Combined organics
were washed with satd. NaHCO3 and brine and were dried over
Na2SO4 prior to concentration in vacuo. Silica gel chromatography
(hexane/CH2Cl2 5:1, Rf=0.13) and subsequent concentration afford-
ed 53 (2.95 g, 65%) as a light green oil. 1H NMR (CDCl3): d=7.43
(m, 9H), 3.97 (t, J=7.6 Hz, 1H), 3.08 (d, J=7.6 Hz, 2H), 2.70–2.61
(m, 4H), 2.02–1.94 (m, 1H), 1.82–1.65 ppm (m, 1H); 13C NMR
(CDCl3): d=142.5, 141.4, 134.9, 130.4, 130.1, 129.4, 128.4, 127.4,
127.2, 127.0, 48.0, 38.7, 30.4, 25.8 ppm; HRMS (EI): m/z : calcd for
[M]+ : 286.0850; found: 286.0844.


2-(Biphenyl-2-yl)ethanal (54): Compound 53 (2.95 g, 10.31 mmol)
was dissolved in CH3CN/CH2Cl2/H2O (8:1:1, 51.5 mL), a solution of
Dess–Martin periodinane (15% w/v, 38.20 mL, 21.06 mmol) was
added, and the mixture was stirred at ambient temperature for
18 h. Satd. Na2SO3 (100 mL) was added, and the mixture was ex-
tracted with Et2O (3P200 mL), followed by EtOAc (1P200 mL). The
organics were separated and washed with satd. NaHCO3 and brine,
dried over Na2SO4, and concentrated in vacuo. Silica gel chroma-
tography (hexane/CH2Cl2 1:1, Rf=0.35) and subsequent concentra-
tion afforded 54 (918 mg, 45%) as a colorless oil. 1H NMR (CDCl3):
d=9.62 (t, J=2.0 Hz, 1H), 7.48–7.23 (m, 9H), 3.68 ppm (d, J=
2.1 Hz, 2H); 13C NMR (CDCl3): d=199.8, 143.1, 141.0, 130.8, 130.6,
130.1, 129.3, 128.6, 128.0, 127.7, 127.6, 48.5 ppm; HRMS (EI): m/z :
calcd for [M]+ : 196.0888; found: 196.0887.


2-(Biphenyl-2-yl)ethanal oxime (57): Compound 54 (918 mg,
4.68 mmol) was dissolved in EtOH (95%, 17.55 mL) and pyridine
(1.75 mL, 1.71 g, 21.64 mmol), and hydroxylamine hydrochloride
(636 mg, 9.15 mmol) was added. This solution was heated to reflux
for 2.5 h, followed by concentration in vacuo. Products were dis-
solved in H2O/EtOAc (1:1, 100 mL), and the aqueous phase was ex-
tracted with EtOAc (3P50 mL). Combined organics were dried over
Na2SO4 and co-stripped with EtOAc (3P25 mL) in vacuo to afford
57 (992 mg, 100%) as an off-white solid. Ratio of isomers: 1.16:1.
1H NMR (CDCl3): d=8.42 (br s, 1H), 8.08 (br s, 1H), 7.44–7.24 (m,
10H), 6.73 (t, J=5.2 Hz, 1H), 3.71 (d, J=5.2 Hz, 2H), 3.49 ppm (d,
6.1 Hz, 2H); 13C NMR (CDCl3): d=151.0, 142.5, 142.4, 141.2, 134.4,
133.8, 130.5, 129.0, 129.4, 129.4, 128.5, 128.5, 128.0, 12.9, 127.4,
127.3, 127.1, 127.0, 33.7, 29.8 ppm; HRMS (ESI): m/z : calcd for
[M+H]+ : 212.1075; found: 212.1068.


2,3,4,6-Tetra-O-acetyl-b-d-glucopyranosyl-1-(biphenyl-2-yl)meth-
yl thiohydroximate (59): Compound 57 (203 mg, 0.96 mmol) was
dissolved in DMF (6.15 mL), and N-chlorosuccinimide (129 mg,
0.97 mmol) was slowly added in portions. The solution was heated
to 50–70 8C for 2 h and then cooled to ambient temperature.
2,3,4,6-Tetra-O-acetyl-1-thio-b-d-glucose (338 mg, 0.93 mmol) in
DMF (6.15 mL) was added to this solution, followed by anhydrous
diisopropylethylamine (1.50 mL, 1.12 g, 8.65 mmol). The resulting
solution was stirred at ambient temperature for 18 h. The mixture
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was diluted with Et2O and washed with H2SO4 (1m). The remaining
aqueous phase was extracted with EtOAc (3P50 mL). The organics
were combined, dried over MgSO4, and concentrated in vacuo. Re-
sidual DMF was removed by co-stripping with Et2O and mild heat-
ing in vacuo. Silica gel chromatography (hexane/CH2Cl2/MeOH
6:3:1), concentration in vacuo, and subsequent lyophilization from
H2O/CH3CN afforded 59 (504 mg, 95%) as a white solid. 1H NMR
(CDCl3): d=9.68 (br s, 1H), 7.53–7.29 (m, 9H), 4.98 (t, J=9.2 Hz,
1H), 4.91 (t, J=9.5 Hz, 1H), 4.84 (dd, J=9.9, 9.1 Hz, 1H), 4.32 (d,
J=10.3 Hz), 3.98 (AB, JAB=16.4 Hz, 1H), 3.92 (ABX, JAB=12.4 Hz,
JAX=4.5 Hz, 1H), 3.82 (AB, JAB=16.4 Hz, 1H), 3.61 (ABX, JAB=
12.4 Hz, JBX=1.5 Hz, 1H), 2.62 (ABXY, JXY=9.7 Hz, JXA=4.5 Hz, JXB=
1.5 Hz, 1H), 2.02 (s, 3H), 1.99 (s, 3H), 1.96 (s, 3H), 1.82 ppm (s, 3H);
13C NMR (CDCl3): d=170.8, 170.4, 169.4, 169.2, 152.6, 141.0, 140.8,
132.8, 130.8, 129.8, 129.1, 128.9, 128.1, 127.9, 127.7, 79.6, 75.2, 73.7,
69.8, 67.7, 61.5, 36.0, 20.9, 20.7, 20.6 ppm; HRMS (ESI): m/z : calcd
for [M+Na]+ : 596.1566; found: 596.1573.


2,3,4,6-Tetra-O-acetyl-1-(biphenyl-2-yl)methyl glucosinolate (61):
Anhydrous pyridine (8.25 mL, 8.07 g, 102.0 mmol) was dissolved in
CH2Cl2 (8.9 mL), and the system was cooled to 0 8C. A solution of
chlorosulfonic acid (740 mL, 1.29 g, 11.1 mmol) in CH2Cl2 (8.9 mL)
was slowly added over 5 min. The resulting solution was warmed
to ambient temperature, a solution of 59 (293 mg, 0.51 mmol) in
CH2Cl2 (6.2 mL) was added, and the solution was stirred at ambient
temperature for 18 h. A solution of NaHCO3 (1.37 g, 16.31 mmol) in
H2O (15 mL) was slowly added, and solvents were concentrated in
vacuo. The remaining solution was extracted with EtOAc (3P
50 mL) and the combined organics were dried over Na2SO4 and
concentrated in vacuo. Two-step silica gel chromatography (EtOAc/
hexane/MeOH 6:3:1 to EtOAc/MeOH 4:1, Rf=0.00 in EtOAc/
hexane/MeOH 6:3:1), concentration in vacuo, and subsequent lyo-
philization from H2O/CH3CN afforded 61 (271 mg, 79%) as a white
solid. 1H NMR (CD3OD): d=7.60–7.34 (m, 9H), 5.00 (t, J=9.4 Hz,
1H), 4.82 (t, J=9.8 Hz, 1H), 4.73 (t, J=9.5 Hz, 1H), 4.35 (d, J=
10.2 Hz, 1H), 4.13 (AB, JAB=16.4 Hz, 1H), 3.95 (AB, JAB=16.4 Hz,
1H), 3.89 (ABX, JAB=12.5 Hz, JAX=4.9 Hz, 1H), 3.65 (ABX, JAB=
12.5 Hz, JBX=1.9 Hz, 1H), 2.47 (ABX, JAX=4.9 Hz, JBX=1.9 Hz, 1H),
2.03 (s, 3H), 1.99 (s, 3H), 1.93 (s, 3H), 1.76 ppm (s, 3H); 13C NMR
(CD3OD): d=172.1, 171.5, 171.1, 170.6, 159.3, 142.2, 141.9, 133.5,
131.8, 131.1, 130.2, 130.0, 129.2, 129.1, 128.8, 80.7, 76.3, 74.5, 70.7,
68.9, 62.6, 36.4, 20.8, 20.6, 20.6, 20.4 ppm; HRMS (ESI): m/z : calcd
for [M+Na]+ : 698.0954; found: 698.0934.


1-(Biphenyl-2-yl)methyl glucosinolate (39): Compound 61
(106 mg, 0.16 mmol) was dissolved in anhydrous MeOH (2.05 mL),
and NaOMe in MeOH (0.5m, 155 mL, 0.08 mmol) was added. The
solution was stirred at ambient temperature for 1 h, after which
AcOH (500 mL) was added. Concentration in vacuo, followed by
lyophilization from H2O/CH3CN (40:1), afforded 39 as a white solid
in quantitative yield. 1H NMR (CD3OD): d=7.60 (m, 9H), 4.14 (m,
1H), 4.08 (br s, 2H), 3.39 (ABX, JAB=12.3 Hz, JAX=3.6 Hz, 1H), 3.31–
3.26 (m, 1H), 3.17 (ABX, JAB=12.3 Hz, JBX=2.1 Hz, 1H), 3.06 (m,
2H), 2.24 ppm (ABX, JAX=3.6 Hz, JBX=2.1 Hz, 1H); 13C NMR
(CD3OD): d=161.5, 142.5, 142.2, 134.2, 131.6, 130.8, 129.9, 129.7,
129.1, 128.8, 128.4, 83.2, 80.9, 79.1, 74.1, 70.1, 61.7, 37.2 ppm;
HRMS (ESI): m/z : calcd for [M+Na]+ : 530.0531; found: 530.0521.


Calcein AM and Cell Titer-Glo cytotoxicity assays : All cell lines
except NmuMG were maintained in RPMI medium 1640 supple-
mented with FBS (10% w/v) and penicillin/streptomycin (PS,
100 unitsmL�1 and 100 mgmL�1). NmuMG cells were maintained in
DMEM supplemented with FBS (10% w/v), insulin (10 mgmL�1), and
penicillin/streptomycin (PS, 100 unitsmL�1 and 100 mgmL�1, re-
spectively). Cells were harvested by trypsinization with trypsin


(0.25%) and EDTA (0.1%) and were then counted in a hemocytom-
eter in duplicate with better than 10% agreement in field counts.
Cells were plated at a density of 10000–15000 cells per well of
each 96-well black tissue culture treated microtiter plate. Cells
were grown for 1 h at 37 8C, with 5% CO2/95% air in a humidified
incubator to allow cell attachment to occur before compound ad-
dition. Library members were stored at �20 8C under desiccating
conditions before the assay. Library member stocks (100P ) were
prepared in 96-well V-bottom polypropylene microtiter plates. Five
serial 1:2 dilutions were made with anhydrous DMSO at 100P the
final concentration used in the assay. The library-member-contain-
ing plates were diluted 1:10 with complete cell culture medium.
The 10P stocks (10 mL) were added to the attached cells by Bio-
mek FX liquid handler (Beckman Coulter). Library member stocks
(10 mL) were added to cells (90 mL) in each plate to ensure full
mixing of stocks with culture media by Biomek FK liquid handler
with a 96-well head. Cells were incubated with the library mem-
bers for 72 h before fluorescence reading. Test plates were re-
moved from the incubator and washed once in sterile PBS to
remove serum containing calcium esterases. Calcein AM (acetoxy-
methyl ester) reagent (30 mL, 1m) was added, and the cells were in-
cubated for 30 min at 37 8C. Plates were read for emission with a
fluorescein filter (excitation 485 nm, emission 535 nm). An equal
volume (30 mL) of cell titer-glo reagent (Promega Corporation, Inc.)
was added, and the system was incubated for 10 min at room tem-
perature with gentle agitation to lyse the cells. Each plate was re-
read for luminescence to confirm the inhibition observed in the
fluorescent Calcein AM assay.


IC50 calculations : For each library member, at least three dose-re-
sponse experiments were conducted on separate plates. For each
experiment, percent inhibition values at each concentration were
expressed as a percentage of the maximum emission signal ob-
served for a 0 mm control. To calculate IC50 values, percent inhibi-
tions were plotted as a function of log [concentration] and then
fitted to a four-parameter logistic model that allowed for a variable
Hill slope with use of XLFIT 4.1 (ID Business Solutions, Emeryville,
CA). Range and mean IC50s in human cancer cell lines and NmuMG
cells are reported in Table 1. Average IC50s in cancer cells were de-
termined from the IC50 value for each cell line with the smallest
standard error, excluding values reported as limits (see Supporting
Information).


Preparation of isothiocyanate and glucosinolate stock standard
solutions : Stock solutions of isothiocyanates 29 and 36 (50 mm)
were prepared with HPLC-grade acetonitrile. Stock solutions of glu-
cosinolates were prepared in distilled and deionized H2O (ddH2O)
for 38 (46.3 mm), 39 (45.0 mm), and 62 (51.8 mm ; see Figure 4 for
structure); the stock solution of 62 was created from commercial
sinigrin X-hydrate and standardized by UV/Vis spectroscopy with
e227=6458m


�1 cm�1.[25] For enzyme assays, glucosinolate stocks
were each diluted to 10 mm in ddH2O to retain consistency.


Determination of myrosinase specific activity : Myrosinase stocks
were made from commercially available myrosinase isolated from
Sinapis alba seeds (Sigma–Aldrich) in ddH2O at a final concentra-
tion of 10 mgmL�1. According to Sigma–Aldrich, enzyme specific
activity was 0.361 Umg�1, with one unit defined as the amount of
enzyme able to hydrolyze 1 nmol 62 min�1 at 25 8C and pH 6.0.
Stock solutions were calibrated for specific activity by measure-
ment of the decrease in absorbance at 227 nm in 10 mm path-
length quartz cells on a Hitachi U-3000 recording spectrophotome-
ter fitted with a PolyScience Model 9100 Refrigerated Constant
Temperature ACHTUNGTRENNUNGCirculator. Each final reaction mixture contained sini-
grin in ddH2O (51.8 mm, 5 mL) and myrosinase stock (0.91 Uml


�1 in
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ddH2O, 0–6 mL) in phosphate buffer (pH 7.4, 0.1m) with a total
volume of 1.000 mL. Solutions of sinigrin in phosphate buffer
(0.1m) were stabilized at 37 8C for 10 min prior to addition of
enzyme and initiation of the reaction. Linear regression of absorb-
ance values converted into the corresponding concentrations
(e227=6458m


�1 cm�1) over the first 1000 sec provided reaction
rates as a function of enzyme concentration. A unit of myrosinase
activity was defined as the amount of enzyme that catalyzed the
hydrolysis of 1 nmol sinigrin min�1 at pH 7.4 and 37 8C. The specific
activities of myrosinase stocks were calculated from the linear re-
gression of reaction rates as a function of enzyme concentration.


Spectrophotometric assay for myrosinase activity : Myrosinase di-
gestion of sinigrin was monitored by following the linear absorb-
ance decrease at 227 nm and 37 8C in 10 mm pathlength quartz
cells on a Hitachi U-3000 recording spectrophotometer fitted with
a PolyScience Model 9100 Refrigerated Constant Temperature Cir-
culator. Five serial 1:2 dilutions of sinigrin stock (51.8 mm in
ddH2O) were made. Each 1.000 mL assay reaction mixture con-
tained a sinigrin solution (5 mL), myrosinase stock (2.74 U, 3 mL),
and phosphate buffer (pH 7.4, 0.1m, 992 mL). The buffered sub-
strate was incubated at 37 8C for 10 min prior to enzyme addition.
Km and Vmax values were determined by Lineweaver–Burk plotting
of linear reaction rates over the initial 3 min with a suitable range
of substrate concentrations (0.015–0.26 mm).


General RP-HPLC methodology : Analytical HPLC separation was
performed on a Waters gradient-controlled HPLC system (Milford,
MA) fitted with a Waters diode array detector (model 996). HPLC-
grade acetonitrile and ddH2O mobile phases contained TFA (0.1%);
methanol was HPLC grade and did not contain TFA. Analysis of
samples was carried out on an Agilent Zorbax 300SB-C18 reversed-
phase analytical column (3.5 mm, 50 mm P 4.6 mm) at 28 8C with a
flow rate of 1 mLmin�1 (ddH2O w/0.1% TFA at pump A, acetonitrile
w/0.1% TFA at pump B, and methanol at pump C). A linear gradi-
ent program was used, starting at 0.01 min from 0% pump C to
90% pump C over 60 min with a constant 5% pump B. After each
gradient run, the column was equilibrated at a flow rate of
1 mLmin�1 95% pump A, 5% pump B for 30 min.


Standardization of integrated areas in RP-HPLC injections : Stock
solutions of compounds 29, 36, 38, and 39 were diluted to 1 mm


in phosphate buffer (PB, 0.1m, pH 7.4). An equivalent volume of
HPLC-grade acetonitrile was added to each of these solutions, to
give a final concentration of 0.5 mm in CH3CN/PB 1:1. The stock so-
lution of 62 was diluted to 1 mm in PB without further addition of
acetonitrile. For each of these standard solutions, a minimum of
seven injections were performed, with sample injection volumes
ranging between 10–100 mL.


Each resulting diode array spectra was corrected by subtraction
from an appropriate solvent-only injection spectrum consisting
either of PB (50 mL) or CH3CN:PB 1:1 (50 mL). For each compound
injection spectrum, the chromatogram at 227 nm was extracted
and the area under the curve between standard retention times
was calculated—29 : 42.0 to 56.0 min; 36 : 40.0 to 54.0 min; 38 : 0.6
to 1.8 min and 8.0 to 28.0 min; 39 : 0.6 to 1.8 min and 8.0 to
28.0 min; 62 : 0.6 to 2.0 min. The average integration area over the
same appropriate retention time resulting from the spectra of
three baseline-corrected, solvent-only injections was subtracted
from each of these areas. For each compound, the relationship be-
tween the amount of compound injected and the baseline-correct-
ed peak area was linear between 5.0 and 50.0 nmol, with linear
correlation coefficients (r2) ranging from 0.9923 to 0.9993. The


ACHTUNGTRENNUNGcorresponding UV/Vis spectra for all compound injections can be
found in the Supporting Information.


Determination of myrosinase-dependent hydrolysis rates by RP-
HPLC : Hydrolysis reactions with 62 were performed in triplicate in
Waters 1 mL clear glass vials with caps. PB (898 mL) and 62 in
ddH2O (10 mm, 100 mL) were added to each vial, to give an initial
reaction concentration of 1 mm. Vials were equilibrated at 37 8C for
10 min prior to addition of myrosinase stock (2.27 U, 2 mL). Injec-
tions (50 mL) were performed by autosampler immediately after
ACHTUNGTRENNUNGaddition of enzyme and after every 1.5 h until 9.0 h.


Hydrolysis reactions with 38 and 39 were performed in triplicate in
1.5 mL flat-top microcentrifuge tubes (Fisher Scientific), with a final
volume of 250 mL and an initial glucosinolate concentration of
1 mm. PB (2.200 mL) and 38 or 39 in ddH2O (10 mm, 250 mL) were
placed in a separate, larger vial ; this solution (245 mL) was added
to each of eight microcentrifuge tubes. An additional tube contain-
ing PB (245 mL) was included as a negative control. Microcentrifuge
tubes were incubated at 37 8C with use of a VWR standard heat-
block for 10 min prior to addition either of myrosinase stock
(0.37 Uml


�1 for reactions with 38, 0.91 Uml
�1 for reactions with 39,


5 mL) or PB (24 h null myrosinase control, 5 mL). At each timepoint
(0, 2, 4, 6, 8, 10, 24 h), HPLC-grade acetonitrile (250 mL) was added
and the contents of the tube were vortexed for 10 s and trans-
ferred to a Waters 1 mL clear glass vial, and an injection (10 mL)
was made by the autosampler.


Concentrations of 29, 36, 38, 39, and 62 in the samples were cal-
culated from the generated standard curves. At each timepoint,
the average concentration and standard deviation was calculated
with use of a minimum of three replicate trials. Rates of hydrolysis
for 38, 39, and 62 were determined from the decrease in average
concentration over time, and were corrected for the amount of
myrosinase used in the assay.


Determination of isothiocyanate decomposition rates by RP-
HPLC : Experiments assessing the stabilities of isothiocyanates 29
and 36 to aqueous buffer were performed in 1.5 mL flat-top micro-
centrifuge tubes (Fisher Scientific) in triplicate, with a final volume
of 250 mL and an initial isothiocyanate concentration of 1 mm. Each
reaction mixture contained phosphate buffer (0.1m, pH 7.4, 245 mL)
and was incubated at 37 8C (VWR standard heatblock) for 10 min
prior to addition either of isothiocyanate stock (50 mm in CH3CN,
5 mL) or PB (22 h null-isothiocyanate control, 5 mL). At each time-
point (0, 2, 4, 6, 8, 22 h), HPLC-grade acetonitrile (250 mL) was
added, and the contents of the tube were vortexed for 10 s and
transferred into a Waters 1 mL clear glass vial, and an injection
(50 mL) was made by the autosampler. Concentrations of 29 and
36 in the samples were calculated from the generated standard
curves. At each timepoint, the average concentration and standard
deviation was calculated from a minimum of three replicate trials.
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[82] R. PechTček, J. VelVšek, H. HrabcovT, J. Agric. Food Chem. 1997, 45,
4584–4588.


Received: October 3, 2007
Published online on March 10, 2008


ChemBioChem 2008, 9, 729 – 747 A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 747


Non-natural Glucosinolate Chemopreventive Candidates



www.chembiochem.org






DOI: 10.1002/cbic.200700351


Ligand-Induced Flocculation of Neurotoxic Fibrillar
Ab ACHTUNGTRENNUNG(1–42) by Noncovalent Crosslinking
Anaszt�zia Het�nyi,[a] L�via F�lçp,[b] Tam�s A. Martinek,*[a] Edit W�ber,[a] Katalin So&s,[b] and
Botond Penke*[b]


Introduction


Two microscopic changes occur in the brain in Alzheimer’s dis-
ease (AD): senile plaques develop between the neurons,[1] and
neurofibrillary tangles develop within the neurons.[2] It is
widely accepted that amyloid-b peptide (Ab) aggregates play a
central role in the progression of AD.[3–5] These specific Ab as-
semblies contain amphipathic molecules that consist of 39–43
residues, which are formed during the enzymatic cleavage of
the amyloid precursor protein. AbACHTUNGTRENNUNG(1–40) is the most prevalent
species, but Ab ACHTUNGTRENNUNG(1–42) is more toxic.[6–9] A number of mecha-
nisms have been proposed to explain the neurotoxicity of Ab,
but the cytotoxic mechanism is still not fully understood.[5,10–17]


Ab of uncharacterized aggregation state induces the loss of
surface NMDA receptors over time[18] and impairs the functions
of metabotropic glutamate receptors.[19] Experimental data
strongly suggest that the aggregation state and conformation
have a crucial effect on the mechanism of the neurotoxicity.
Soluble Ab oligomers inhibit long-term potentiation,[20]


memory processes in rodent models21 and activate a mito-
chondrial death apoptotic pathway.[22] Fibrillar Ab induces neu-
ritic dystrophy,[22] neuronal apoptosis,[23] activates microglia,[24]


causes axonopathy via hyperphosphorylation, and dissociation
of the microtubule-associated tau protein,[8,25] and rapidly en-
hance NMDA receptor function, while it ablates the AMPA-in-
duced neuronal firing rate.[26] On the other hand, Ab mono-
mers are not associated with neuronal dysfunction, and Ab


plaques themselves do not cause memory impairment either,
that is, until they occupy a substantial portion of the tissue
volume in cerebral cortex and hippocampus.[27] The consensus
might be that the harmful Ab species are larger than mono-
mers but smaller than the nonmobile superaggregates in
plaques, and both oligomeric and fibrillar Ab aggregates are
targets for drug design in AD research.


Short peptides and small molecules can influence the struc-
ture and aggregation of Ab, and these are effective neuropro-
tective agents.[1] Peptides that are partially homologous to the
central hydrophobic region of Ab (residues 17–21), but that
contain amino acids that prevent the adoption of a b-sheet
structure bind to Ab and inhibit amyloid formation in vitro and
disaggregate preformed Ab fibrils.[28–34] The full b-sheet-break-
ing effect of these compounds on preaggregated Ab fibrils
takes place in a time-frame of several days; it can be detected
by using thioflavine T (ThT) fluorometric staining, circular di-
chroism (CD) and transmission electron microscopy (TEM). On
the other hand, cell viability (MTT tests) and electrophysiologi-
cal measurements have clearly revealed that the protective ef-
fects of AbACHTUNGTRENNUNG(17–21) analogues and other short neuroprotective
peptides are exerted within 1 day (MTT tests) or even within
30 min (in vivo electrophysiology tests).[8, 9, 35, 36] It is widely ac-
cepted that these molecules could be promising candidates to
combat AD, but the exact nature of the interactions in a short-
er time-frame remains elusive. The mechanism might comprise
a partial b-sheet-breaking effect, or molecular surface covering
that involves weak binding.[37–39]
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Aggregation of the amyloid-b (Ab) peptides has a pivotal role in
Alzheimer’s disease (AD). Small molecules and short peptides/
peptidomimetics can exert their full protective effects against Ab


within a short time-frame, but the exact mechanism of action is
unclear. Time-dependent NMR spectroscopic binding and replace-
ment experiments were carried out for peptide LPFFD and thiofla-
vine T (ThT) on neurotoxic fibrillar Ab ACHTUNGTRENNUNG(1–42), which revealed tran-
sient binding behavior for both compounds, and complex time-
dependent features in the replacement experiments. The results
of particle size measurements through the use of diffuse light-


scattering and transmission electron microscopy support the con-
clusions that the studied ligands induced interfibrillar association
on a short timescale, which explains the NMR spectroscopic bind-
ing and replacement results. z-Potential measurements revealed
a slightly increased electrostatic stability of the Ab fibrils upon
ligand binding; this suggests that the interfibrillar assembly is
driven by specific noncovalent cross-linking interactions. A specif-
ic surface and mobility decrease due to the ligand-induced floc-
culation of the Ab fibrils can explain the neuroprotective effects.


748 www.chembiochem.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 748 – 757



www.chembiochem.org





Fibrillar Ab is rich in b-sheet structure with hydrogen bond-
ing between monomers that are parallel to the fibril axis; this
leads to filaments of indefinite length.[40–43] Through this prop-
erty, the amyloid fibrils can be studied via ThT fluorometric
staining, because ThT can specifically interact with the crossed
b-sheet structure[38,39,44–48] to give rise to a new excitation maxi-
mum and enhanced emission. Time-resolved experiments on
Ab ACHTUNGTRENNUNG(1–28) fibrils revealed that the fluorometric signal that were
assigned to ThT binding decreased within a time-frame of
500 s under the conditions used.[44] The results were inconclu-
sive as to whether the diminishing fluorescence signal was
caused by decreased binding or structural changes.


The interactions of small molecules and peptides with Ab


can be monitored by surface plasmon resonance[49] and NMR
spectroscopic techniques.[50–52] Transferred residual dipolar cou-
plings (trRDC) and transferred NOE (trNOE) measurements indi-
cated weak interactions between short neuroprotective pep-
tides and AbACHTUNGTRENNUNG(14–23).[52] trNOE experiments allowed the struc-
tures of the studied ligands in the bound state to be character-
ized, and the results demonstrate that the ligands bind to the
long side of an Ab fibril. NMR spectroscopic binding tests that
are based on the signal quenching due to ligand association
to large aggregates afforded estimates of the Kd values.


The goal of the present study was to improve our under-
standing of processes that are initiated by the binding of short
neuroprotective peptides to fibrillar Ab ACHTUNGTRENNUNG(1–42) within the time-
frame of the above-mentioned biological tests. We set out to
test the relevance of the results of NMR spectroscopic binding
measurements with respect to the neuroprotective effects of
Ab ACHTUNGTRENNUNG(17–21) analogues and other peptides of Ab origin that in-
hibit AbACHTUNGTRENNUNG(1–42) toxicity. Our aim was to monitor the time-de-
pendent changes in the binding of the most thoroughly stud-
ied b-sheet-breaker peptide, LPFFD to fibrillar AbACHTUNGTRENNUNG(1–42). The
time-dependent nature of the ThT binding was studied, and
competition measurements with LPFFD were carried out. The
flocculation (precipitation due to weak attracting forces be-
tween destabilized particles) and sedimentation of the fibrillar
Ab ACHTUNGTRENNUNG(1–42) particles in response to the binding of LPFFD and/or
ThT were observed by NMR spectroscopy, TEM and diffuse
light scattering methods, together with z-potential measure-
ments.


Results


NMR spectroscopic binding tests on short neuroprotective
peptides and fibrillar AbACHTUNGTRENNUNG(1–42)


The efficiency and validity of the NMR spectroscopic binding
experiment were tested on the short neuroprotective peptides
LPFFD, LPYFD-NH2, FRHDS-NH2 and RIIGL-NH2. The listed com-
pounds exhibited neuroprotective effects in vitro in 3-(4,5-di-
methylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
and in vivo in electrophysiology tests.[8, 9, 35,36] As a negative
control, the practically inactive GGGGG-NH2 was utilized. The
NMR spectroscopic binding tests were carried out by using
preformed mature fibrils of Ab ACHTUNGTRENNUNG(1–42) as a target in a 1:5
Ab ACHTUNGTRENNUNG(1–42)/ligand ratio. The signal intensity of the pure ligand in


the 1H NMR spectra was taken as 100%. The difference spec-
trum for LPFFD (the scaled 1H spectrum of the pure ligand
minus the 1H spectrum of the ligand in the presence of fibrillar
Ab ACHTUNGTRENNUNG(1–42)) is displayed in Figure 1. The bound fraction for com-
pounds that inhibit AbACHTUNGTRENNUNG(1–42)-induced processes varied in the
range of 9–26%, while no binding-related signal quenching
was observed for the negative control of GGGGG-NH2 (Table 1).


From the ligand-binding ratios, weak millimolar dissociation
constants (Kd) were computed by using the Hill–Langmuir
equation with the assumption that one ligand is bound per
Ab ACHTUNGTRENNUNG(1–42) monomer. Because the exact number of binding sites
per Ab chain is not known a priori, complete dissociation
curves were not recorded. For FRHDS-NH2, the bound fraction
exceeded the 1:1 limit. It should be noted that no significant
line broadening was detected for the ligand resonances, which
would otherwise be expected for the fast exchange of a
weakly bound ligand.


The effect of the fibrillar Ab ACHTUNGTRENNUNG(1–42) concentration was tested
on LPFFD to validate the origin of the signal-quenching phe-
nomenon. The bound fraction increased with elevation of the
concentration of fibrillar AbACHTUNGTRENNUNG(1–42) (Figure S1), but the response
was nonlinear, which might be due to the low millimolar affini-
ty and/or the complex structuring effect of the ligand (see
later).


The fluorometric detection of ThT binding is a well-known
means of indicating the b-sheet structure, and we therefore


Figure 1. 1H NMR difference spectrum of LPFFD upon binding to fibrillar
Ab ACHTUNGTRENNUNG(1–42).


Table 1. Comparison of the results on the neuroprotective effects of the
studied peptides with their fractions bound to fibrillar Ab ACHTUNGTRENNUNG(1–42) in NMR
experiments.


Ligand MTT cell viability test[a] [%] Bound fraction[b] [%]


LPYFD-NH2 92 19
FRHDS-NH2 89 26
RIIGL-NH2 86 9
LPFFD 84 17
GGGGG-NH2 64 0


[a] Taken from refs. [8] , [35] and [36] ; data are referenced to a cell viability
of 52% for fibrillar Ab ACHTUNGTRENNUNG(1–42). [b] Values were obtained at the first mea-
surement point.
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made an attempt to characterize the ThT binding quantitative-
ly with the NMR spectroscopy experiments that are described
above. As expected, ThT readily bound to fibrillar Ab ACHTUNGTRENNUNG(1–42);
the ligand-binding ratio was 60% at the first measurement
point, which indicates that 3 ThT molecules were bound to
each Ab ACHTUNGTRENNUNG(1–42) monomer.


Time-dependent binding and replacement experiments with
LPFFD and ThT


The time-dependent binding features of the LPFFD–Ab ACHTUNGTRENNUNG(1–42)
sample were monitored for 24 h, and the ligand-binding ratio
was found to converge from the initial 17% to a final value of
6% within 12 h (Figure 2A).


ThT has a relatively high affinity for Ab fibrils (Kd ranging
from high nm to low mm),[53,54] therefore the immediate re-
placement of LPFFD by ThT was expected if their binding sites
overlap. Two samples were prepared: 1) LPFFD was mixed with
fibrillar AbACHTUNGTRENNUNG(1–42), and after 50 min ThT stock solution was
added (sample B in Figure 2) ; and 2) ThT was mixed with fibril-
lar AbACHTUNGTRENNUNG(1–42), and after 50 min LPFFD stock solution was added
(sample C in Figure 2). Intriguingly, none of the samples exhib-
ited full replacement immediately; however, lower bound frac-
tions were observed for the peptide at the first measurement


points, which indicates partial replacement. Moreover, the ThT-
binding ratio increased significantly for both samples in the
presence of LPFFD. For sample B (peptide added first), the rate
of decrease was lower than that for the ThT–AbACHTUNGTRENNUNG(1–42) sample,
but a steeper domain was still present during the first 3 h.
After 17 h, the bound fraction of LPFFD was zero, while the
ThT binding ratio had dropped from the initial 74% to 47%,
both values are significantly higher than the binding ratios
that were observed for the ThT–Ab ACHTUNGTRENNUNG(1–42) system. For sample C
(ThT added first), the decreased rate pattern was very similar to
that for the ThT–Ab ACHTUNGTRENNUNG(1–42) mixture. Soon after 3 h, the LPFFD-
binding ratio attained a negligibly low value, but the ThT-
bound fraction dropped from the initial 66% to 35%, which
are values that are slightly higher than those for the ThT–Ab-
ACHTUNGTRENNUNG(1–42) system. The trend of the decrease is best fitted with a
linear relationship, and values are given in the caption of
Figure 2. As a control experiment, saturation transfer difference
(STD) spectra were recorded on the resuspended samples,
which corroborated the existence of the binding between the
fibrillar AbACHTUNGTRENNUNG(1–42) and the ligands studied (Figure S2). On the
other hand, a mixture of LPFFD and ThT in the absence of Ab-
ACHTUNGTRENNUNG(1–42) was monitored, and no signal quenching was observed.


Because precipitates were observed at the bottom of the
test tubes, and floccules were attached to the tube wall in all


Figure 2. Time-dependence of the bound fraction after sample preparation in phosphate buffer (10 mm, pH 7.4) without NaCl for ThT: + , and LPFFD: *. Con-
centrations were 100 mm for Ab ACHTUNGTRENNUNG(1–42) and 500 mm for the ligands. A) Bound fractions in single ligand experiments. B) Double ligand experiment with LPFFD
as the first and ThT as the second ligand. C) Double ligand experiment with ThT as the first and LPFFD as the second ligand. The column diagram displays the
initial and the final values of the bound fraction for ThT and LPFFD: white (ThT, 0 h); black (ThT, 24 h); light gray (LPFFD, 0 h); dark gray (LPFFD, 24 h). For ThT,
the slopes that are fitted for the first 4 h are �7.75, �7.56 and �4.89%/h on panels A, B and C, repectively. For LPFFD, the slopes fitted for the first 4 h are
�0.38, �3.10 and �2.40%/h on panels A, B and C, repectively.
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the samples after the 24 h observation period, we tested the
behavior of the mixtures in the NMR spectroscopic binding ex-
periments for another 24 h after agitation of the samples. For
the ThT–AbACHTUNGTRENNUNG(1–42) mixture, the ThT-bound fraction was initially
higher at 69%, which had declined to 45% after an additional
24 h of observation (Figure 3A). The LPFFD–AbACHTUNGTRENNUNG(1–42) system
exhibited a constant binding ratio of 6%, which is identical to
the value that was measured before shake-up (Figure 3A).
Samples B and C exhibited practically the same behavior: 1) in-
itial ThT-bound fractions of around 70%, which slowly de-
creased to ca. 60%; and 2) an initial binding ratios of 10% for
LPFFD, which fell to zero at the same relative rate as for ThT
(Figure 3B and C). These results strongly suggested that the
sedimentation and flocculation of the Ab ACHTUNGTRENNUNG(1–42) assemblies are
responsible for the decay of the apparent bound fraction.


It is known from the methodology of the affinity chromatog-
raphy that elevated salt concentrations (100–1000 mm) can de-
stroy protein–ligand complexes and thereby have an eluting
effect.[55] To make use of the media with increased salt concen-
tration, and to gain information on our system in a biologically
more relevant medium, the binding experiments were carried
out for LPFFD and ThT in a phosphate buffer that contained
NaCl in physiological concentration (PBS, 130 mm NaCl). The
bound fractions did not exhibit transient behavior and their


levels are in line with the equilibrium values that were ob-
tained in phosphate buffer (Figure 4). This can be explained by
the absence of weak binding that is caused by the elevated
salt concentration. This finding indicates that the NMR spec-
troscopy experiment is extremely sensitive to the weak interac-
tions, and has high on/off rates, which effectively destroy the
NMR signals. For samples that were prepared in phosphate
buffer without NaCl, these weak interactions were removed
from the detection volume of the NMR probe head by the sed-
imentation processes.


The proven effect of the sedimentation on the NMR signals
underlined the importance of particle size measurements
under the same conditions as in the binding tests. It should be
noted that under the measurement conditions applied, no
ACHTUNGTRENNUNGresonance of oligomer or monomer-sized Ab ACHTUNGTRENNUNG(1–42) (MW<60–
100 kDa), which would have resulted from possible disaggre-
gation of the fibrils was detected by NMR spectroscopy.


Particle size changes monitored by diffuse light-scattering
measurements


In accordance with the theory of static multiple light scatter-
ing,[56] the diffuse back-scattering decreases with increasing
particle size (e.g. , caused by flocculation) when the particle


Figure 3. Time-dependence of the bound fraction after resuspending the samples in phosphate buffer (10 mm, pH 7.4) without NaCl for ThT: + , and LPFFD:
* Concentrations were 100 mm for Ab ACHTUNGTRENNUNG(1–42) and 500 mm for the ligands. A) bound fractions in single ligand experiments. B) Double ligand experiment with
LPFFD as the first and ThT as the second ligand. C) Double ligand experiment with ThT as the first and LPFFD as the second ligand. The column diagram dis-
plays the initial and the final values of the bound fraction for ThT and LPFFD: white (ThT, 0 h); black (ThT, 24 h); light gray (LPFFD, 0 h); dark gray (LPFFD,
24 h).
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ACHTUNGTRENNUNGdiameter exceeds 0.3 mm. The particle migration phenomena
(e.g. , sedimentation) induces particle volume fraction changes
at the extremities of the sample. A higher volume fraction
ACHTUNGTRENNUNGincreases the back-scattered light intensity. In our study, the
time-dependent changes in the back-scattered light intensity
were monitored photographically. To follow the flocculation
and sedimentation processes, BS ACHTUNGTRENNUNG(t,z), the back-scattering inten-
sity profile was plotted against sample height and time.[57–59]


For pure fibrillar AbACHTUNGTRENNUNG(1–42), slow sedimentation was revealed
by the changes in the BS intensity profile (Figure 5A). For the
LPFFD–AbACHTUNGTRENNUNG(1–42) sample (the same composition as was used in
the NMR spectroscopic binding test), the BS intensity dropped
uniformly along the full length of the sample; this indicates a
flocculation phenomenon that is induced by the peptide
ligand (Figure 5B). The spikes in the BS intensity that were


ACHTUNGTRENNUNGobtained after 3 h are related to the precipitated material at-
tached to the test tube wall. The fully flocculated state was
reached after 24 h, where the BS baseline was at around 50 BS
intensity units.


For the freshly prepared ThT–AbACHTUNGTRENNUNG(1–42) sample (the same
composition as used in the NMR spectroscopic binding test),
the results are given in Figure 5C. During the first 3 h, a steep
BS intensity fall was observed over the whole height of the
sample, which indicated a significant particle size increase due
to flocculation. The final low BS intensity was attained after
3 h, and the fluctuation in the BS intensity revealed that large
sediments were stuck to the tube wall, which was otherwise
easily seen in the original images (Figure S3). These findings
pointed to a rapid ThT-induced self-association of the fibrillar
Ab ACHTUNGTRENNUNG(1–42). The timescale of the particle size changes corre-
sponded closely to the binding ratio decrease that was ob-
served in the NMR spectroscopy experiments.


Diffuse light scattering measurements were performed in
PBS, for the pure AbACHTUNGTRENNUNG(1–42) fibrils and the LPFFD–AbACHTUNGTRENNUNG(1–42) sam-
ples. The elevated salt concentration increased the tendency
of the AbACHTUNGTRENNUNG(1–42) fibrils to flocculate (Figure 6A). On the other
hand, the effect of LPFFD was still observable; the decrease in
the BS intensity change was faster than the pure Ab ACHTUNGTRENNUNG(1–42)
ACHTUNGTRENNUNGfibrils (Figure 6B).


Particle size and morphology changes monitored by TEM
measurements


The effects of LPFFD and ThT on the process of fibrillar
Ab ACHTUNGTRENNUNG(1–42) assembly was investigated by using negative stain-
ing. To facilitate direct comparison, samples were prepared
with the same protocol as used for the NMR measurements. As
a control experiment, fibrillar Ab ACHTUNGTRENNUNG(1–42) was incubated in
10 mm phosphate buffer at pH 7.4 without NaCl for 24 h. Only


Figure 4. Time dependence of the bound fraction after sample preparation
in phosphate buffer (10 mm, pH 7.4) with 130 mm NaCl (PBS) for ThT–Ab ACHTUNGTRENNUNG(1–
42): + , and LPFFD–Ab ACHTUNGTRENNUNG(1–42): *. Concentrations were 100 mm for Ab ACHTUNGTRENNUNG(1–42)
and 500 mm for the ligands.


Figure 5. Diffuse light-scattering results obtained on freshly prepared samples of fibrillar AbACHTUNGTRENNUNG(1–42) (A), LPFFD–AbACHTUNGTRENNUNG(1–42) (B) and ThT–Ab ACHTUNGTRENNUNG(1–42) (C); measured at
t=0 (blue), 1 (red), 2 (green) and 3 h (black). The samples were prepared in phosphate buffer (10 mm, pH 7.4) without NaCl. Concentrations were 100 mm for
Ab ACHTUNGTRENNUNG(1–42) and 500 mm for the ligands.
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separate (nonflocculated) mature fibrils were observed during
the studied 24 h (Figure 7A, A1 and A2). The large floccules of
Ab ACHTUNGTRENNUNG(1–42) fibrils appeared even in the first images that were
taken after the sample preparation for the LPFFD–Ab ACHTUNGTRENNUNG(1–42)
mixture (Figure 7A, B1), which is in agreement with the light-
scattering results. Later, at 3 h (Figure 7A, B ), the samples dis-
played a further increase in particle size, and the original mor-
phology of the fibrils could hardly be observed. For images
ACHTUNGTRENNUNGrecorded after 24 h, see the Supporting Information.


Addition of a five-fold excess of ThT to the fibrillar Ab ACHTUNGTRENNUNG(1–42)
resulted in large interfibrillar assemblies (Figure 7B, C1 and
C2). The mature fibrils started to adhere closely together
ACHTUNGTRENNUNGimmediately after the addition of ThT (Figure 7B, C1). After 3 h,
large particles were formed by the flocculated fibrils (Fig-
ure 7B, C2). By the end of the 24 h observation period, no par-
ticles could be detected on the TEM grid. Because a significant
particle size increase could be unequivocally detected with the
light-scattering experiment, we believe that the large floccules
could not be captured by the TEM methodology applied.


When LPFFD was added first to the fibrillar Ab ACHTUNGTRENNUNG(1–42), and
then ThT, even larger interfibrillar assemblies were seen on the
first TEM images (Figure 7B, D1). Later, the adhesion of the
ACHTUNGTRENNUNGextraordinarily large particles to the TEM grid could not be
achieved even after incubation for 3 h.


TEM experiments were performed in PBS for the pure
Ab ACHTUNGTRENNUNG(1–42) fibrils and the LPFFD–Ab ACHTUNGTRENNUNG(1–42) samples. In accord-
ance with the diffuse light scattering results, some fibrils were
attached to each other even at the first measurement point in
the pure AbACHTUNGTRENNUNG(1–42) in PBS sample (Figure 8, A1), and the floccu-
lation became extensive after 6 h (Figure 8, A2). Addition of
LPFFD to the system resulted in a significant particle size
ACHTUNGTRENNUNGincrease even at 0 h (Figure 8, B1). After 6 h, a large network of
attached fibrils was observable (Figure 8, B2).


Time-dependent z-potential measurements


It is known from the DLVO theory[60,61] that a charged particle
surface can efficiently inhibit flocculation via the electrostatic
repulsion between the double layers of counterions surround-
ing the interacting particles. The electrostatic stabilizing effect
can be measured through the z-potential (electrokinetic poten-
tial), which is the electric potential that exists at the interface
between the hydrated particle and the bulk solution. It is
widely accepted that if the absolute value of the z-potential is
below 30 mV, a dispersed system is susceptible to flocculation.
The z-potential of the fibrillar AbACHTUNGTRENNUNG(1–42) was around �16 mV
and did not change appreciably during the observation period
of 24 h (Figure 9). Upon the addition of LPFFD to the fibrillar
Ab ACHTUNGTRENNUNG(1–42), the initial value of the z-potential was the same as
was observed for pure AbACHTUNGTRENNUNG(1–42), but it slowly decreased with
time and reached a value of �20 mV. For samples that con-
tained ThT, the decay of the z-potentials was more pro-
nounced, with a final value of �23 mV. The measurement in
PBS resulted in similar behavior.


Discussion


A NMR spectroscopic binding experiment is capable of
ACHTUNGTRENNUNGmonitoring weak binding of neuroprotective molecules to
Ab aggregates


NMR spectroscopic binding experiments are based on the fact
that 1H nuclei in large proteins (above 60–100 kD, depending
on the shape) exhibit extremely fast transversal relaxation in
the solution phase due to the slow rotational tumbling. Hence,
these particles do not generate detectable NMR signals. Small
molecules that are rapidly tumbling in solution, such as the
studied short peptide ligands and ThT, furnish narrow resonan-
ces with intensities that are proportional to the concentration


Figure 6. Diffuse light scattering results obtained on freshly prepared samples of fibrillar Ab ACHTUNGTRENNUNG(1–42) (A) and LPFFD–Ab ACHTUNGTRENNUNG(1–42) (B) ; measured at t=0 (blue), 1
(red), 6 (green) and 24 h (black). The samples were prepared in phosphate buffer (pH 7.4) with 130 mm NaCl (PBS). Concentrations were 100 mm for Ab ACHTUNGTRENNUNG(1–42)
and 500 mm for the ligands.
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of the free ligand. When a small molecule is bound to a large
macromolecule, its resonances are destroyed by the fast relaxa-
tion, and thus the measured peak intensities decrease with the
bound fraction. As reported for fibrillar Ab ACHTUNGTRENNUNG(14–23),[52] peptide
ACHTUNGTRENNUNGligands exhibit decreased signal intensities upon binding to
large AbACHTUNGTRENNUNG(14–23) aggregates. Our results revealed that the
methodology is capable of monitoring ligand binding to the
large AbACHTUNGTRENNUNG(1–42) fibrils that are otherwise invisible to solution
NMR spectroscopy. Among the advantages of the technique
are the facts that the measurements are carried out on native
Ab ACHTUNGTRENNUNG(1–42) fibrils (a fluorescence tag or a linkage to a solid sup-
port is unnecessary) and under the same conditions (ligand
and target concentrations, pH and ionic strength) as in the bio-
logical tests.


The observed signal quenching reveals the binding of the
short neuroprotective peptides to the fibrillar AbACHTUNGTRENNUNG(1–42), which
indicates that the immediate binding to the AbACHTUNGTRENNUNG(1–42) fibrils
can play an important role in their short timeframe protective
effect.


Complex time-dependent binding behavior is caused by
ligand-induced changes in the sedimentation rate of
Ab ACHTUNGTRENNUNG(1–42)


The NMR resonance quenching is very sensitive to weak bind-
ing, which effectively destroys ligand signals in the detection
volume of the NMR probe head. For sedimenting systems such
as the Ab ACHTUNGTRENNUNG(1–42) fibrils in aqueous medium, these weak interac-
tions are relocated to the bottom of the test tube, thereby re-
sulting in a lower apparent bound fraction in the equilibrium.
Time-dependent binding measurements unequivocally demon-
strated that the binding phenomena are transient in the first


Figure 7. A) TEM images that indicate the effects of LPFFD on the floccula-
tion process for fibrillar Ab ACHTUNGTRENNUNG(1–42): for pure fibrillar AbACHTUNGTRENNUNG(1–42) sampled at t=0
(A1), and 3 h (A2) and for LPFFD–Ab ACHTUNGTRENNUNG(1–42) sampled at t=0 (B1), 3 h (B2).
The samples were prepared in phosphate buffer (10 mm, pH 7.4) without
NaCl. B) the TEM images indicate the effects of ThT on the flocculation pro-
cess for fibrillar Ab ACHTUNGTRENNUNG(1–42): for ThT–AbACHTUNGTRENNUNG(1–42) sampled at t=0 (C1) and 3 h
(C2) and for LPFFD–ThT–Ab ACHTUNGTRENNUNG(1–42) sampled at t=0 h (D1). The samples were
prepared in phosphate buffer (10 mm, pH 7.4) without NaCl.


Figure 8. TEM images that indicate the effects of LPFFD on the flocculation
process for fibrillar Ab ACHTUNGTRENNUNG(1–42): for pure fibrillar Ab ACHTUNGTRENNUNG(1–42) sampled at t=0 (A1),
and 6 h (A2) and for LPFFD–Ab ACHTUNGTRENNUNG(1–42) sampled at t=0 (B1), 6 h (B2). The
samples were prepared in phosphate buffer (10 mm, pH 7.4) with 130 mm


NaCl (PBS).


Figure 9. Time-dependent z-potential measurements: & pure Ab ACHTUNGTRENNUNG(1–42) ; +


ThT–Ab ACHTUNGTRENNUNG(1–42) ; * LPFFD–AbACHTUNGTRENNUNG(1–42) ; * LPFFD–ThT–Ab ACHTUNGTRENNUNG(1–42). The samples
were prepared in phosphate buffer (10 mm, pH 7.4) without NaCl. Concen-
trations were 100 mm for Ab ACHTUNGTRENNUNG(1–42) and 500 mm for the ligands.
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3 h and 12 h for ThT and LPFFD, respectively. The decreasing
binding ratios lend support to the view that multiple binding
sites exist for a single ligand,[39] and it is very likely that ligands
induce particle size changes, thereby causing faster sedimenta-
tion and removal of the weak ligand–fibril interactions from
the NMR detection volume. Upon addition of NaCl in physio-
logical concentration, its eluting effect eliminated the weak
ACHTUNGTRENNUNGinteractions, thus, the transient binding behavior disappeared.
In this case, the strongly bound fraction of the ligand was
ACHTUNGTRENNUNGobserved.


The double ligand experiments yielded highly intriguing re-
sults: 1) when the peptide is added first, ThT can not fully and
immediately replace the peptide ligand; 2) the replacement is
complete after several hours; 3) when ThT is added first, it
cannot prevent the weak binding of LPFFD, but the extent of
peptide binding decreases with the rate of decline of ThT
binding; 4) LPFFD does not decrease the extent of the NMR
spectroscopy-detected ThT binding, and moreover, the quanti-
ty of the bound ThT is always higher when LPFFD is present;
and 5) no solution NMR spectroscopically visible monomeric or
oligomeric AbACHTUNGTRENNUNG(1–42) signal accompanies the resonances of the
studied ligands in the spectra. Quantitative analysis of the first
4 h of the curves reveals that the decay can be best fitted with
a linear equation, however, a curvature can be detected; this
indicates slightly increasing slopes. This finding supports the
sedimentation hypothesis. The decay rate is always higher
when ThT is present, which correlates well with the results of
the particle size measurements; ThT induces faster flocculation
with larger particle sizes than LPFFD.


If a multiple binding site model that involves a partial over-
lap between the different types of ligands is considered, then
fast equilibration of the bound fractions should be observed,
and the results should be independent of the sample prepara-
tion sequence and time. Hence, these findings cannot be ex-
plained in the simplified framework of a multiple binding site
model where the ligands are competing on the constant sur-
face of the AbACHTUNGTRENNUNG(1–42) fibrils. It appears probable that ligand-
induced structural changes that affect the binding sites on Ab-
ACHTUNGTRENNUNG(1–42) can account for the complex time-dependent replace-
ment behavior.


LPFFD did not decrease NMR spectroscopy-detected ThT
binding


LPFFD did not decrease the extent of NMR spectroscopopy-
ACHTUNGTRENNUNGdetected ThT binding but rather increased it, and resonances
that are attributable to monomeric/oligomeric Ab ACHTUNGTRENNUNG(1–42) could
not be detected in the NMR spectra, which renders disaggre-
gation unlikely under the conditions applied. This is supported
by literature results that indicate that Ab ACHTUNGTRENNUNG(17–21) analogues are
able to promote the inter-protofibrillar association.[62,63] In
order to test the utility of this concept for fibrillar AbACHTUNGTRENNUNG(1–42),
particle size measurements were carried out.


Both LPFFD and ThT causes flocculation of the Ab
ACHTUNGTRENNUNGaggregates


The results of diffuse light scattering experiments strongly sug-
gest a significant time-dependent increase in the particle size
in both phosphate buffer and PBS, and the rate correlates very
well with the change in the bound fraction in the NMR spec-
troscopy experiments. The TEM images corroborate these ob-
servations because interfibrillar association can be clearly ob-
served even within 10 min of mixing the fibrillar AbACHTUNGTRENNUNG(1–42) sam-
ples with either LPFFD or ThT. In light of the rapid occurrence
of ligand-induced interfibrillar association, the slow kinetics of
the LPFFD–ThT replacement experiment can be adequately ex-
plained. Despite the millimolar binding, LPFFD makes the Ab-
ACHTUNGTRENNUNG(1–42) fibrils susceptible to flocculation; this leads to intercalat-
ed ligands, which in turn decreases the dissociation rate and
thereby hinders the replacement by ThT. The intercalation pro-
cess might be of relevance in regard to the b-sheet-breaking
effect of short peptides too, which can occur after a few days
of coincubation under specific conditions.[1]


When ThT is added first, only nonspecific surface adsorption
is possible for LPFFD, which cannot significantly affect the floc-
culation and the higher-order structure that is generated by
ThT. It is more difficult to explain why the b-sheet-breaker pep-
tide increased the ThT binding to the Ab ACHTUNGTRENNUNG(1–42). We speculate
that the bound peptide can expose an increased number of
binding sites for ThT, thus the ThT binds to the Ab-bound pep-
tide as a second layer.


Flocculation is a result of noncovalent crosslinking


In order to gain information on the driving force of the floccu-
lation process, we carried out z-potential measurements. These
indicated that the studied ligands do not decrease the abso-
lute value of the z-potential of the fibrillar Ab ACHTUNGTRENNUNG(1–42), which
suggests that the interfibrillar association is not simply electro-
statically driven, but that specific noncovalent cross-linking in-
teractions are responsible for the phenomenon. Interestingly,
the z-potential values become even more negative after ligand
binding.


Conclusions


Observations in this work revealed short time-domain structur-
al changes that are caused by the interactions of the studied li-
gands with the AbACHTUNGTRENNUNG(1–42) fibrils ; these interactions might have
implications for the neuroprotective effect that is exerted by
these ligands (Figure 10). First, after rapid ligand binding, floc-
cules are formed, which can result in a considerable decrease
in specific surface area, and a lower concentration for the
mobile fibrillar AbACHTUNGTRENNUNG(1–42) particles. Because the mechanistic hy-
potheses of the Ab toxicity assume that the surface of the fi-
brils is accessible for the cell-membrane-bound receptors, a de-
creased specific surface area of Ab can obviously lead to a de-
creased toxicity. Besides the increased susceptibility to floccula-
tion, the studied ligands partially cover the otherwise mobile
Ab fraction, which causes a further decrease in the accessible
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surface. Second, an increase was observed in the absolute
value of the z-potential in the negative region, a phenomenon
which might partially prevent the interaction of Ab with nega-
tively charged cell membrane features.


In conclusion, we propose that small molecules and pep-
tides/peptidomimetics can have crucial effects on the higher-
order structure of Ab in a shorter time-domain than that in
which the b-sheet-breaking effect appears, and this has impli-
cations for their protective effect. These findings also contrib-
ute to a better understanding of the molecular mechanism of
the b-sheet-breaking effect.


Experimental Section


Preparation of fibrillar AbACHTUNGTRENNUNG(1–42): AbACHTUNGTRENNUNG(1–42) was synthetized as
ACHTUNGTRENNUNGreported earlier.[64] Protected amino acids and coupling reagents
were obtained from Orpegen Pharma (Heidelberg, Germany), and
solvents were obtained from Sigma–Aldrich. All chemicals were
used without additional purification.


For the preparation of purely fibrillar samples, purified AbACHTUNGTRENNUNG(1–42)
was dissolved in hexafluoroisopropanol (HFIP) and incubated over-
night at ambient temperature. After removal of the organic solvent
in vacuo, the peptide was dissolved in 0.5% aqueous NaN3 solu-
tion (w/v) to a concentration of 500 mgmL�1, seeded with a definite
volume of pre-aggregated AbACHTUNGTRENNUNG(1–42) solution (c=0.5 mgmL�1, in
1:50 volume ratio), sonicated for 10 min and incubated at 37 8C for
3 days. In order to remove the large, flocculated aggregates of Ab-
ACHTUNGTRENNUNG(1–42), the stock solution was centrifuged at 1000g for 1 min. The
supernatant (which exhibited only a slight opacity) was then trans-
ferred into test tubes and centrifuged at 15000 g and 4 8C for
30 min. The pellets were collected, washed twice by resuspending
them in deionized water, then centrifuged under the same condi-
tions as before. Finally, the pellets were suspended in smaller
amount of deionized water so that the concentration of this stock
solution was 775 mm, as determined by a bicinchoninic acid protein
assay by following the standard Sigma–Aldrich protocol. Aliquots
were transferred into test tubes, frozen with liquid N2 at �196 8C
and stored at �30 8C. With this methodology, the sample prepara-
tion could be standardized, whereby the samples contained exclu-
sively mature AbACHTUNGTRENNUNG(1–42) fibrils in the same concentration and aggre-
gation grade.


Synthesis of short neuroprotective peptides : LPFFD, LPYFD-NH2,
FRHDS-NH2, GGGGG-NH2 and RIIGL-NH2 were synthetized in the
solid phase by using Boc chemistry. The pentapeptides were puri-
fied by preparative RP-HPLC and their purities were checked by
ESI-MS.


TEM experiments. Droplets of solutions (10 mL) were placed onto
carbon-film-coated 400-mesh copper grids (Electron Microscopy


Sciences, Washington DC, USA). The solution of the aggregated
sample was applied to the grid and incubated for 2 min. The speci-
men was then fixed with 0.5% glutaraldehyde solution (v/v) for
1 min, washed three times with deionized water, and finally stained
with 2% uranyl acetate (w/v) by incubating for 2 min. Excess solu-
tion was removed by suction with a filter paper. Specimens were
studied with a Philips CM 10 transmission electron microscope (FEI
Company, Hillsboro, Oregon, USA) that was operating at 100 kV.
Images were taken with a Megaview II Soft Imaging System rou-
tinely at magnifications of 25000Q and 46000Q , and analyzed
with an AnalySisR 3.2 software package (Soft Imaging System
GmbH, M�nster, Germany).


NMR spectroscopy sample preparation : Stock solutions (5 mm) of
ligands were prepared in phosphate D2O buffer (10 mm, pH 7.4).
First, ligand stock solution (15 mL) and buffer (120 mL) were mixed
and transferred to a 2.5 mm capillary NMR tube, and the reference
1H NMR spectrum was recorded. Subsequently, fibrillar Ab stock so-
lution (20 mL) was transferred into the NMR tube and the mixture
was sonicated for 5 s to facilitate proper mixing. In the final
sample, the ligand/fibrillar AbACHTUNGTRENNUNG(1–42) ratio was 5:1. For the competi-
tion measurements, the second ligand was added as a stock solu-
tion (15 mL) to the existing sample after coincubation with the first
ligand for 50 min (if not mentioned otherwise). For the experi-
ments that were carried out in PBS, the phosphate D2O buffer
ACHTUNGTRENNUNGcontained NaCl (130 mm).


NMR spectroscopic binding test : The quantitative NMR spectro-
scopic binding test was performed in four steps: 1) the reference
spectrum of the free ligand was recorded; 2) the second spectrum
was run after the addition of Ab stock solution and thermal equili-
bration in the NMR spectrometer for 30 min; 3) the reference spec-
trum was scaled to the small concentration difference due to dilu-
tion; and 4) the difference spectrum was calculated and integrated,
and its ratio was compared to the reference intensities to give the
bound fraction of the ligand.


All NMR spectra were recorded on a Bruker AV600 spectrometer
that was equipped with a 2.5 mm triple-resonance capillary probe
at 25 8C. The 1H NMR spectroscopy measurements were performed
with a WATERGATE[65] solvent suppression scheme. All samples
were measured with the same experimental parameters, the same
spectrometer and the same probe. For the relaxation delay, 2 s was
used; the delay for binomial water suppression was 150 ms; the
number of scans was 256. One measurement took 24 min of
ACHTUNGTRENNUNGexperiment time (with dummy scans).


Saturation transfer difference (STD)[66] measurements were per-
formed with the WATERGATE water suppression pulse scheme. The
irradiation power was 20 Hz, which was applied on-resonance at
0 ppm and off-resonance at 40 ppm. A total of 2024 scans were
ACHTUNGTRENNUNGaccumulated for each pseudo-2D experiment, which resulted in a
total experiment time of 8 h.


All NMR spectra were processed and analyzed with Topspin 2.0
(Bruker) in such a way that line-width effects on the intensity of
the signal were negligible. Extreme care was taken to scale the
measured signal intensities properly with respect to the slightly dif-
ferent concentrations in the reference spectra and the final Ab-
containing samples. All the measurements were repeated at least
three times on separate samples, and the reproducibility of the
bound fractions were within the relative error of 2%.


Diffuse light-scattering experiments. All photos were taken with
a Canon EOS 20D with a Tamron 28–75/2.8 objective. The shutter
speed was 1/200, the aperture was 1/16, and the focal distance


Figure 10. Schematic representation of the ligand-induced flocculation (the
fibril model is taken from ref. [43]).
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was 75 mm. Images were analyzed with ImageTool 3.0 software
(University of Texas Health Science Center at San Antonio, Texas).


z-Potential measurements. All experiments were performed at
25 8C with a Malvern Zetasizer Nano ZS instrument (Malvern Instru-
ments Ltd. Worcestershire, UK) equipped with a He–Ne laser
(633 nm), laser Doppler electrophoresis being combined with
phase analysis light scattering (M3-PALSR technology).
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Introduction


Herpes simplex virus (HSV) enters cells through fusion of the
virus envelope with a cellular membrane in a cascade of mo-
lecular interactions involving multiple viral glycoproteins and
cellular receptors. The envelope glycoproteins gH/gL, gB and
gD are all essential for the entry process,[1–3] and expression of
this quartet of glycoproteins induces the fusion of cellular
membranes in the absence of virus infection.[4]


The first contact of the virus with the cell is mediated by gly-
coprotein C (gC), which interacts with cell surface proteogly-
cans,[5] and this process is followed by a more specific interac-
tion of gD with one of a number of different cellular receptors,
including nectin-1, an intercellular adhesion molecule, and
herpes virus entry mediator (HVEM), a member of the tumour
necrosis factor a receptor family.[6,7]


The crystal structure of the soluble ectodomain of gD[8,9]


shows that binding of gD and the receptor promotes a confor-
mational change in gD whereby its C-terminal segment is re-
leased from strong intramolecular constraints. It has been pro-
posed that this conformational change in gD results in subse-
quent fusion induction, mediated by gB and/or gH/gL.[9]


There are also reports that fusion is mediated through a
hemifusion intermediate involving direct interactions of gH/gL
and gB with the cell membrane.[10]


Although gH and gB are the main candidate proteins for
performing fusion, their mechanisms of function are still
ACHTUNGTRENNUNGunknown. It was recently reported that gH possesses several
ACHTUNGTRENNUNGhydrophobic domains necessary for efficient induction of
fusion;[11,12] moreover, gH also contains two heptad repeat (HR)
domains, and peptides corresponding to these regions inhibit
HSV-1 infection.[13,14]


gB homologues are highly conserved within the herpes virus
family, and this glycoprotein is involved in virus attachment,
penetration and cell-to-cell spread.[3,15–18]


The HSV-1 gB gene encodes 904 amino acids.[19] Biochemical
analysis has shown that it contains a 30-residue N-terminal
signal sequence that is cleaved during processing, a 743-resi-
due external domain, a 22-residue transmembrane domain and
a 109-residue cytoplasmic domain.[19–21]


The crystal structure of HSV-1 gB has been solved at a reso-
lution of 2.1 @[22] and revealed that gB is present as a trimeric
spike with approximate dimensions of 85A80A160 @. The bulk
of each unit coils around the others with a left-handed twist


The molecular mechanism of entry of herpes viruses requires a
multicomponent fusion system. Virus entry and cell–cell fusion of
Herpes simplex virus (HSV) requires four glycoproteins: gD, gB
and gH/gL. The role of gB remained elusive until recently, when
the crystal structure of HSV-1 gB became available. Glycopro-
tein B homologues represent the most highly conserved group of
herpes virus glycoproteins ; however, despite the high degree of
sequence and structural conservation, differences in post-transla-
tional processing are observed for different members of this virus
family. Whereas gB of HSV is not proteolytically processed after
oligomerization, most other gB homologues are cleaved by a cel-
lular protease into subunits that remain linked through disulfide


bonds. Proteolytic cleavage is common for activation of many
other viral fusion proteins, so it remains difficult to envisage a
common role for different herpes virus gB structures in the fusion
mechanism. We selected bovine herpes virus type 1 (BoHV-1) and
herpes simplex virus type 1 (HSV-1) as representative viruses ex-
pressing cleaved and uncleaved gBs, and have screened their
amino acid sequences for regions of highly interfacial hydropho-
bicity. Synthetic peptides corresponding to such regions were
tested for their ability to induce the fusion of large unilamellar
vesicles and to inhibit herpes virus infection. These results under-
line that several regions of the gB protein are involved in the
mechanism of membrane interaction.
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and there is no trimerization domain per se; instead, multiple
contacts between subunits throughout the molecule contrib-
ute to trimer stability. The gB homologues of a number of dif-
ferent herpes viruses contain the sequence motif RXK/RR,
which is the recognition site for proteolytic cleavage by the
cellular endoprotease furin. Such viruses include varicella-
zoster virus, bovine herpes virus type 1 (BoHV-1), pseudorabies
virus (PRV), equine herpes virus, Marek’s disease virus and all
known b-herpes viruses, including human cytomegalovirus
(HCMV) and human herpes virus 6.[23–29] In contrast, other
herpes viruses—such as Epstein–Barr virus, HSV-1 and HSV-2
and simian herpes virus B—express gB molecules that lack a
furin cleavage site.[30,31] Studies of BoHV-1 and PRV have shown
that if the cleavage site in gB is mutated to a noncleavable
form, virion infectivity is unaffected, even though the resulting
plaques were significantly smaller in size, indicating a role for
proteolytic cleavage of BoHV-1 in cell-to-cell spread.[32] It has
also been shown that PRV gB (which is proteolytically pro-
cessed) can complement an HSV gB-null mutant, but that the
uncleaved HSV-1 gB cannot rescue the infectivity of a PRV gB-
null virus.[33] Furthermore, viruses with mutations in the furin
cleavage site of HCMV gB were fully replication-competent.[34]


These observations suggest that herpes virus gB homologues,
despite their structural conservation, carry out additional
unique functions within their respective viral contexts.
Proteolytic processing is generally required for activation of


the fusogenic properties of many viral class I fusion glycopro-
teins. The cleavage process produces two subunits : one is
anchored to the viral envelope through a transmembrane
domain and bears a hydrophobic region that serves as a
fusion peptide at its N terminus, while the other subunit inter-
acts with a cell surface receptor and usually remains associated
to the first subunit through disulfide bonds.
Since gB is cleaved in some viruses and uncleaved in others,


and since several reports demonstrate that gB cleavage is dis-
pensable for virus entry, it remains difficult to envisage a
common role for different gBs in the herpes virus fusion ma-
chinery. As hypothesized in a previous report[13] in which mim-
etic peptides were used to demonstrate possible intramolecu-
lar (gB oligomers) and intermolecular (gB–gH) interactions
through heptad repeat regions, and as confirmed by the analy-
sis of the HSV-1 gB structure,[22] gB might have characteristics
in common with both class I and class II fusion proteins, and
probably needs to cooperate with gH to give rise to a fully
competent fusion complex.
It is also conceivable that the mechanism by which some


virus proteins facilitate fusion is a complex process involving
multiple regions of the protein.[11,35–37] These regions, either di-
rectly or indirectly, might interact with biological membranes,
contributing to the viral envelope and cell membrane merging.
The presence of a number of membranotropic domains within
viral fusion glycoproteins has been recognized for a variety of
viruses.[38,39] It has also been reported that HSV-1 gH contains
four domains (amino acid residues 220–262, 381–420, 579–597
and 626–644) that can induce the fusion of liposomal mem-
branes,[11] so we have extended these studies and investigated
the properties of peptides derived from specific regions of gB.


We selected BoHV-1 and HSV-1 as representatives of herpes
ACHTUNGTRENNUNGviruses with cleaved and uncleaved gBs, and screened their
amino acid sequences for regions of highly interfacial hydro-
phobicity, applying the hydrophobicity-at-interface scale pro-
posed by Wimley and White.[40] Synthetic peptides correspond-
ing to such regions were tested for their ability to induce the
fusion of large unilamellar vesicles and to inhibit virus infec-
tion. We have also analysed the characteristics of three pep-
tides derived from the central helical region of gB that have
been postulated (on the basis of structural data) to be in-
volved in trimer formation.


Results


Interfacial hydrophobicity analysis, helical propensity and
identification of peptide sequences


In order to identify hydrophobic stretches with the potential
to interact with target membranes in the sequence of gB, we
used the hydrophobicity-at-interface algorithm proposed by
Wimley and White.[40–41] The hydrophobicity-at-interface scale
has previously been successfully used to detect putative mem-
brane-interacting regions within sequences of several fusogen-
ic proteins of other viruses.[42] The results of this analysis of
HSV-1 and BoHV-1 gB are shown in Figure 1. For HSV-1 gB, the
first peak at the N terminus corresponds to the signal peptide
sequence. Four further significantly hydrophobic regions were
also identified (corresponding to residues 168–186, 287–305,
441–459 and 632–650), as well as two domains of relatively
lower hydrophobicity corresponding to residues 389–398 and
653–671. Finally, at the C terminus we identified a large hydro-
phobic peak corresponding to the transmembrane region of
the glycoprotein.
A similar analysis of the sequence of BoHV-1 gB (Figure 1B)


revealed the presence of only two significantly hydrophobic re-
gions other than the N-terminal signal peptide sequence: the
region toward the N terminus (residues 181–198) corresponds
to region 168–186 of HSV-1 gB, and the domain toward the C
terminus (amino acid residues 664–678) corresponds to
HB632–650. All the other peaks showed significantly lower hy-
drophobicity.
Analysis of the sequence alignments of HSV-1 and BoHV-


1 gB showed that only one hydrophobic domain is located
toward the C terminus while the others are all located in the
N-terminal portion of gB that is cleaved in the bovine virus.
We also analysed the sequence of the N-terminal region of the
membrane-bound cleaved form of BoHV-1 gB in further detail.
Despite the absence of any significant hydrophobicity peak in
this domain, we noted that a region located just after the
cleavage site (residues 525–548) showed some homology to
the fusion peptide of HIV gp41. A similar sequence was also
present in HSV-1 gB (residues 491–514; Figure 2A).
We also analysed the locations of predicted hydrophobic re-


gions in terms of the context of the crystal structure of HSV-
1 gB[22] (Figure 3). The gB ectodomain is made up of three pro-
tomers, and each protomer coils around the others with a left-
handed twist ; multiple contacts between protomers through-
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out the molecule contribute to trimer stability. Each protomer
of gB can be divided into five distinct domains: I (base), II
(middle), III (core), IV (crown) and V (arm). Domain I (Ile154 to
Val363) is a b-sandwich composed of two nearly orthogonal b-
sheets of four and three strands, with a long loop and short
helix covering one opening of the b-sandwich. An insertion
(Tyr165 to Ile272) between strands b4 and b11 creates a sub-


domain at the base of the trimer, consisting of a four-stranded
b-sheet (with three long and one short strand), the convex
side of which is covered with an a-helix, a b-hairpin, and a
short two-stranded b-sheet; the four-stranded b-sheet presents
hydrophobic tips that have been proposed to be the putative
fusion peptides of gB.[22,43] Peptides HB168–186 and HB287–
305 are located in domain I ; peptide HB168–186 is located in
the insertion between strands b4 and b11 and corresponds to
the hydrophobic tip that has been proposed to be the fusion
peptide,[22,43] whilst peptide HB287–305 corresponds to the
long loop covering one opening of the b-sandwich. The
second hydrophobic tip that has been proposed to be a fusion
peptide[22,43] does not correspond to a hydrophobicity peak
and was not considered in this work.
Domain II comprises two discontinuous segments (Tyr142 to


Asn153 and Cys364 to Thr459) and is characterized by the
presence at its centre of a six-stranded b-barrel, with strand b5
substituted by an a-helix strand insert on the outer face of the
barrel and with the entire domain I inserted between strands
b3 and b17. Peptides HB389–398 and HB441–459 are located
in domain II and partially interact with the helix domain.
Domain III, comprising three discontinuous segments


(Pro117 to Pro133, Ser500 to Thr572, and Arg661 to Thr669),
contains a long, 44-residue a-helix followed by a short helix
and a small, four-strand mixed b-sheet. The long helix, togeth-
er with the same helixes from the other protomers, forms the
central coiled-coil (Figure 3A and B). Peptides HB653–671 and


Figure 2. A) Sequence alignments between BoHV, HSV and HIV, showing the
similarity between BB525–548 and the fusion peptide of HIV, and between
BB525–548 and HB491–514. B) Sequence alignment between the putative
fusion peptide of HSV-1 gB (HB168–186) and the corresponding sequence in
BoHV-1 (BB181–198).


Figure 3. A) Three-dimensional structure of a single gB protomer; the do-
mains corresponding to selected peptides are rendered in different colours.
B) gB trimer; the three protomers are shown in different colours (green, blue
and red) and the three most active peptides—HB168–186, HB632–650 and
HELIX—are shown. C) Molecular details of the interactions between the pep-
tide HB632–650 (red) and domains 120–130 (green) and 560–570 (blue)
from a neighbouring monomer. D) Details of the interactions between do-
mains corresponding to the HELIX peptide in the gB trimer.


Figure 1. Hydrophobicity plots corresponding to the sequence of: A) the gB
glycoprotein from HSV-1, and B) BoHV-1. The plots were elaborated by using
the Wimley–White interfacial hydrophobicity scales for individual residues.
The positions of the selected peptide are indicated.
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HB491–514 are located in domain III ; in particular, peptide
HB491–514 corresponds to the linker between domains II and
III and to the N terminus of the long helix of domain III and,
on the basis of our findings with this peptide and of the analy-
sis of the three-dimensional structure we synthesized three ad-
ditional peptides to include in this study (HELIX, C-HELIX and
N-HELIX), corresponding to the long 44-residue a-helix and its
shorter sequences (Figure 3D), while peptide HB653–671 is
ACHTUNGTRENNUNGlocated in the outer b-strand of domain III, a region of the
ACHTUNGTRENNUNGprotein that contributes many of the essential contacts for gB
trimerization.
Domain IV comprises two discontinuous segments (Ala111


to Cys116 and Cys573 to Ser660) linked by a disulfide bond.
Peptide HB632–650 corresponds to a b-hairpin located in do-
main IV (Figure 3A–C). Domain V (Phe670 to Ala725) stretches
from top to bottom of the molecule as a long extension; resi-
dues in this segment have no contact with the rest of the poly-
peptide chain of the same protomer but rather fit into the
groove between the core domains of the other two protomers,
probably reinforcing the trimer interactions. None of the se-
lected peptides falls in this domain.


Fusogenic ability of gB-derived peptides


The fusogenic activity of the peptides was determined by their
ability to cause lipid mixing of large unilamellar vesicles (LUVs)
composed of PC/Chol (1:1). A population of LUVs labelled with
both NBD-PE and Rho-PE was mixed with a population of unla-
belled LUVs in the presence of increasing concentrations of
peptides. Fusion between the labelled and unlabeled vesicles
caused by the peptides results in dilution of the labelled lipids
and therefore in reduced energy transfer between NBD-PE and
Rho-PE. This change can be visualized as an increase in NBD
fluorescence.
The dependence of both the extent and the kinetics of lipid


mixing on the peptide to lipid molar ratio were analysed.
ACHTUNGTRENNUNGIncreasing amounts of each peptide were added to fixed
amounts of vesicles and the percentage of lipid mixing as a
function of the peptide-to-lipid molar ratio was calculated. No
fusion was detected with scrambled peptides or 10% DMSO
(data not shown). Figure 4A and B show the results of lipid
mixing assays with PC/Chol-containing vesicles. HB287–305,
HB389–398, HB441–459 and HB653–671 are unable to induce
lipid mixing under these conditions (Figure 4A). However, we
observed significant vesicle fusion in the presence of HB168–
186 and HB632–650. HB168–186 was the most effective of the
N-terminally located peptides at inducing lipid mixing, while
HB632–650—located toward the C terminus—was even more
effective. It was interesting to note that HB632–650 and
HB653–671 precede the pre-transmembrane domain of gB,
consistently with a common feature of fusion proteins, namely
the involvement of the carboxy-terminal region of the ecto-
ACHTUNGTRENNUNGdomain in fusion. Since the two most active HSV-1 gB-derived
peptides were HB168–186 and HB632–650, we determined
whether the analogous regions of BoHV-1 gB shared this prop-
erty, and we found that the analogue of HB168–186—namely
BB181–198—induced low levels of fusion, while BB644–678


showed a similar activity to HB632–650 (Figure 4B). We also
found that BB525–548 and HB491–514, which are the two se-
quences selected on the basis only of a minor alignment to
the HIV fusion peptide and located after the proteolytic cleav-
age site in BoHV-1 gB, both induce significant fusion of lipo-
somes, comparable to the activity of HB168–186 (Figure 4B).


Effect of peptides on virus infectivity


All the peptides were also screened for their ability to inhibit
plaque formation. To confirm that these peptides did not exert
toxic effect on cells, monolayers were exposed to a range of
concentrations (10, 50, 100, 250 and 500 mm) of each peptide
for 24 h, and cell viability was assayed by an LDH assay. No
statistical difference was observed between the viability of
control (untreated) cells and that of cells exposed to the pep-
tides (data not shown).
To test whether peptides derived from gB could affect HSV


infectivity, Vero cells were infected with HSV-1 in the presence
or absence of each peptide under a range of different condi-
tions as described in the Experimental Section. Experiments
were carried out to identify which step in the entry process
was inhibited by gB-derived peptides. These results are shown
in Figure 5. We chose a peptide concentration of 250 mm, as


Figure 4. Peptide-promoted membrane fusion of PC/Chol (1:1) LUVs as de-
termined by lipid mixing; peptide aliquots were added to LUVs (0.1 mm),
containing NBD (0.6%) and Rho (0.6%). The increase in the fluorescence was
measured 15 min after the addition of peptide aliquots; reduced Triton-X-
100 (0.05%, v/v) was referred to as 100% of fusion. Dose dependence of
lipid mixing is reported. A) HSV-1-derived peptides, B) active HSV-1-derived
peptides and BoHV-1-derived peptides.
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ACHTUNGTRENNUNGinhibition of herpes virus infection with glycoprotein-derived
peptides has been successfully demonstrated at this concen-
tration,[13,14,44] and compared the effect of four different meth-
ods of exposure of the cells and/or virus to peptide. All active
peptides only inhibited HSV infection prior to virus penetration
into cells. None of the peptides was active in the post-expo-
sure treatment, in which cells were infected for 45 min and
peptides were then added to the cultures. HB168–186, HB491–
514 and HB632–650 were all active in the co-exposure experi-
ment and also inhibited infection to a minor extent if either
the virus or the cells were pre-incubated with peptide. Pep-
tides corresponding to sequences from BoHV-1 gB did not
ACHTUNGTRENNUNGsignificantly inhibit HSV-1 infectivity.
Peptides HB168–186, HB491–514 and HB632–650 showed


dose-dependent inhibition of HSV infectivity when present on
the cell monolayers together with the virus inoculum for the
45 min period prior to low pH treatment (Figure 6A). The most
active peptides were HB632–650 and HB491–514; in fact,
ACHTUNGTRENNUNGapproximately 90% inhibition was observed at peptide con-
centrations of 250 mm (HB632–650: IC50=59 mm ; HB491–514:
IC50=21 mm). Figure 6B also shows the results of a dose re-
sponse co-exposure experiment in which MDBK cell mono-
ACHTUNGTRENNUNGlayers were treated with BoHV-1-derived peptides and infected
with the bovine virus (BB664–678: IC50=125 mm ; BB525–548:
IC50=65 mm).
To determine the specificity of the inhibitory effect of HSV-


1 gB-derived peptides and to analyse the inhibitory activity of
the BoHV-1 gB-based peptides, we tested all the active HSV-
1 gB peptides and the BoHV-1 gB-derived peptides for their
ability to inhibit the infectivity both of the homologous and of
the heterologous virus (Figure 7). While HB168–186, HB632–
650 and BB664–678 only inhibited infection by the viruses
from which their gB sequences were derived, it was interesting


to note that the two peptides HB491–514 and
BB525–548, which had been identified on the basis
of sequence alignment with the HIV fusion peptide,
were active against both HSV-1 and BoHV-1. HB491–
514 reduced HSV-1 infectivity by almost 90% and
BoHV-1 infectivity by about 70% (at 250 mm), and
BB525–548 reduced BoHV-1 infectivity by about 80%
and HSV-1 infectivity by approximately 50%.
Since HB491–514 partially overlaps the central


helix that, from structural data, constitutes the cen-
tral core of the coiled coils of the gB trimer, we hy-
pothesized that the inhibitory activity of HB491–514
could be due to an interaction of this peptide with
the helix, thereby disrupting trimer formation. We
therefore generated three additional peptides de-
rived from this region: HELIX (corresponding to the
entire helix), N-HELIX and C-HELIX (the former com-
prising the N terminus of the HELIX peptide and the
latter comprising its C terminus). As shown in
Figure 8, all three of these peptides were able to
ACHTUNGTRENNUNGinhibit HSV1 infectivity, but the peptide correspond-
ing to the full-length helix was by far the most effec-
tive.


Figure 5. Cells were exposed to peptides at concentrations of 250 mm either prior to in-
fection (Cells pre-exposure), during attachment and entry (Co-exposure) or after virus
penetration (Post-exposure), or alternatively, the virus was pre-incubated with peptides
for 1 h at 37 8C before addition to the cells (Virus pre-incubation). For all treatments, non-
penetrated viruses were inactivated with low-pH citrate buffer after the 45 min incuba-
tion with cells at 37 8C. The cells were then incubated for 48 h at 37 8C in DMEM supple-
mented with CMC and plaque numbers were scored. Experiments were performed in
triplicate, and the percentages of inhibition were calculated with respect to no-peptide
control experiments. Error bars represent standard deviations.


Figure 6. Cells were incubated with increasing concentrations of the pep-
tides (10, 50, 100, 250 mm) in the presence of the viral inoculum for 45 min
at 37 8C. Nonpenetrated virus was inactivated, and cells were incubated for
48 h at 37 8C in DMEM supplemented with CMC. Plaque numbers were
scored, and the percentage of inhibition was calculated with respect to no-
peptide control experiments. Data are reported in triplicate, and error bars
represent standard deviations. A) Peptides from HSV-1: HB168–186, HB632–
650, HB491–514. B) Peptides from BoHV-1: BB525–548, BB664–678.
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Secondary structures of synthetic peptides


Since the structural conformations of peptides have been
shown in many cases to correlate with fusogenic and/or inhibi-
tion activity, the secondary structures of those gB peptides
that were active in fusion and/or inhibition experiments were
determined by CD spectroscopy as measured in water and
TFE.
The CD spectra in buffer solution indicated random coil con-


formations for the peptides HB168–186, HB491–514, HB632–
650, BB 525–548 and BB664–678 (Figures 9 and 10).
A decrease in peptide environmental polarity occurs when a


peptide is transferred from water to a membrane interface,
and the effect of polarity on peptide conformation can be
studied by using aqueous mixtures of TFE. In the presence of
TFE, peptides HB168–186, HB632–650 and BB664–678 all
showed spectra that indicated the presence of extended struc-


tures with minima at approximately 218 nm. Spectra of the
peptide BB664–678, however, were consistent with an increase
in ellipticity in low-polarity solvent; in fact, increasing amounts
of TFE induced stabilization of a-helical structures, character-
ized by the presence of minima at 208 and 222 nm, with ap-
proximately 20% helical content at 80% TFE. At low percen-
tages of TFE a b-form can exist if a segment has b-forming po-
tential, but excess TFE usually disrupts the b-form and may
convert it into a helix if the segment also has helix-forming
ACHTUNGTRENNUNGpotential. Spectra were also collected in SUVs, and the results
confirmed the ability of peptides HB168–186, HB491–514 and


Figure 7. Active HSV-1- and BoHV-1-derived peptides’ inhibition of both bo-
ACHTUNGTRENNUNGvine and human viruses. Cells (Vero and MDBK cells) were exposed to pep-
ACHTUNGTRENNUNGtides at concentrations of 250 mm during attachment and entry (Coexpo-
sure). Experiments were performed in triplicate, and the percentages of in-
hibition were calculated with respect to no-peptide control experiments.
Error bars represent standard deviations.


Figure 8. Vero cells were incubated with increasing concentrations of the
peptides HELIX, N-HELIX and C-HELIX (10, 50, 100, 250 mm) in the presence
of the viral inoculum for 45 min at 37 8C. Nonpenetrated virus was inactivat-
ed, and cells were incubated for 48 h at 37 8C in DMEM supplemented with
CMC. Plaque numbers were scored, and the percentage of inhibition was
calculated with respect to no-peptide control experiments. Data are report-
ed in triplicate, and error bars represent standard deviations.


Figure 9. Circular dichroism spectra of peptides HB168–186, HB491–514 and
HB632–650 (10 mm) at different percentages of TFE.
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BB525–548 to produce a-helices in membrane mimetic envi-
ronments (data not shown).
Figures 9 and 10 show the CD spectra of the peptides


HB491–514 and BB525–548; each peptide shows a typical
random coil CD spectrum in buffer, whilst in contrast, high per-
centages of TFE induce approximately 45% helix content in
each peptide.
Finally, the spectra of peptides HELIX, N-HELIX and C-HELIX


were analysed (Figure 11). While peptide HELIX was able to
adopt an a-helical conformation in buffer (approximately 10%
helix), the other two peptides each showed a random coil con-
formation in buffer. Moreover, the three peptides were all able
to adopt helical conformations at high percentages of TFE:
77%, 66% and 28% helical content for HELIX, N-HELIX and C-
HELIX, respectively, at 80% TFE.


Discussion


Enveloped viruses are surrounded by membranes and infect
cells by fusion of the viral membrane and a cellular membrane.
The critical early events in viral infection are mediated by enve-
lope glycoproteins and in many cases a viral fusion peptide is
involved in the first steps of membrane fusion, penetrating the
target membrane and initiating fusion of the viral envelope
with the cell membranes. Recent studies have indicated that
additional regions of viral fusion proteins, in combination with
the fusion peptide, may also participate in conjunction with


the fusion peptide in facilitating the apposition of the viral and
cellular membranes. Such membranotropic segments would
form a continuous track of membrane-interacting surfaces
along the structure of the protein complex, providing a low-
energy passageway for viral–cellular membrane fusion. Pro-
tein-mediated viral fusion is therefore a complex process in
which multiple regions from viral fusion proteins may interact
to lead to the destabilization and fusion of membranes. Several
structural conformational changes induced by a complex series
of protein–protein and protein–phospholipid interactions
occur in fusion proteins. It is now evident that several domains
are essential for membrane fusion and that peptides involved
in the fusion mechanism might thus interfere with the intra-


Figure 10. Circular dichroism spectra of peptides BB525–548 and BB664–678
(10 mm) at different percentages of TFE.


Figure 11. Circular dichroism spectra of peptides HELIX, N-HELIX and C-
HELIX (10 mm) at different percentages of TFE.
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molecular interactions between the several domains and result
in the inhibition of virus entry.
The entry of herpes viruses requires a multicomponent


fusion system, and HSV requires four glycoproteins—gD, gB
and gH/gL—in order to accomplish this process. The roles of
gH and gB remain elusive, but recent progress towards an
ACHTUNGTRENNUNGunderstanding of their function includes the determination of
the three-dimensional structure of gB and the identification of
potentially fusogenic domains in gH.
It has been proposed that HSV-1 gH is directly involved in


the interaction of the virus envelope and host cell membranes
and that four regions (gH220–262, gH381–420, gH579–597 and
gH626–644) might act in a synergistic way to facilitate such in-
teractions;[11] moreover, two heptad repeat domains have been
identified in gH (HR-1 and HR-2), whilst synthetic peptides
mimicking these domains inhibit virus infection and form
stable complexes with higher a-helical contents than those of
the two peptides alone.[13,14] The recent determination of the
crystal structure of HSV-1 gB[22] represents a major advance in
our understanding of herpes virus entry, revealing that gB
shares characteristic with both class I and class II fusion pro-
teins of other viruses. From these findings it is conceivable to
envisage a scenario in which gH and gB cooperate with each
other during the fusion process. Moreover, it has been pro-
posed that gH and gB are likely to function sequentially to
promote membrane fusion, with gH initiating lipid mixing to
lead to a hemifusion intermediate and gB stabilizing and ex-
panding the pore to allow complete fusion.[10]


This study suggests that the region encompassing residues
168–186 and 632–671 of HSV-1 gB corresponds to membrane-
partitioning domains with the ability to perturb the integrity of
PC/cholesterol-containing phospholipid bilayers, and might
constitute functional elements of HSV-1 gB involved in the pro-
motion of the membrane destabilization required for fusion.
The two domains are located on either side of the position of
the post-translational cleavage site that is present in some
herpes virus gB homologues.
In lipid mixing experiments (Figure 4), we observed signifi-


cant vesicle fusion in the presence of HB168–186 and HB632–
650. The analysis of the secondary structures of the same pep-
tides revealed their ability to adopt different conformations
ACHTUNGTRENNUNGaccording to the environment.
The structural plasticity of membrane-associated viral fusion


peptides has been observed for several viruses, and it is
known that fusion peptides can exist in helical and nonhelical
forms. Moreover, it is interesting to evaluate their location in
the protein structure of gB, as Heldwein et al.[22] propose that
the putative fusion peptide of gB is located at the tip of do-
main I. Of the two loops that were proposed to be the fusion
peptide, only one corresponds to a peak of interfacial hydro-
phobicity, and the peptide mimicking this loop domain is
HB168–186 and is active in fusion experiments. Peptide
HB632–650 is located on the other side of the protein in the
outer b-strand of domain III, which contributes many of the es-
sential trimer contacts ; in fact, several hydrogen bonds and
van der Waals interactions between the 632–650 fragment of
one monomer and the domains 120–130 and 560–570 of a


neighbouring monomer are present in the crystal structure
(Figure 3C). Moreover, this peptide has the features of a fusion
peptide—the presence of an extended structure in TFE and a
high content of aromatic residues—and is efficient at inducing
the fusion of liposomes.
The corresponding peptides derived from BoHV-1 gB were


also tested for their ability to fuse liposomes, and we found
that whereas BB664–678 was as efficient in these assays as its
HSV-1 gB counterpart (HB632–650), BB181–198 had a low fuso-
genic capacity. Sequence comparison of HB168–186 and
BB181–198 (Figure 2B) shows that two phenylalanine residues
in HB168–186 are substituted by non-aromatic residues in
BB181–198, and this may account for the inability of BB181–
198 to induce liposome fusion. Moreover, mutations of resi-
dues Trp174 and Tyr179 seriously impair HSV-1 gB function,
further confirming the fundamental role played by aromatic
residues during insertion into the target membrane.
This result is highly intriguing, since the uncleaved HSV-1 gB


shows a potential fusion peptide in Domain I, as identified by
analysis of its crystallographic structure,[22] but retains a stretch
of amino acids with fusion potential in the region downstream
of the location of the furin cleavage site of other herpes virus
gB molecules, implying functional conservation regardless of
proteolytic cleavage. Therefore, cleaved and uncleaved gB pro-
teins showed several membrane interacting motifs both at the
N terminus and after the proteolytic cleavage site, indicating a
possibly divergent mechanism of fusion based on functionally
conserved hydrophobic regions.
Peptides HB491–514 and BB525–548 each showed small but


significant activity in both fusion experiments and infectivity
inhibition assays. An analysis of the locations of these regions
within the three-dimensional structure of gB indicates that
they corresponded partially to the long helix in domain III. The
long 44-residue a-helix and its trimeric counterparts form the
central coiled-coil, and the potential function of this domain
was further analysed with the peptides HELIX, N-HELIX and C-
HELIX. Infectivity inhibition experiments showed that HELIX is
an active inhibitor of HSV-1 fusion and we speculate that its
activity might be due to a possible trimer destabilization.
These results support the view that gH and gB are both di-


rectly involved in membrane fusion; both molecules contain
multiple domains that are capable of interacting with mem-
branes, and peptides from specific regions of both proteins
can inhibit virus infection. A recent report also suggested that
multiple domains are critical for gB function, and that different
gB functional regions (analysed by monoclonal antibodies)
may be involved in HSV entry.[45]


Further characterization of such domains is likely to shed
further light on the complex mechanism of herpes virus glyco-
protein-mediated membrane fusion.


Experimental Section


Materials : Fluorenylmethoxycarbonyl-protected (Fmoc-protected)
amino acids were purchased from INBIOS (Pozzuoli, NA, Italy), No-
vaSyn TGA resin was purchased from Nova Biochem (Darmstadt,
Germany). The reagents (piperidine, pyridine) for the solid-phase
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peptide synthesis were purchased from Fluka (Sigma–Aldrich,
Milano, Italy), trifluoroacetic acid (TFA) and acetic anhydride were
from Applied Biosystems (Foster City, CA, USA), and H2O, DMF and
CH3CN were supplied by LAB-SCAN (Dublin, Ireland). Egg phospha-
tidylcholine (PC), cholesterol (Chol) and the fluorescent probes
N-(7-nitro-benz-2-oxa-1,3-diazol-4-yl)phosphatidylethanolamine (N-
NBD-PE) and N-(lissamine-rhodamine-B-sulfonyl)phosphatidyletha-
nolamine (N-Rh-PE) were purchased from Avanti Polar Lipids (Bir-
mingham, AL). Triton-X100 was obtained from Sigma. All other
ACHTUNGTRENNUNGreagents were of analytical grade.


Proteomics computational methods : Domains with significant
propensity to form transmembrane (TM) helices were identified
with Tmpred (ExPaSy, Swiss Institute of Bioinformatics) and Mem-
brane Protein eXplorer (MpeX, Stephen White laboratory, http://
blanco.biomol.uci.edu/mpex). Tmpred is based on a statistical anal-
ysis of Tmbase, a database of naturally occurring TM glycoproteins,
while MpeX detection of membrane-spanning sequences is based
on experimentally determined hydrophobicity scales.[40, 41] Sequen-
ces with a propensity to partition into the lipid bilayer were also
identified by MpeX by use of interfacial settings, with mean values
for a window of 11 amino acids. Scrambled versions of the most
active peptides of the human and bovine virus were designed with
consideration of the hydrophobicity, the helix propensity etc.
Alignments were performed with Blast and ClustalW. The gB
ACHTUNGTRENNUNGsequences used were taken from the SWISS-Prot database, with
ACHTUNGTRENNUNGaccession numbers P10211 for human gB and P17471 for bovine
gB. Coordinates for gB were obtained from the Protein Data Bank
(PDB) with accession number 2gum.


Peptide synthesis : Peptides were synthesized by standard solid-
phase 9-fluorenylmethoxycarbonyl (Fmoc) methods as previously
reported.[11] All purified peptides were obtained with good yields
(30–40%). Table 1 shows the sequences of all the synthesized pep-
tides. Peptide stock solutions were prepared in dimethyl sulfoxide
(DMSO, 2%).


Liposome preparation : Large unilamellar vesicles (LUVs) consisting
of PC/Chol (1:1) with different amounts of Rho-PE and NBD-PE
were prepared by the extrusion method of Hope et al.[46] in HEPES
(5 mm), NaCl (100 mm), pH 7.4. Briefly, lipids were dried from
chloroform solution with a nitrogen gas stream and liophilized


overnight. For fluorescence experiments, dry lipid films were sus-
pended in buffer by vortexing to produce large unilamellar vesi-
cles. The lipid suspension was freeze-thawed eight times and then
extruded 20 times through polycarbonate membranes with 0.1 mm
diameter pores.


Lipid mixing assay : Membrane lipid mixing was monitored by the
resonance energy transfer (RET) assay reported by Struck et al.[47]


The assay is based on the dilution of the NBD-PE (donor) and Rho-
PE (acceptor) groups. Dilution due to membrane mixing results in
an increase in NBD-PE fluorescence. We thus monitored the
change in donor emission as aliquots of peptides were added to
vesicles. Vesicles containing each probe (0.6 mol%) were mixed
with unlabelled vesicles at a 1:4 ratio (final lipid concentration
0.1 mm). Small volumes of peptides in dimethylsulfoxide (DMSO)
were added; the final concentration of DMSO was no higher than
2%. The NBD emission at 530 nm was followed with the excitation
wavelength set at 465 nm. A cut-off filter at 515 nm was used be-
tween the sample and the emission monochromator to avoid scat-
tering interferences. The fluorescence scale was calibrated such
that the zero level corresponded to the initial residual fluorescence
of the labelled vesicles, and the 100% value corresponding to
complete mixing of all lipids in the system was set by the fluores-
cence intensity of vesicles upon the addition of Triton X-100
(0.05% v/v) at the same total lipid concentrations of the fusion
assay. All fluorescence measurements were conducted in PC/Chol
(1:1) LUVs; lipid mixing experiments were repeated at least three
times and results were averaged. Control experiments were per-
formed with scrambled peptides and DMSO.


Virus entry assays : Vero cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with foetal calf serum
(10%). HSV-1 carrying a LacZ gene driven by the CMV IE-1 promot-
er to express b-galactosidase was propagated as previously de-
scribed.[1] BoHV-1 (Cooper strain; ATCC VR-864) was replicated in
Madin–Darby bovine kidney (MDBK; ATCC CCl22) cells in minimum
essential medium (MEM) supplemented with foetal bovine serum
(FBS, 5%) at 35 8C under a humidified CO2 (5%) atmosphere. Pep-
tides were dissolved in DMEM without serum and used at a range
of concentrations. All experiments were conducted in parallel with
scrambled peptides and no-peptide controls.


To assess the effect of peptides on inhibition of HSV and/or BoHV-1
infectivity, four different ways of treating cell monolayers were per-
formed:


1) For “virus pretreatment”, virus (approximately 2A104 PFU) was
incubated in the presence of different concentrations of pep-
tides (10, 100, 250, 500 mm) for 45 min at 37 8C, and was then
titrated on cell monolayers.


2) For “cell pre-treatment”, cells were incubated with peptides
(10, 100, 250, 500 mm) for 30 min at 4 8C. Peptides were re-
moved, and cells were washed with phosphate-buffered saline.
Following this treatment, the cells were infected with serial ten-
fold dilutions of HSV-1 or BoHV-1.


3) For “co-treatment”, the cells were incubated with increasing
concentrations of the peptides (10, 100, 250, 500 mm) in the
presence of serial dilutions of viral inoculum for 45 min at
37 8C.


4) For “post-treatment”, cell monolayers were infected with virus
for 45 min at 37 8C. A range of concentrations of peptides (10,
50, 100, 250, 500 mm) was then added to the inoculum, fol-
lowed by a further 30 min incubation at 37 8C.


Table 1. Peptide sequences.


Peptides Protein
fragment


Sequences


HSV-1 gB
HB168–186 168–186 VTVSQVWFGHRYSQFMGIF
HB287–305 287–305 FVLATGDFVYMSPFYGYRE
HB389–398 389–398 YGGSFRFSSDAISTTFTTN
HB441–459 441–459 YYLANGGFLIAYQPLLSNT
HB491–514 491–514 SVERIKTTSSIEFARLQFTYNHIQ
HB632–650 632–650 PCTVGHRRYFTFGGGYVYF
HB653–671 653–671 YAYSHQLSRADITTVSTFI
scrambled HSV 632–650 FVRGHTGFVYCYGYTGFPR
HELIX 500–544 SIEFARLQFTYNHIQRHVNDMLGRVAIAW-


ACHTUNGTRENNUNGCELQNHELTLWNEARK
N-HELIX 500-523 SIEFARLQFTYNHIQRHVNDMLGR
C-HELIX 524-544 VAIAWCELQNHELTLWNEARK
BoHV-1 gB
BB181–198 181–198 IVTTTWAGSTYAAITNQY
BB525–548 525–548 AGGRVTTVSLAEFAALQFTHDHTR
BB664–678 664–678 ANHKRYFRFGADYVY
scrambled BoHV 664–678 GRYKFYARFDHNVYA
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For all treatments, nonpenetrated viruses were inactivated with cit-
rate buffer (pH 3.0) after the 45 min incubation at 37 8C. Monolay-
ers were incubated for 48 h at 37 8C in DMEM supplemented with
carboxymethylcellulose (CMC), fixed and stained with X-gal (5-
bromo-4-chloro-3-indolyl-b-d-galactopyranoside), and plaque num-
bers were scored. Experiments were performed in triplicate and
the percentage of inhibition was calculated with respect to no-
peptide control experiments.


Toxicity : Peptide cytotoxicity was measured by a lactate dehydro-
genase (LDH) assay and was carried out according to manufactur-
er’s instructions with use of a cytotoxicity detection kit (Roche
ACHTUNGTRENNUNGDiagnostic SpA., Milano, Italy).


Circular dichroism measurements : CD spectra were recorded with
a Jasco J-715 spectropolarimeter in a 1.0 cm quartz cell at room
temperature. The spectra are each an average of three consecutive
scans from 260 to 195 nm, recorded with a band width of 3 nm, a
time constant of 16 s and a scan rate of 10 nmmin�1. Spectra were
recorded and corrected for the blank. Mean residues ellipticities
(MREs) were calculated by use of the equation obsd/l c n, where
obsd is the ellipticity measured in millidegrees, l is the length of
the cell in centimetres, c is the peptide concentration in moles per
litre, and n is the number of amino acid residues in the peptide.
The percentage of helix was calculated from measurements of
their mean residue ellipticity at 222 nm.[48] We used [q]222 values of
0 and �40000ACHTUNGTRENNUNG(1–2.5/n) degcm2dmol�1 per amino acid residue for
0% and 100% helicity; n is the number of amino acid residues. Sol-
utions of peptides (10 mm) were prepared in water and at various
percentages of TFE.
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Electrostatic Stabilization and General Base Catalysis in
the Active Site of the Human Protein Disulfide Isomerase a
Domain Monitored by Hydrogen Exchange
Griselda Hern�ndez,[a] Janet S. Anderson,[b] and David M. LeMaster*[a]


Introduction


The catalytic domains of the protein disulfide isomerases (PDI)
share structural homology with other members of the thiore-
doxin superfamily, all of which bear an active site containing a
C-X-Y-C sequence. The redox potentials among the members
of this family vary by more than 150 mV, which corresponds to
a difference in equilibrium constants of more than 105 for the
two-electron transfer reaction at 25 8C. This variation in redox
potentials largely arises from differences in the thiol pK value
of the N-terminal cysteine,[1,2] which serves as the primary
ACHTUNGTRENNUNGnucleophile that attacks the disulfide linkages of the protein
substrate. As a result, the pK of this cysteine thiol provides an
indication of whether these proteins will act predominantly as
oxidants or as reductants under physiological conditions. Con-
siderable effort in electrostatic modeling has been applied to
predicting the varying pK values of the N-terminal cysteine
among the PDIs and their thioredoxin relatives.[3–6]


More directly germane to the catalytic reactivity of these en-
zymes is the active-site stabilization of the linear trisulfur tran-
sition state that forms during the thiolate–disulfide exchange
reaction. The majority of the negative charge density from the
incoming thiolate is shared between the terminal cysteines of
this SN2 reaction complex.


[7] Enzymatic catalysis could be facili-
tated by establishing a diffuse positive electrostatic potential
within the active site to complement the diffuse negative
charge density of the trisulfur complex. As illustrated in the
recent X-ray structure of the PDI from Saccharomyces cerevisiae
(PDB code: 2B5E),[8] the sulfur of the N-terminal cysteine of the
a domain active site is positioned above the amide groups
from the initial turn of the a2-helix (Figure 1). Wada


[9] first pro-
posed that the parallel arrangement of the individual peptide
dipoles would give rise to a helix macrodipole, and Hol[10]


The nucleophilic Cys36 thiol of the human protein disulfide iso-
merase a domain is positioned over the N terminus of the a2


helix. Amides in the active site exhibit diffusion-limited, hydrox-
ide-catalyzed exchange, indicating that the local positive electro-
static potential decreases the pK value for peptide anion forma-
tion by at least 2 units so as to equal or exceed the acidity of
water. In stark contrast to the pH dependence of exchange for
simple peptides, the His38 amide in the reduced enzyme exhibits
a maximum rate of exchange at pH 5 due to efficient general
base catalysis by the neutral imidazole of its own side chain and
suppression of its exchange by the ionization of the Cys36 thiol.


Ionization of this thiol and deprotonation of the His38 side chain
suppress the Cys39 amide hydroxide-catalyzed exchange by a
million-fold. The electrostatic potential within the active site
monitored by these exchange experiments provides a means of
stabilizing the two distinct transition states that lead to substrate
reduction and oxidation. Molecular modeling offers a role for the
conserved Arg103 in coordinating the oxidative transition-state
complex, thus providing further support for mechanisms of disul-
fide isomerization that utilize enzymatic catalysis at each step of
the overall reaction.


Figure 1. Active site of the a domain of protein disulfide isomerase from
Saccharomyces cerevisiae in the oxidized form.[8] The first turn of the a2 helix
is shown, in which the sulfur of Cys61 (black) lies above the amide protons
of Gly62, His63, and Cys64 (white). The corresponding sequence positions in
the human PDI a domain are indicated in parentheses.


[a] Prof. G. Hern0ndez, Prof. D. M. LeMaster
Wadsworth Center
New York State Department of Health and
Department of Biomedical Sciences
School of Public Health, University at Albany–SUNY
Empire State Plaza, Albany, NY 12201 (USA)
Fax: (+ 1) 518-473-2900
E-mail : lemaster@wadsworth.org


[b] Prof. J. S. Anderson
Department of Chemistry, Union College
Schenectady, NY 12308 (USA)


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


768 www.chembiochem.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 768 – 778



www.chembiochem.org





argued for the role of this macrodipole in active-site catalysis.
In our refinement of the E. coli thioredoxin X-ray structure,[11]


we suggested that the linear trisulfur transition state is stabi-
lized by the diffuse positive electrostatic potential arising from
such a helix dipole.
Although the electrostatic potential at the N terminus of the


a-helix is generally understood to be of positive sign, serious
disagreement remains as to the magnitude and spatial extent
of this potential and hence to its significance in transition-state
stabilization. The physical realism of the helix macrodipole con-
cept has been called into question.[12] Recent calculations[13]


have suggested that the dielectric shielding of the solvent
ACHTUNGTRENNUNGreaction field dramatically attenuates the magnitude of the a-
helix dipole. A survey[14] of 212 aspartate and glutamate resi-
dues with measured pK values from known protein structures
found that the acidic side chains located at the N termini of a-
helices have an average pK value that is 0.6 units lower than
for the other tertiary positions. However, it has been argued
that these systematically lower carboxyl pK values arise pre-
dominantly from an increased density of specific hydrogen-
bonding interactions in this structural region.[15] Similarly, cys-
teine residues at the N termini of model a-helices are found to
have markedly lower pK values only at the so-called N-cap po-
sition (e.g. , Cys61 of Figure 1), arguably due to the ability of
the thiolate in this position to form hydrogen bonds with the
solvent-exposed amides of the helix.[16]


To more fully characterize the magnitude and extent of the
positive electrostatic field emanating from the N terminus of
an a-helix, a more extensive set of experimental monitors
needs to be established. Although the peptide linkage is far
less acidic than the carboxyl, thiol, imidazolium, and ammoni-
um groups of the ionizable side chains, it also acts as a normal
Eigen acid[17] such that its kinetic acidity directly reflects its
thermodynamic acidity. As a result, an alteration in the pK
value for individual amide nitrogens is directly reflected in the
rate of hydroxide-catalyzed amide hydrogen exchange,[18–20] so
that under appropriate conditions these exchange rates can
provide a sensitive monitor of the local electrostatic potential
within the protein structure.[21,22]


The reaction rate of the reduced a domain with the non-
ACHTUNGTRENNUNGphysiological substrate bis-hydroxyethyldisulfide (the oxidized
form of 2-mercaptoethanol) is nearly as fast as that for oxi-
dized glutathione near physiological pH and substrate concen-
trations.[23] In contrast, under these conditions, a simple model
cysteine reacts with these substrates more slowly by factors of
300- and 600-fold, respectively. The bis-hydroxyethyldisulfide
substrate offers little opportunity for rate enhancement that
occurs through a specific binding interaction with the residues
of the a domain active site. On the other hand, an electrostatic
interaction with the enzyme that stabilizes the negative charge
of the linear trisulfur transition state by a factor of ~102, rela-
tive to the solution-phase reaction, could largely account for
the observed catalytic acceleration.
Creighton and co-workers[24] were unable to detect the


amide hydrogen resonances for the Gly37 and His38 residues
that lie between the active-site cysteine residues of the oxi-
dized human PDI a domain at pH 5.1. They proposed that the


absence of these resonances results from an increased rate of
hydrogen exchange due to the enhanced acidity of these
amides resulting from the local positive electrostatic potential
at the N terminus of the a2-helix. We have detected these
active-site amide resonances in both the oxidized and reduced
forms of the PDI a domain and have determined their ex-
change rates in the reduced form as a function of pH.
Characterizing the structural basis of a domain catalysis is


further complicated by the fact that there are two distinct tri-
sulfur transition states that differ substantially in their charge
distribution and their positioning within the active site. The
mixed disulfide intermediate formed between Cys36 of the a
domain and a cysteine of the substrate can break down via
either of two pathways. When the solvent inaccessible Cys39
side chain attacks the mixed disulfide intermediate, the Cys36
sulfur becomes the central atom of the linear trisulfur transi-
tion state that leads to substrate reduction. Substrate oxidation
arises from the attack of a thiolate from the protein substrate
on the mixed disulfide intermediate. In this case, Cys36 con-
tributes a terminal sulfur in the transition state.
Formally, disulfide isomerization can be achieved by two (or


more) steps of disulfide reduction followed by two (or more)
steps of reoxidation in which a differing disulfide linkage pat-
tern is generated. However, despite over 40 years of study,[25]


the physiologically relevant mechanism of the overall isomer-
ase reaction remains a topic of debate. In the absence of a
redox buffer, Gilbert and co-workers[26] showed that the un-
scrambling of an oxidized protein substrate by PDI is sensitive
to the levels of both the oxidized and reduced forms of the
enzyme; this is consistent with isomerization via a reduction–
reoxidation cycle. On the other hand, more recently Raines and
colleagues[27] utilized kinetic data obtained from a novel homo-
genous substrate to argue for the alternative mechanism of in-
tramolecular isomerization (Scheme 1). In marked contrast to


the reduction–reoxidation mechanism in which every step of
the reaction is catalyzed by the enzyme, the central step of the
intramolecular isomerization pathway is the uncatalyzed reac-
tion between a cysteine thiolate and a disulfide linkage within
the substrate protein. Clarification of how the a domain stabil-
izes both transition states will help to address the plausibility
of an overall disulfide isomerization mechanism in which each
reaction step is enzymatically catalyzed.


Scheme 1. Intramolecular isomerization mechanism. The cysteine thiolate of
PDI attacks a disulfide linkage of the substrate protein. Following disulfide
rearrangement within the substrate, the mixed disulfide linkage with PDI is
cleaved to generate the second substrate disulfide.
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Results and Discussion


Hydrogen exchange in the active site of the PDI a domain


To test the hypothesis of Creighton and co-workers[24] that
rapid hydrogen exchange accounts for the absence of 1H,15N
crosspeaks for the Gly37 and His38 active-site residues in the
oxidized human PDI a domain, we carried out analogous
measurements utilizing the FHSQC NMR pulse sequence.[28] By
minimizing the saturation of the solvent 1H2O resonance, this
pulse sequence decreases the loss of signal amplitude arising
from chemical-exchange dynamics. At pH 5.0, the Gly37 amide
resonance was observed. Lowering the pH to 4.0 yielded the
His38 resonance as well. The identification of these two reso-
nances was established by HNCA[31,32] through-bond correla-
tions and NOESY through-space correlations to the known res-
onances of the Cys39 residue[24] (see the Supporting Informa-
tion). Similarly, a weak His38 crosspeak was observed for the
reduced form of the enzyme at pH 4 and was used to establish
the resonance assignments across the active-site sequence
(Figure 2).


Rapid hydrogen exchange kinetics can be measured by
using a magnetization transfer-based experiment, such as
CLEANEX-PM,[33] in which magnetization from the solvent 1H2O
resonance is allowed to chemically exchange into the amide
1H resonances, which are then observed. These experiments
confer increased sensitivity for the detection of severely broad-
ened resonances near the fast-exchange limit. At pH 4.0, both
Gly37 and His38 of the oxidized a domain yielded 1H,15N amide


crosspeaks in a CLEANEX-PM spectrum (Figure 3A). A reference
experiment[34] serves to enhance the accuracy of the exchange-
rate measurements by facilitating correction for the spin relax-


ation that occurs during the CLEANEX-PM mixing time (Fig-
ure 3B). Under these conditions, the amide of His38 exchanges
at a rate of 60 s�1, 400-fold faster than the rate for the corre-
sponding model dipeptide.[35]


In Figure 4, pairs of CLEANEX-PM (above) and reference
(below) spectra for the reduced a domain are illustrated for pH
values ranging from 3.98 to 10.05. The amide of Asp1 exhibits
rapid hydroxide-catalyzed exchange at pH 3.98 due to the
ACHTUNGTRENNUNGadjacent positively charged terminus of the initial methionine
residue, which is not removed during expression of this gene
in E. coli. As the pH is raised, the CLEANEX-PM crosspeak of
Asp1 initially increases in intensity, then broadens, and finally
weakens beyond observation above pH 6.46 in a pattern con-
sistent with the exchange rates predicted for the correspond-
ing model dipeptide.[35] The pattern of crosspeaks for the
Gly37 amide also indicates a monotonically increasing ex-
change rate as the pH is increased, although the increase in
rate is less than proportional to the hydroxide ion concentra-
tion.
In marked contrast, the intensity of the exchange crosspeak


for Cys39 is nearly constant across the entire pH range of sta-
bility for this enzyme, exhibiting an increase only as pH 10 is
approached. Even more exceptional is the pH dependence of
the His38 amide resonance. The broad exchange peak ob-
served at pH 3.98 becomes significantly weaker as the pH in-
creases toward 5, while the corresponding resonance in the
reference spectra decreases to below detection. As the pH in-
creases further, the His38 crosspeak in the reference spectra re-
appears and gains a substantial intensity, while the exchange
peak strengthens and narrows with increasing pH; this is indi-
cative of a decreasing rate of hydrogen exchange. Hence, the
His38 amide in the active site of the PDI a domain exhibits a
maximal exchange rate near pH 5. This stands in direct opposi-
tion to the behavior of model peptides for which the transition


Figure 2. 3D HNCA correlation spectra showing connectivities across the
active-site sequence of the reduced human PDI a domain at pH 4.0. The
amide 1H chemical shifts are indicated within each spectral strip, while the
15N chemical shifts are given in parentheses below the residue names. Refer-
encing of the 15N chemical shifts to the 1H carrier frequency[29] yields values
that differ by �1.9 ppm from the previously published assignments of the
oxidized protein.[30]


Figure 3. 2D 1H,15N CLEANEX-PM and reference HSQC spectra of the oxidized
a domain of human PDI at pH 4.0. A) The CLEANEX-PM experiment,[33,34]


which monitors the transfer of magnetization from the bulk water resonance
to the amide protons, exhibits signals for Gly37 and His38 at this low pH
value. B) Due to substantial exchange broadening, the reference HSQC peak
for the His38 amide is markedly weaker than the peaks for other nearby res-
onances.
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Figure 4. pH dependence of amide exchange in the reduced form of the human PDI a domain. Corresponding pairs of CLEANEX-PM (above) and reference
(below) spectra are illustrated for pH values spanning the range of 3.98 to 10.05. In marked contrast to all other protein resonances, the CLEANEX-PM peaks
for His38 and Cys39 remain observable over the entire pH range. His38 crosspeaks that are not observable in the reference spectra at the contour level dis-
played are indicated by dotted squares. At the pH values of 4.92 and 5.50, the His38 crosspeak is not clearly discernible above the noise level in the reference
spectra.
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from hydronium-ion-catalyzed to hydroxide-ion-catalyzed ki-
netics results in an exchange-rate minimum near pH 4. As
pH 10 is approached, the exchange rate of His38 again begins
to increase. Given the peculiarity of this exchange behavior for
His38, the identities of the active site amides were again veri-
fied by through-bond correlation experiments at pH 6.98.


Chemical-shift titration analysis of active-site ionization


Quantitative interpretation of these hydrogen-exchange data
depends upon the ionization behavior of the side chains in the
active site. Creighton and co-workers determined a pK of 4.5
for the Cys36 thiol and a pK value of 6.2�0.1 for the imidazole
side chain of His38 for the reduced human a domain in
200 mm KCl.[36] To gain insight into the electrostatic coupling
between these two ionizable side chains, they also reported a
pK of 5.4�0.1 for the His38 side chain in the oxidized enzyme.
Assuming that the electrostatic properties of the oxidized pro-
tein mimic those of the reduced protein species in which the
Cys36 side chain is neutral, they estimated a coupling interac-
tion between the two charged side chains of 0.8 pH units; this
implies a 4.6 kJmol�1 interaction energy at room temperature.
As Creighton and co-workers reported a substantial ionic


strength dependence for the Cys36 thiol ionization,[36] we ana-
lyzed amide NMR chemical-shift titration behavior at the 0.1m


ionic strength utilized in the hydrogen-exchange measure-
ments (Figure 5). The 15N resonances of Cys36 and Gly37 un-


dergo large chemical-shift migrations in opposite directions
that correlate with the antiparallel orientations of the two 1H�
15N bond vectors relative to the Cys36 sulfur atom (Figure 1) ;
this is consistent with an electrostatic-induction effect on the
15N chemical shifts. Acid denaturation precludes NMR spectral
analysis below pH 4, so only a portion of the titration curve


was observed. Chemical-shift titration measurements were also
carried out with the H38A variant of the a domain to deter-
mine a Cys36 thiol pK value of 5.41 (Figure 5). Assuming that
the full range of chemical-shift migration for these two amide
nitrogens is the same for the wild-type enzyme, a pK of 4.22 is
estimated for the Cys36 thiol (Figure 5). If the H38A variant is
treated as a mimic of the reduced PDI enzyme bearing an un-
charged His38 side chain, the 1.19 pH unit difference in the
Cys36 pK values between the reduced and the H38A variant
predicts a 6.7 kJmol�1 electrostatic coupling between the
Cys36 and His38 side chains, a value 50% larger than that
ACHTUNGTRENNUNGinferred by Creighton and co-workers[36] from the histidine
ACHTUNGTRENNUNGtitration of the oxidized and reduced enzymes.
The active site of the PDI a domain also contains the ioniza-


ble thiol of the solvent-inaccessible Cys39 residue for which an
unambiguous pK determination has not been obtained. The 1H
and 15N shifts of Ala33 and Cys39 exhibit no significant
changes over the pH range of 7 to 10. As these amide protons
are located only 3.3 and 3.1 M, respectively, from the sulfur of
the solvent-inaccessible active-site cysteine in the X-ray struc-
ture of the yeast enzyme,[8] the pK of the Cys39 thiol in the
human a domain would appear to be above 10. The structural-
ly analogous buried cysteine in E. coli thioredoxin has an ele-
vated pK value of 11.1 when the solvent-exposed cysteine thiol
is alkylated to provide a stable covalent mimic of the enzyme–
substrate mixed-disulfide intermediate.[37] A comparably elevat-
ed pK value for the structurally buried Cys39 of the a domain
is potentially consistent with the carboxyl side chain of Glu30
serving as a general acid/base catalyst for (de)protonation of
the Cys39 thiol, as has been demonstrated for the structurally
homologous Cys35 and Asp26 residues of E. coli thioredoxin.[38]


Hydroxide-catalyzed exchange in the a domain active site


The amide exchange rates for residues Asp1, Gly37, His38, and
Cys39 of the reduced enzyme are plotted as a function of pH
in Figure 6. The exchange rates of Asp1 agree closely with the
rates predicted from model peptide values,[35, 39] as expected
for the structurally disordered N terminus of the a domain.[30]


The exchange kinetics of Gly37 exhibit a markedly slower rate
of increase as a function of pH. When the rate is plotted on a
logarithmic scale, the hydroxide dependence of the Gly37
amide exchange has a slope of only 0.4, as opposed to the
value of 1.0 anticipated for a simple hydroxide-catalyzed reac-
tion. As illustrated in Figure 1, the amide nitrogen of Gly37 is
4 M from the Cys36 sulfur and 5 M from the His38 side chain.
The conversion of the Cys36 thiol to the thiolate form and the
His38 imidazolium to the neutral imidazole form as the pH in-
creases yields a less positive local electrostatic potential. As a
result, the peptide anion intermediate that is formed during
the hydroxide-catalyzed exchange reaction of the Gly37 amide
will be increasingly destabilized, yielding a weakened depend-
ence of exchange rate on pH.
As the pH increases above 3.98, the exchange rate of Cys39


HN remains near 5.2 s�1 up to pH 6.0. Above this pH, the rate
modestly decreases by 25% (Figure 6). The near pH independ-
ence of these exchange rates across a million-fold variation in


Figure 5. 15N chemical-shift titration of Cys36 and Gly37 amides in the wild-
type and in the H38A variant of the human PDI a domain in the reduced
state. For both residues, the fit to the titration curves of the H38A variant
yields a pK value of 5.41. By assuming that the full migration range for the
15N chemical shifts applies equally to the wild-type enzyme, a pK value of
4.22 is obtained.
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hydroxide ion concentration spans the full range of pH for
which the stability of this protein permits such exchange
measurements. Although pH-independent exchange rates are
commonly interpreted to indicate that conformational access
of a given amide hydrogen to the bulk solvent is rate-limiting
(i.e. , the EX1 kinetic limit),[42] at pH 4 the model peptide rate
for this amide is 0.15 s�1,[35,39] approximately 25-fold slower
than the observed rate. Hence, the protein tertiary structure
gives rise to an acceleration rather than a retardation of the
hydrogen exchange.
An alternate interpretation proposes that ionization of the


nearby Cys36 thiol strongly suppresses the formation of the
Cys39 peptide anion, so that, over the pH range from 4 to
nearly 10, exchange will occur only from the fraction of the
protein for which the Cys36 side chain is in the neutral thiol
form. As the pH increases above the cysteine pK value of 4.22,
the fraction of neutral thiol species decreases in approximately
inverse proportion to the increasing hydroxide ion concentra-
tion. Since the product of the neutral thiol concentration and
the hydroxide ion concentration will be nearly constant, the
predicted exchange rates are essentially pH independent. In
this interpretation, the 25% decrease in the exchange rates
that occurs near pH 6 for the Cys39 amide would arise from
the deprotonation of the His38 side chain and the resultant
decrease in the electrostatic stabilization of the peptide anion
intermediate. The rise in the exchange rate for the Cys39
amide near pH 10 is consistent with the onset of significant hy-
droxide-catalyzed exchange for the Cys36 thiolate protein spe-
cies. However, since denaturation becomes significant above
pH 10 for the human PDI a domain, destabilization of the pro-


tein structure might also contribute to the observed increase
in exchange rate.
Even though the pH dependence of the exchange behavior


of His38 appears more complex than that of Cys39 (Figure 6),
the data can be fitted under the same assumption that the
Cys36 thiolate strongly suppresses the ionization of the His38
amide. The Cys36 thiol pK value of 4.2 determined herein, the
reported pK value of 6.2 for the His38 imidazole,[36] and the
electrostatic coupling between these two side chains allow the
microscopic ionization constants for the Cys8His+ , Cys8His8,
Cys�His+ , and Cys�His8 species to be calculated.[40,41] Assuming
that the last two species do not significantly contribute to
ACHTUNGTRENNUNGexchange, the exchange rate constants for the Cys8His+ and
Cys8His8 forms can be optimized to fit the observed exchange
data for His38 (Figure 6). The fit to the experimental data is
markedly improved by adjustment of the macroscopic pK
value for the His38 side chain to 6.0. However, the quality of
the fit is rather insensitive to the assumption of whether the
electrostatic coupling interaction energy between the Cys36
thiolate and the His38 imidazolium groups is 4.6[36] or
6.7 kJmol�1. Hence, the analysis given herein is largely unaf-
fected by which of these two estimates for the inter-side-chain
interaction energy is more accurate. On the other hand, the
present data do not provide a clear basis for discriminating
ACHTUNGTRENNUNGbetween these two values for the electrostatic coupling.
Based on the analysis illustrated in Figure 6, the fraction of


the reduced enzyme predicted to be in the Cys8His+ form at
pH 4 is 0.58; this implies an apparent hydroxide-catalyzed
ACHTUNGTRENNUNGexchange rate constant of His38 in the Cys8His+ form of 1.0O
1012m


�1 s�1. This apparent rate constant is a 100-fold above the
diffusion limit. As such a prediction appears to be physically
implausible, an alternate mechanism must be considered.


General base catalysis in the a domain active site


Simple model peptides undergo hydroxide-catalyzed exchange
with rate constants of ~108m�1 s�1, roughly 100-fold more
slowly than a diffusion-limited reaction.[35] These kinetics reflect
the fact that the pK of the peptide nitrogen is approximately
two units higher than that of water (pK of 15.7).[18] The acidity
of an amide can be modulated by introducing electron-with-
drawing groups into the R substituent for a series of N-methyl-
amides RCONHCH3.


[18–20] As the amide acidity increases, the hy-
droxide-catalyzed rate constant increases until the diffusion
limit of 2O1010m


�1 s�1 at 25 8C in 0.1m ionic strength is
reached (conditions also utilized in the present study).
At pH 4, the amides of Asp1, Gly37 and Cys39 in the re-


duced a domain all have exchange rates that are in the range
of 2 to 3 s�1. As [OH�] is equal to 10�10m at pH 4, in each case
the diffusion-limited, hydroxide-catalyzed rate has been
reached. For Asp1, the substituent effects from the adjacent
positively charged N-terminal ammonium group and the side-
chain carboxyl group predict a 200-fold acceleration in hydrox-
ide-catalyzed exchange, relative to the rate for an alanine di-
peptide.[35] In similar fashion, the structural environment of
Gly37 and Cys39 serve to lower the pK values for these peptide


Figure 6. pH dependence of amide exchange rates for Asp1 and the active
site of the human a domain of PDI. Model peptide exchange rates,[35, 39] cal-
culated for the N-terminal Met–Asp dipeptide by assuming a side-chain car-
boxyl pK of 4.0, closely match the observed exchange rates for Asp1 (&). The
amide of Gly37 (^) exhibits a much weaker pH dependence, while the ex-
change of Cys39 (^) is nearly pH independent up to almost pH 10. Under
the assumption that hydroxide-catalyzed hydrogen exchange only occurs
when the Cys36 sulfur is uncharged, the exchange data of His38 (*) were
fitted to the estimated population of the imidazolium (Cys8His+) and neutral
imidazole (Cys8His8) forms of His38, assuming macroscopic pK values of 4.22
and 6.0 for Cys36 and His38, respectively, and a 4.6 kJmol�1 electrostatic
coupling interaction to derive the microscopic ionization constants.[40, 41]
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groups so that their acidities are greater than or equal to that
of water.
For each redox state in the H38A variant of the a domain,


both Gly37 and Ala38 exhibit exchange rates near 1.0 s�1 at
pH 4 (Table 1). In each case, the exchange rate increases with


pH, consistent with an hydroxide-catalyzed reaction. These
rates closely approach the diffusion limit, indicating that the
pK values for these active site amides have decreased by at
least ~2 units so that their acidities are equal to or greater
than that of water.
Simple model peptides exchange almost exclusively by


either hydronium or hydroxide ion catalysis due to the fact
that both protonation and deprotonation of the peptide unit
are less favorable than the analogous reactions for the water
molecule. Even at the pH value at which the exchange rate is
at a minimum, neutral water-catalyzed exchange accounts for
only ~ 1=4 of the observed rate.[35] The increased acidity of the
amides in the active site of the a domain implies that weaker
bases can more effectively compete with the hydroxide ion for
catalysis of the hydrogen-exchange reaction, analogous to the
general base catalysis reported for the series of acidic N-meth-
ylamides.[19,20] General base catalysis offers a mechanism that
explains the dramatically accelerated exchange rate of His38 in
the wild-type a domain at pH 4.
For the reduced form of the wild-type a domain, the two


groups within the active site that might act as general bases
are the thiolate of Cys36 and the neutral imidazole of His38
(Scheme 2). Since the exchange rate of the His38 amide at
pH 4 is similar in both the oxidized and reduced forms of the


enzyme (Table 1), the Cys36 thiolate does not appear to con-
tribute significantly to the observed exchange. On the other
hand, the plausibility of general base catalysis by the neutral
imidazole of His38 is supported by the fact that the fraction of
the reduced enzyme predicted to be in the Cys8His8 form at
pH 4 in Figure 6 is very similar to the fraction of neutral imida-
zole that is predicted at this pH for the oxidized enzyme with
a pK value of 5.4 for the His38 side chain.[36] Given that the ge-
ometry of interaction of the imidazole side chain with the
His38 amide is expected to be similar in the two redox states,
having essentially the same fraction of the species that is
active as a general base is fully consistent with the similar rate
of exchange for this amide that is observed at pH 4 for the oxi-
dized and reduced enzymes. In contrast to the reduced
enzyme, as the pH is increased with the oxidized a domain, no
subsequent decrease in hydrogen exchange rate is expected,
since inhibition of exchange due to the ionization of the Cys36
thiol cannot occur.
As noted in the previous section, the bell-shaped profile for


the pH dependence of exchange for the His38 amide in
Figure 6 is consistent in form with the Cys8His+ species of the
enzyme facilitating the hydroxide-catalyzed reaction through a
favorable electrostatic interaction with the peptide anion inter-
mediate. However, since [Cys8His+]·ACHTUNGTRENNUNG[OH�] is directly propor-
tional to [Cys8His8] , the fit to the experimental exchange data
of Figure 6 cannot distinguish between the hydroxide-cata-
lyzed and the neutral imidazole-catalyzed mechanisms. Near
pH 8.5 the amides of His38 and Cys39 exchange with similar
rates. These kinetics are consistent with a pH-dependent
change in mechanism such that both amides exchange
through an hydroxide-catalyzed reaction of the Cys8His8 form
of the enzyme under these conditions, in which the higher
concentration of hydroxide ion can effectively compete with
the neutral imidazole catalysis. The apparent absence of gener-
al base catalysis of hydrogen exchange for the amide of Cys39
might reflect the fact that the histidine side chain cannot
adopt a low-energy, hydrogen-bonding geometry with this
amide without altering the conformation of other residues in
the X-ray structure.[8]


The efficiency of general base catalysis is commonly ex-
pressed in terms of the corresponding rate of the reaction cat-
alyzed by neutral water. Corrected to 25 8C, the water-catalyzed
exchange rate for poly-d,l-alanine is ~0.05 min�1.[35,39] Al-
though only limited data are available on substituent effects
for the water-catalyzed hydrogen exchange of simple peptides,
use of the hydroxide correction factors for the neighboring
side chains has been recommended.[35] For the neutral His38
form, this represents a rate correction of only 15%. The
1600 s�1 rate for the neutral imidazole catalysis of the His38
amide exchange reaction, estimated from the microscopic ioni-
zation constants for a 4.6 kJmol�1 electrostatic coupling, is
ACHTUNGTRENNUNGaccelerated beyond the neutral-water-catalyzed reaction rate
by a factor of 2O106.


Table 1. Amide hydrogen-exchange rates [s�1] of the PDI a domain at
pH 4.0.


Gly37 His/Ala38


wild-typered 2.9 54
wild-typeox 2.8 60
H38Ared 1.6 1.4
H38Aox 0.8 1.0


Scheme 2. General base catalysis of the His38 amide by its neutral imidazole
side chain. Given macroscopic pK values of 4.2 and 6.0 for the Cys36 thiol
and the His38 side chain, respectively, and a 4.6 kJmol�1 electrostatic cou-
pling between them, the imidazole-catalyzed hydrogen exchange is predict-
ed to occur at a rate of 1600 s�1. Reprotonation of the peptide by water will
occur at a rate of ~1011 s�1 if the amide pK is equal to or above the pK of
water, and will be proportionally slower for a more acidic amide.
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Molecular modeling of the PDI a domain transition states


The hydrogen-exchange data for the H38A variant of the
human a domain demonstrate that the amides of Gly37 and
Ala38 exhibit hydroxide-catalyzed rates that are nearly equal to
the diffusion limit ; this indicates that the interactions with the
surrounding tertiary structure have lowered the pK values for
these amides to near that of water. Although the role of
longer-range electrostatic interactions with other charged side
chains of the enzyme cannot be excluded by the present data,
the positive electrostatic potential that arises from the orienta-
tion of the peptide units within the a2-helix would appear to
be predominantly responsible for the increased acidities of the
amides within the active site.
With this experimental evidence for a diffuse positive elec-


trostatic potential within the active site of the human a
domain, consideration may be given to how the relatively dif-
fuse negative-charge distribution of the linear trisulfur transi-
tion states can be stabilized. The X-ray structure of the homol-
ogous a domain from yeast[8] was used for molecular model-
ing. The absence of resonances for the Gly37 and His38
amides contribute to a less well defined active-site region in
the solution structure of the human a domain.[30] The confor-
mation of the Arg103 side chain, discussed below, was not
constrained by NOE connectivities in the original solution
structure, although more recent solution structures of an ho-
mologous mouse a domain (PDB ID: 2DJ1, unpublished data)
and an homologous human a’ domain (PDB code 1X5C, un-
published data) indicate positioning of this Arg side chain simi-
lar to that found in the X-ray structure of the yeast enzyme.[8]


The linear trisulfur complex formed in the substrate reduc-
tion reaction, subsequently referred to as the inner transition
state, can be straightforwardly defined by the in-line attack of
a thiolate from the substrate on the disulfide bond of the oxi-
dized PDI domain (Figure 7A). To generate this model (the ho-
mologous human residues are listed in parentheses), only the
side chains of Cys61 (Cys36), Cys64 (Cys39), and His63 (His38)
were allowed to readjust. The positively charged side chain of
His63 is readily positioned so as to coordinate the partial nega-
tive charge of the terminal sulfur atom from the substrate. The
histidine side chain is likewise well positioned to accept a
proton from the incoming thiol and to donate a proton back
to the thiolate leaving group. The terminal methyl group rep-
resenting the cysteine Cb of the protein substrate is oriented
toward the hydrophobic cleft formed by the side chain of
Trp60 (Trp35) on one face and the backbone of Gly104 (Gly81)
and the side chain of Phe105 (Tyr82) on the other face. The C-
terminal fragment of the Ref-1 peptide that is covalently at-
tached via a stabilized mixed disulfide to human thioredoxin
binds in this hydrophobic cleft.[43] Modeling of the outer transi-
tion state formed during the substrate oxidation reaction is
less straightforward. The intermolecular disulfide bond in the
covalent complex of the Ref-1 peptide with human thioredoxin
is oriented approximately perpendicular to the active-site disul-
fide in the oxidized enzyme. The bond vector of the mixed
ACHTUNGTRENNUNGdisulfide points toward the highly conserved active-site cis-
Pro106 (Pro83), so that the attacking thiolate is anticipated to


approach from that general direction. Lying approximately
along this line in the yeast PDI a domain is the guanidinium
group of Arg126 (Arg103). This arginine is conserved not only
in PDI a domains from yeast to mammals, but also among
many of the human PDI homologues.[44] Ruddock and co-work-
ers[45] have shown that mutation of this arginine to a gluta-
mine in the human a domain results in a fourfold decrease in
the rate of oxidation of a model dithiol-containing peptide. If
the enzyme is to efficiently catalyze the formation of the outer
transition state, a stabilizing interaction with the ~ 1=2 e� charge
on the outermost sulfur of the complex is anticipated. This
ACHTUNGTRENNUNGarginine side chain can offer such an interaction. In analyzing
the X-ray structures of the redox states of the structurally ho-
mologous dsbA, Martin and colleagues[46] noted that reduction
of the enzyme results in a subtle readjustment of the back-
bone of the active site C�P�H�C segment, so as to permit
ACHTUNGTRENNUNGhydrogen bonding between the amide of the histidine residue
and the thiolate sulfur. A similar conformational transition
would help to stabilize the ~ 1=2 e� charge on this sulfur atom
that forms the second terminal position in the linear trisulfur
outer transition state.
A model for the outer transition state was generated that


accommodates the described characteristics by orienting the
trisulfur complex between the side chains of His63 and Pro106
and then carrying out energy minimization in which only the
atoms between the carbonyl carbon of Trp60 and the Ca of
Cys64 are permitted to move (Figure 7B). A hydrogen-bonding
potential was then applied between the Hh1 and Hh2 atoms of
Arg126 and the terminal sulfur of the transition state. The
methyl group representing the substrate cysteine Cb that con-
tributes the central atom of the outer trisulfur transition state
is oriented in a similar fashion as in the inner transition state
model, while the terminal methyl group projects toward the


Figure 7. Model structures of the inner and outer trisulfur transition states of
the yeast PDI a domain. A) A model of the linear trisulfur SN2 transition state
arising from attack of the solvent-inaccessible active-site cysteine on the
mixed-disulfide intermediate formed between the a domain and the sub-
strate. The terminal methyl, representing the cysteine of the substrate, proj-
ects toward the hydrophobic groove bounded by the indole ring of Trp60,
the phenyl ring of Phe105, and the backbone of Gly104. B) A model of the
outer transition state arising from the attack of a cysteine from the protein
substrate on the mixed disulfide intermediate. The guanidinium group of
Arg126 was modestly readjusted so as to enhance its interaction with the
partial negative charge located on the terminal sulfur of the complex.
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orientation adopted by the N-terminal fragment of
the Ref-1 peptide in the mixed disulfide complex
with human thioredoxin,[43] potentially enabling anal-
ogous noncovalent interactions between the enzyme
and substrate.


Mechanisms of disulfide isomerization


The intramolecular isomerization model (Scheme 1)
assumes that the mixed disulfide that is formed be-
tween PDI and the protein substrate remains intact
until completion of the uncatalyzed disulfide rear-
rangement within the substrate protein.[27] Measure-
ments by Gilbert and co-workers[26] provide an esti-
mate of the kinetic stability for this mixed disulfide.
In the absence of oxidized glutathione, they deter-
mined that concentrations of reduced glutathione
above 0.5 mm are required in order to appreciably
shift the fraction of reduced PDI from the steady-
state values seen at lower glutathione concentrations
during the unscrambling of oxidized RNase A. Since
both the a and a’ domains of PDI react with reduced
glutathione with rate constants near 200m


�1 s�1,[23]


the average rate at which PDI releases the RNase A
substrate to form the oxidized enzyme is of the order
of 1 s�1, which is comparable to the reactivity seen
with simple glutathione substrates. This comparative-
ly rapid attack upon the mixed disulfide by the buried cysteine
is believed to provide an “escape” mechanism for the elimina-
tion of catalytically unproductive intermediates.[47,48]


As illustrated by the example of bovine pancreatic trypsin
ACHTUNGTRENNUNGinhibitor, uncatalyzed disulfide rearrangements can have life-
times of as long as two weeks.[49] The disparity in timeframe
between such uncatalyzed disulfide rearrangements and cleav-
age of the mixed disulfide between the enzyme and substrate
can be artificially altered by mutation of the solvent-inaccessi-
ble cysteine in the active site of PDI. However, such a mutant
enzyme only catalyzes disulfide isomerization of the substrate
protein in the presence of a redox buffer that can serve to
cleave and regenerate the mixed disulfide between the
enzyme and the protein substrate.[47]


Reaction mechanisms that utilize only enzyme-catalyzed
transitions are illustrated in Scheme 3. Across the top of this
scheme is given the mixed-disulfide isomerization pathway.
This pathway presents a potential kinetic inefficiency in that
the initially formed mixed disulfide must remain intact until
after the second mixed disulfide has formed. Although the pair
of active sites in PDI offers a mechanism to enhance the rate
of formation of the second mixed disulfide, concurrent utiliza-
tion of the two active sites would imply a degree of coopera-
tivity that has not been observed in mutational studies.[47]


The reduction–reoxidation pathway is illustrated along the
counter-clockwise loop of Scheme 3. At three intermediate
steps in this pathway, the substrate is not covalently bound to
the enzyme, so dissociation of the complex can occur. Utilizing
particularly the b’ domain,[50] the peptide binding capacity of
PDI can function to suppress premature dissociation of the


substrate. As indicated by the diagonal pathway, the fully
ACHTUNGTRENNUNGreduced state might be kinetically redundant, since the two
mixed-disulfide states that it connects are formally equivalent.
A reduction mixed-disulfide isomerization–reoxidation pathway
avoids the primary limitation of the simple mixed-disulfide iso-
merization pathway, in that only one mixed disulfide between
PDI and the substrate need be present at any given time. In
addition, by eliminating the fully reduced substrate protein as
an intermediate, the unproductive dissociation of this non-
ACHTUNGTRENNUNGcovalently bound species is avoided. Clearly, partially reduced
protein substrates that are generated by other enzymes or by
direct reactions between the substrate and glutathione can be
readily incorporated at the corresponding position within this
overall scheme. At the same time, the catalytic role of PDI is
surely not limited to the transition-state-stabilization effects
considered in this study. Often significant conformational tran-
sitions must occur in order to establish the appropriate spatial
positioning for a pair of cysteines to yield disulfide formation,
and the peptide binding characteristics of PDI can facilitate the
diffusional component of this process.


Conclusions


The positioning of the human PDI a domain active site at the
N terminus of the a2-helix shifts the pK values for the amides
in that segment so that their acidities are equal to or greater
than that for water in both the oxidized and reduced forms of
the wild-type and H38A variant enzymes. The positive electro-
static potential necessary to cause this increase in amide acidi-
ty is of a similar magnitude to that required to explain the cat-


Scheme 3. Protein disulfide isomerization utilizing only enzymatically catalyzed transi-
tions. Disulfide exchange by mixed disulfide isomerization is illustrated across the top
line of the scheme. The counter-clockwise pathway depicts the reduction–reoxidation
mechanism. Branching diagonally from the lower left hand corner is illustrated a com-
bined reduction–mixed disulfide isomerization–reoxidation pathway that eliminates one
step of reduction–reoxidation, while at the same time removing the assumption of con-
current mixed-disulfide complexes that characterizes the mixed-disulfide isomerization
mechanism.
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alytic acceleration of glutathione and bis-hydroxyethyldisulfide
reduction through electrostatic stabilization of the transition
state.
This increase in thermodynamic acidity of the amides within


the active site, in turn, renders the His38 amide susceptible to
general base catalysis by the neutral imidazole side chain of
His38, which is a million-fold more efficient than general base
catalysis by the bulk solvent. We believe this to be the first ex-
ample of general base catalysis of amide hydrogen exchange
demonstrated within a protein. The active-site histidine and ar-
ginine side chains and the dipolar interactions of the a2-helix
contribute to a diffuse positive electrostatic potential that can
serve to stabilize both the inner and outer linear trisulfur tran-
sition states. By facilitating the substrate disulfide oxidation re-
actions that occur via the outer transition state, the interac-
tions of this arginine can contribute to the kinetic efficiency of
protein disulfide isomerization pathways that utilize exclusively
enzymatically catalyzed transitions.
Although the enhancement of amide acidity in the a


domain active site is seemingly adventitious to the mechanism
of disulfide isomerization, Brennan and Clarke[51] have shown
that the rate of asparagine degradation via a succinimide inter-
mediate is dependent on the acidity of the backbone amide
nitrogen. The resultant formation of isoaspartate residues is a
major source of spontaneous protein damage under physio-
logical conditions.[52] On the other hand, nature utilizes the
anion formed from the side-chain amide of asparagine to gen-
erate the essential N-glycosylation linkages in proteins[53] and
to cleave the protein chain at the C-terminal junction of self-
splicing intein systems.[54] The hydrogen-exchange data of the
a domain illustrate how local tertiary interactions can facilitate
the generation of the amide anion species that serves as the
primary nucleophile in these biological reactions.


Experimental Section


Protein expression and purification : The gene sequence for the
human PDI a domain was chemically synthesized (Genscript, Pis-
cataway, NJ) with codon optimization for expression in Escherichia
coli. The gene was cloned into the pET3a plasmid by utilizing the
NdeI and BamH1 restriction sites. Site-directed mutagenesis was
carried out according to the vendor protocols (Stratagene). The
ACHTUNGTRENNUNGexpression plasmids were transformed into the BL21ACHTUNGTRENNUNG(DE3) E. coli
strain (Novagen, La Jolla, CA). The expression and purification of
the a domain were carried out according to a protocol similar to
that previously described,[55] with the exception that the phenyl
ACHTUNGTRENNUNGSepharose column of the earlier protocol was replaced with a Se-
phadex G-75 gel filtration column equilibrated in the Tris buffer
(20 mm) used for the subsequent Q-Sepharose ion-exchange step.
Oxidation of the enzyme was carried out by incubation with bis-
hydroxyethyldisulfide at neutral pH.


NMR measurements : Samples of 15N- and 13C,15N-enriched human
PDI a domain were exchanged and concentrated by centrifugal fil-
tration into buffers containing 7% D2O and acetate, phosphate, or
borate (20 mm) with sodium chloride added to a final ionic
strength of 0.1m. For the reduced protein samples, dithiothreitol
(5 mm) was initially added to the samples and was then main-
tained at this concentration throughout data collection. 3D
HNCA[31,32] resonance-assignment experiments were carried out on


doubly labeled samples for both the oxidized and reduced a do-
mains. Independent confirmation was obtained from 3D 1H,15N,1H
NOESY spectra collected with a mixing time of 60 ms. Clean chemi-
cal-exchange-phase-modulated (CLEANEX-PM)[33] spectra were col-
lected for the 15N-enriched samples as a function of pH with
mixing times of 5.35, 10.7, and 21.4 ms. For the hard-pulse refer-
ence experiment,[34] the initial e-PHOGSY[56] component is replaced
with a high-power 908 pulse. The intensities of the fully relaxed
spectra were determined by exponential extrapolation of the in-
tensities from the hard-pulse reference experiment by using three
different relaxation delays. Water saturation was determined as
originally proposed,[33] by measurement of the water resonance
ACHTUNGTRENNUNGintensity after the e-PHOGSY component following steady-state cy-
cling through the full sequence. Analogous measurements were
also carried out for the hard-pulse reference experiment. The com-
parative intensities of the CLEANEX-PM and reference spectra were
used to derive hydrogen exchange rates up to 60 s�1. For more
rapidly exchanging resonances in the CLEANEX-PM spectra, the dif-
ferential hydrogen exchange rates Dkex were determined from the
differential 1H line broadening according to Dkex=pDn1=2


where n1=2


is the line width in Hz at half-height.


Enzymatic transition-state modeling : Residues 28 to 146 of the
yeast PDI X-ray structure[8] (PDB code: 2B5E) were used to repre-
sent the a domain. The initial positions of the thiol sulfurs from
Cys61 and Cys64 were taken from the coordinates for the reduced
form (20% occupancy). Hydrogens were added by using WHAT-
IF[57] with hydrogen-bonding optimization. The program Chimera[58]


was used to add missing atoms at the N and C termini, to generate
the protonated form of His63, and to adjust the dihedral angles of
the side chains of Cys61 and His63. For the transition-state com-
plexes, S�S and S�CH3 bond lengths were adjusted to 2.50 M and
1.81 M, respectively, and the Cb�S�S bond angle around the central
sulfur and all C�S�S�C dihedral angles were adjusted to 908 ; this
is consistent with the quantum-mechanical modeling.[7] To maxi-
mize compatibility with the standard AMBER[59] atomic charge set,
the charges for the central cysteine in the transition set were set
to those for cystine. The atomic charges for the terminal cysteines
were set to the average of the AMBER charge value set for cystine
and the cysteine thiolate, so as to yield a net �0.5e charge on
each terminal residue. For the methyl groups representing the ter-
minal substrate cysteines, the charges on the sulfur, carbon, and
hydrogens were scaled proportionately to the differences between
the cystine and cysteine thiolate charges to yield a net charge of
�0.5e for the residue. For the central sulfur of the outer transition
state, atomic charges of �0.1844, �0.0949, and 0.0931 were used
for S, Cb, and Hb, respectively. Restrained energy minimization was
performed by using AMBER with the Generalized Born model 5 for
solvent simulation with a cutoff of 16 M.


For the inner transition state, the third sulfur was added in-line
with the bond between the sulfurs of Cys61 and Cys64. Only the
side-chain atoms of Cys61, His62, and Cys64 were allowed to move
in a single round of energy minimization with a hydrogen bonding
potential maintained between the His62 Hd1 and the terminal
sulfur. For the outer transition state, three minimization rounds
were performed. In the first round, the c1 dihedral angle of Cys61
was rotated so as to direct the linear trisulfur group between the
Cb of His63 and the pyrrolidine ring of Pro106. The Cb-S�S angle
was artificially increased to 1438 to remove poor van der Waals
contacts. Energy minimization was carried out with only the atoms
between Trp60 C and Cys64 Ca allowed to move. Hydrogen bond
constraints were applied from Cys64 HN and His63 HN to Cys61 S. A
second round of minimization was applied over the same set of
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atoms with a bond-angle restraint applied for the Cys61 Cb�S�S
angle. In the third minimization round, only the side-chain atoms
of Cys61, His63, and Arg126 were allowed to move, while hydro-
gen bond constraints were applied between His63 Hd2 to Cys61 S
and between Arg126 Hh1 and Hh2 and the terminal sulfur of the
transition-state complex. Coordinates for this model of the outer
trisulfur transition state complex and the heavy atoms of the yeast
PDI a domain that have been shifted from their positions in the X-
ray structure are available as Supporting Information.
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Introduction


Thymidylate synthase (TS, ThyA; EC 2.1.1.45) is an essential
enzyme for most living organisms. TS catalyzes the conversion
of 2’-deoxyuridine-5’-monophosphate (dUMP) into 2’-deoxythy-
midine-5’-monophosphate (dTMP) by using N5,N10-methylene-
tetrahydrofolate (MTHF) as a cofactor. In most organisms, this
pathway is the exclusive source of dTMP, which is essential for
the synthesis of DNA. Recently, the mechanism of action of TS
has been reconsidered.[1–3]


TS inhibition affects the DNA replication process and leads
to thymineless death. Therefore, TS has been regarded as a
target for anticancer drugs. The enzyme has also been impli-
cated in the regulation of protein synthesis and in apoptotic
processes, as well as in the development of Alzheimer’s dis-
ease.[4] Recent interest in antibacterial agents that target TS
has given rise to the challenging problem of finding species-
specific inhibitors for highly conserved enzymes. In this con-
text, Lactobacillus casei TS (LcTS) and Escherichia coli TS (EcTS)
are the most frequently studied bacterial TSs.[5–6]


TS is an obligate homodimer with two active sites, each of
which is formed by residues from both monomers. Compara-
tive analysis of the known three-dimensional structures of TSs
from different species shows that the overall protein fold is
highly conserved; however, some structurally different domains
are observed. The most variable regions are the small domain
(SD) and the loop at the interface (HIL). LcTS is 316 amino
acids long; the EcTS sequence is shorter, with 264 amino acids.
The most variable region in LcTS and EcTS is the SD (residues
70–139 in the LcTS sequence, residues 68–87 in the EcTS
ACHTUNGTRENNUNGsequence), which is 20 residues long in EcTS and 70 residues
long in LcTS.[7,8]


Although the overall amino acid identity between LcTS and
EcTS is only 50%, 39 of 55 residues within the substrate-bind-
ing domain, where substrates and classical inhibitors bind, are
identical ; therefore, it is difficult to discriminate between the


two bacterial enzymes with known ligands. Classical TS inhibi-
tors, such as folate-related compounds, bind tightly to the
highly conserved folate binding site without discriminating be-
tween the two TS species.[9] However, nonclassical TS inhibitors
that are structurally dissimilar from the substrate can discrimi-
nate specifically between the two bacterial species and are
therefore important tools for probing species specificity for
bacterial enzymes.[7,8,10–13]


By combining virtual screening with solid-phase in-parallel
chemistry, a small library of O-dansyl-l-tyrosine derivatives was
synthesized previously. Among these derivatives, N,O-didansyl-
l-tyrosine (DDT) was the most potent inhibitor (KiACHTUNGTRENNUNG(LcTS)=
1.4 mm). Compounds 2L–9L showed low-micromolar affinity
for LcTS (Table 1).[10] DDT is a competitive inhibitor of TS versus
the MTHF cofactor and is noncompetitive versus the substrate
dUMP, which binds at a nearby site. DDT was selective for bac-
terial TS (LcTS and EcTS) over human TS.


Owing to the structural differences between the LcTS bind-
ing site and that of EcTS, we expected that a large molecule,
such as DDT, would be unable to inhibit EcTS with the potency
exhibited for LcTS. Surprisingly, DDT showed similar binding-
affinity profiles for EcTS and LcTS (Ki ACHTUNGTRENNUNG(EcTS)=1.8 mm, KiACHTUNGTRENNUNG(LcTS)=
1.4 mm). Therefore, a pronounced conformational rearrange-


The elucidation of the structural/functional specificities of highly
conserved enzymes remains a challenging area of investigation,
and enzymes involved in cellular replication are important tar-
gets for functional studies and drug discovery. Thymidylate syn-
thase (TS, ThyA) governs the synthesis of thymidylate for use in
DNA synthesis. The present study focused on Lactobacillus casei
TS (LcTS) and Escherichia coli TS (EcTS), which exhibit 50% se-
quence identity and strong folding similarity. We have successful-


ly designed and validated a chemical model in which linear, but
not constrained, dansyl derivatives specifically complement the
LcTS active site. Conversely, chemically constrained dansyl deriva-
tives showed up to 1000-fold improved affinity for EcTS relative
to the inhibitory activity of linear derivatives. This study demon-
strates that the accurate design of small ligands can uncover
functional features of highly conserved enzymes.
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ment of DDT must occur to allow efficient binding to EcTS. X-
ray crystallographic studies of EcTS and LcTS were carried out
to investigate the binding orientation of DDT in each of the
two active sites.


The X-ray crystal structure of DDT bound to EcTS provided
evidence that DDT adopts a folded conformation in the EcTS
binding site. The O-dansyl group (proximal dansyl ring) binds
in the folate-binding domain at the same location as the qui-
nazoline ring of the folate, and the N-dansyl group (distal
dansyl ring) is folded over the tyrosine phenyl ring through
stacking interactions (Figure 1A).[10–14] Attempts to obtain the


X-ray crystal structure of DDT bound to LcTS failed; however,
molecular-dynamics studies on LcTS suggested that DDT could
adopt two binding conformations: a folded and a semifolded
conformation, whereby the latter is preferred (Figure 1B).[6]


In a preliminary evaluation of the affinities of compounds
2L–9L for EcTS, inhibitory activity was only detected for deriv-
ative 2L (Table 1). These results suggest that compounds 3L–
9L can not assume a folded conformation that fits effectively
into the active site. Chemical features of these molecules


Table 1. Activity of linear dansyl derivatives against LcTS and EcTS.


Code Structure Ki [mm]
LcTS EcTS


DDT 1.4 1.8


1L


2L 4.4 8.2


3L 2.5
>1327[a]


ACHTUNGTRENNUNG(s=75)


4L 15
>1327[a]


ACHTUNGTRENNUNG(s=72)


5L 6.7
>636[a]


ACHTUNGTRENNUNG(s=36)


6L 5.8
>1344[a]


ACHTUNGTRENNUNG(s=76)


7L 17
>1468[a]


ACHTUNGTRENNUNG(s=83)


8L 4.7
>1804[a]


ACHTUNGTRENNUNG(s=102)


9L 27
>1327
ACHTUNGTRENNUNG(s=75)


[a] Value calculated by assuming 2% inhibition at the solubility limit (s
[mm]).


Figure 1. A) Details of the X-ray crystal structure of the ternary complex
DDT–dUMP–EcTS: DDT bind to EcTS in a folded conformation. Protein struc-
tures are shown as ribbons. DDT and dUMP atoms are colored by atom type
(C atoms of DDT in magenta and C atoms of dUMP in cyan). B) Predicted
binding orientation of DDT in LcTS. DDT assumes a semifolded conforma-
tion. Protein structures are shown as ribbons. DDT and dUMP atoms are col-
ored by atom type (C atoms of DDT in dark gray and C atoms of dUMP in
cyan).


780 www.chembiochem.org D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2008, 9, 779 – 790


D. Tondi, M. P. Costi et al.



www.chembiochem.org





might prevent them from adopting a folded conformation and
thus preclude their binding to the EcTS enzyme. If this as-
sumption is correct, a key code in discrimination between the
two highly conserved TS enzymes could be revealed. To deter-
mine conclusively the contributions of linear and folded con-
formations of DDT and its derivatives toward the binding of
these molecules to bacterial TSs, we designed and synthesized
a series of constrained DDT analogues (Table 2).


The introduction of conformational constraints often modu-
lates the chemical and biological properties of bioactive mole-
cules and therefore serves as a useful chemical tool for inves-
ACHTUNGTRENNUNGtigating the conformational and structural requirements of
enzyme–ligand interactions.[15–18] In the present case, a con-
strained DDT conformation could enhance entropically the
binding affinity of DDT analogues for EcTS. The non-natural
amino acid 1,2,3,4-tetrahydro-7-hydroxyisoquinoline-3-carbox-
ylic acid (OH-Tic), a tyrosine derivative in which the side chain
is part of a six-membered ring, was introduced into the struc-
ture of the dansylated molecule (Scheme 1) to provide local
constraints in DDT derivatives.


Whereas converting the tyrosine functionality into a cyclic,
rigid moiety contributes substantially to the immobilization of
the final molecule, the a-amino group in the core serves as a
derivatization point for the parallel introduction of different
building blocks free to rotate along the N�SO2 and the SO2�R
bonds. The building blocks introduced as substituents on the
a-amino group were critical for exploring EcTS binding plastici-
ty.


All R derivatives (rigid compounds) in the series were tested
for their inhibitory activities against LcTS and EcTS, and their
affinity profiles were compared with those of the L derivatives
(linear analogues). The three-dimensional arrangements in so-
lution of the rigid DDT analogue 1R were investigated by
high-resolution 2D NMR spectroscopy (COSY, HMQC, HMBC,
and NOESY) to pinpoint a more stable conformation potential-
ly related to the biological activity of 1R.[19–20] Compound 1R
was then modeled in the EcTS binding site to elucidate its ac-
tivity profile. The relationship between bacterial TS selectivity
and the 1R conformation elucidated from 2D NMR spectrosco-
py and modeling studies is discussed.


Results and Discussion


Design and synthesis


Previous results led us to conclude that dansyl derivatives do
not have unique binding modes for the EcTS and LcTS active
sites. Preliminary evaluation of the binding of compounds
from set L to EcTS revealed that these linear compounds could
not bind the enzyme efficiently (Ki =0.6–1.8 mm). In contrast,
the compounds from set L bind LcTS (Ki =1.4–27 mm). There-
fore, we decided to decrease the overall bulk of the molecules
by using conformationally constrained analogues.


DDT is a highly flexible molecule in which two freely rotata-
ble bonds connect the proximal dansyl group with the ben-
zene ring, and five freely rotatable bonds connect the benzene
ring with the distal dansyl group (Scheme 1). Folded and semi-
folded conformations have been described for the X-ray crys-
tallographic structure of the EcTS–dUMP–DDT complex and the
MD-modeled structure of the LcTS–dUMP–DDT complex (Fig-
ACHTUNGTRENNUNGure 1A and B).[6, 14] These conformations differ in the reciprocal
positions of the tyrosine and distal dansyl rings. The folded
conformation is characterized by an intramolecular p–p stack-
ing interaction between the tyrosine and distal dansyl rings,
which appear to be almost parallel to one another. In contrast,
in the semifolded conformation, the intramolecular interaction
between the tyrosine and distal dansyl rings has an edge-on
orientation, with the aromatic rings located perpendicular to
one another (Figure 1A and B).[21]


We designed and synthesized a series of structurally con-
strained DDT analogues (set R, Table 2) related to the linear de-
rivatives described previously (set L, Table 1).[10] The conforma-
tionally constrained DDT derivatives were designed as rotation-
ally locked analogues containing the constrained amino acid
1,2,3,4-tetrahydro-7-hydroxyisoquinoline-3-carboxylic acid (OH-
Tic). The incorporation of this amino acid specifically restricts
the rotation of the tyrosine side chain (Scheme 1) and was the
primary synthetic modification to DDT and its derivatives. The
secondary a-amino group was the derivatization point for the
parallel introduction of different building blocks, in analogy
with the synthesis of the linear dansyl derivatives (Table 1).


The N substituents introduced maintain significant confor-
mational freedom along the sulfonamide/amide bond and, on
the basis of the crystallographic structure of the DDT–EcTS
complex, should explore additional subsites within the active


Scheme 1. Design of constrained DDT derivatives 1R–9R related to N,O-didansyl-l-tyrosine (DDT, 1L) and its derivatives 2L–9L. The chemical constraint intro-
duced in the tyrosine-derived portion of the molecule is highlighted.
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site of EcTS. In particular, four subsites delimit the entrance to
the enzyme active site: T78, D81, E82, and W83 form the first
subsite; H51, R53, S54, N76, T78, and the backbone of V77


form the second. The other two subsites are formed by K48,
C50, H51, G257, K259, and the backbones of R49 and I258, and
by K259, A260, and V262 (Figure 2).


Compound 1R has reduced flexibility, with three of the five
freely rotatable bonds that connect the benzene ring with the
second naphthalene ring in DDT frozen in the tetrahydroiso-
quinoline ring. This designed compound is a reasonable rigid
model of the semifolded conformation observed for DDT
bound to LcTS.


Constrained analogues of DDT were synthesized in five steps
from the diiodo-substituted tyrosine derivative 3-(3,5-diiodo-4-
hydroxyphenyl)-2-aminopropanoic acid (Scheme 2). Thus, a
Pictet–Spengler reaction followed by the protection of the
N atom with the acid-labile protecting group Boc gave 2A.
Next, catalytic dehalogenation provided the desired rigid core
compound 4A in high optical purity. Compound 4A was treat-
ed with dansyl chloride, and the product 5A was deprotected
under acidic conditions to afford compound 6A.[22] Compound
6A was treated with the appropriate sulfonyl or acyl chlorides
to afford compounds 3R–9R. By alternative routes, product
1A of the Pictet–Spengler reaction was converted into the
rigid DDT analogue 1R and the corresponding diiodo analogue
2R (Scheme 2). Most products were isolated in good yields
and underwent purification by crystallization (when indicated).


2D NMR spectroscopic determination of the conformation of
1R in solution


Compound 1R was investigated by high-resolution 2D NMR
spectroscopy (COSY, HMQC, HMBC, and NOESY) for the exis-
tence of a stable conformation in solution. In a preliminary ex-
periment, DDT (1L) did not show any blocked conformations
in solution at room temperature or �200 8C. In contrast, com-


Table 2. Activity of constrained dansyl derivatives against LcTS and EcTS.


Code Structure Ki [mm]
LcTS EcTS


rigid DDT
1R


0.8 13


2R 3.6 7.0


3R 5.9 23


4R 15 36


5R 5.5 61


6R 23 131


7R 9.4 1529


8R 10 194


9R 4 60


Figure 2. Four subsites form the entrance of the EcTS active site. T78, D81,
E82, and W83 form the first subsite; H51, R53, S54, N76, T78, and the back-
bone of V77 form the second. The other two subsites are formed by K48,
C50, H51, G257, K259, and the backbones of R49 and I258, and by K259,
A260, and V262. Residues involved in key interactions with 1R are labeled.
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pound 1R showed NOEs of interest at room temperature for
the 1,2,3,4-tetrahydro-7-hydroxyisoquinoline-3-carboxylic acid
moiety and the distal dansyl ring. The data obtained were
used to determine the three-dimensional structure of rigid
DDT (Figure 3A).


In all 2D NOESY spectra recorded at room temperature, the
NOE between 10-H and 12-Ha, which has a coupling constant
of 2.0 Hz with 13-H, is four times as strong as the NOE be-
tween 12-Ha and 12-Hb. The NOE between 12-Hb and 13-H is
twice as intense as that observed between 12-Ha and 13-H
(Figure 3A). Given the proportional dependence of NOE en-
hancement on 1/r6, these data suggest that in the three-di-


mensional model of rigid DDT, 12-Ha is closer to 10-H than to
12-Hb, and that 12-Hb is closer to 13-H than to 12-Ha (Fig-
ure 3A). NOEs of different intensities were observed for 14-Ha


and 14-Hb of 1R ; in particular, 14-Ha (d=4.6 ppm) is slightly
farther than 14-Hb from 11-H (NOE14-Ha–11/NOE14-Hb–11 =0.8). How-
ever, in analogy with the results for DDT, no NOEs were ob-
served for the proximal dansyl ring of 1R, neither with the iso-
quinoline ring nor with the distal dansyl ring (Figure 3A). This
result suggests that the proximal dansyl group has high con-
formational freedom.


Interestingly, the distal dansyl ring of 1R seems to have
lower conformational freedom than the proximal dansyl ring.


Scheme 2. Synthesis of constrained DDT analogues: a) CH2O, (CH2OCH3)2, HCl, 72–80 8C; b) Et3N, DMF, H2O, (tBuOCO)2, room temperature; c) Et3N, MeOH, Pd/
C, H2, room temperature; d) dansyl chloride, NaHCO3, NaOH, room temperature; e) CF3COOH, CH2Cl2, room temperature; f) sulfonyl or acyl chloride, NaHCO3,
NaOH, room temperature. Boc= tert-butoxycarbonyl.
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In the NOESY spectra, cross-peaks of different intensities be-
tween 20-H (distal ring) and 13-H, 14-Ha, and 14-Hb are present.
The NOE between 20-H and 13-H is similar in intensity to that
between 12-Ha and 10-H, whereas the NOE between 14-Ha and
20-H is 2.5 times weaker. The ratio NOE14-Ha–20-H/NOE14-Hb–20-H is
0.6. The conclusion that 20-H is closer to 14-Hb and 13-H than
to 14-Ha provides information on the conformation of the
distal ring in 1R (Figure 3A).


The conformation of 1R at room temperature is similar to
the semifolded conformation described for DDT in the MD-


modeled structure of the LcTS–dUMP–DDT complex.[6] The
distal dansyl and tetrahydroisoquinoline rings are close to one
another and almost perpendicular. No preferred conformation
can be described for the proximal dansyl moiety, as no NOE
signals were observed.


Further 2D NMR experiments were carried out at low tem-
perature to favor the formation of the more stable conformer
of 1R. During the temperature-dependent evolution of the 1H
NMR spectra, the movement of the signals for 9-H (�0.6 ppm),
13-H (0.5 ppm), 11-H (0.4 ppm), and 14-Hb (�0.3 ppm) is evi-


Figure 3. Determination of the conformation of 1R by 2D NMR spectroscopy: NOESY experiment at A) 300 K and B) 200 K. Full ring: H10/H12a, dotted ring:
H13/H12a and H13/H12b, dashed ring: H11/H14a and H11/H14b.
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dent. Interestingly, the signals for two hydrogen atoms on the
dansyl rings, 1-H (proximal) and 20-H (distal), move as the tem-
perature is decreased (see the Supporting Information). Al-
though the proximal dansyl ring showed no NOE signals at
room temperature, an interaction between 6-H (proximal
dansyl ring) and 9-H (benzene ring of tyrosine) was observed
at low temperature. The intensity of this cross-peak was 80
times lower than that of the cross-peak observed between 12-
Ha and 10-H (estimated distance: 3.6 M). Two NOEs were ob-
served for the distal dansyl ring at low temperature, one of
which (between 20-H and 13-H) was also observed at room
temperature. An additional NOE was observed between 20-H
and 12-Hb. Therefore, with respect to the conformation adopt-
ed at room temperature, at low temperature the distal dansyl
group moves toward the benzene ring. By ACHTUNGTRENNUNGintegrating all de-
tected NOEs, we estimated the internuclear distances between
hydrogen atoms for which NOEs were observed. The results
ACHTUNGTRENNUNGallowed the elucidation of the 3D structure of 1R at low tem-
perature (Figure 3B).


Prediction of the binding conformation of 1R in EcTS by
molecular modeling


The conformation of 1R determined in solution by means of
2D NMR spectroscopy was fitted to the crystallographic bind-
ing site of EcTS.[14] The O-dansyl moiety and the aromatic ring
of the tetrahydroisoquinoline fragment, for which no preferred
conformations were detected by NMR spectroscopic analysis,
were modeled according to the conformation adopted by DDT
in the X-ray crystal structure of the ternary DDT–dUMP–EcTS
complex. This rigid match revealed a bad contact between the
dimethylamino moiety and the side chain of T78 (Figure 4A).
Therefore, the complex was energy minimized by a molecular
mechanics method. In the resulting complex, the O-dansyl
moiety (proximal dansyl group) forms electrostatic interactions
with dUMP and the side chains of D169 and W83. The O-
dansyl moiety also interacts through van der Waals interactions
with W83, L143, L172, G173, V262, A263, and dUMP. The tetra-
hydroisoquinoline moiety of the molecule forms van der Waals
interactions with E82, L172, A260, P261, and V262; the carbox-
ylic group forms an electrostatic interaction with the backbone
of V262 (NH group). The N-dansyl moiety forms electrostatic
interactions with the side chains of R53, S54, N76, and T78 and
van der Waals interactions with T78, I79, and E82 (Figure 4B).


Major differences were observed with respect to DDT in the
binding of the N-dansyl moiety (distal ring) and in the orienta-
tion of the carboxylic functionality. These differences are relat-
ed to the constrained tetrahydroisoquinoline ring of 1R versus
the tyrosine moiety of DDT. Two hydrogen bonds with S54 and
T78, and the aromatic stacking interactions of the N-dansyl
and tyrosine moieties with I79 and L172, are features of the
binding of DDT that are lost in the complex with 1R.


Analysis of the predicted binding orientation of 1R explains
how the constrained DDT analogue maintains a relatively good
binding affinity for EcTS (KiACHTUNGTRENNUNG(DDT)=1.8 mm, KiACHTUNGTRENNUNG(1R)=13 mm ; Fig-
ure 4C). Although the binding of the O-dansyl portion of 1R
closely resembles DDT binding in the EcTS folate domain, with


1R a new electrostatic interaction is present between the car-
boxylic group and the backbone of V262 (NH group), as well
as a dipole–quadrupole interaction between T78 and the N-
dansyl moiety. The establishment of these new interactions be-
tween 1R and EcTS probably minimizes the detrimental effect
on binding of the constrained tetrahydroisoquinolinic moiety,


Figure 4. Conformation of 1R as predicted by molecular modeling and as
determined by NMR spectroscopy. A) Superimposition of the 1R conforma-
tion determined by NMR spectroscopy (green) and the calculated 1R confor-
mation (blue). Unfavorable interactions exist between T78 and the nonmini-
mized conformation determined by NMR spectroscopy. B) EcTS binding site
of 1R. Protein residues are colored by atom type, with C atoms in gray. Li-
gands are colored by atom type, with C atoms in blue. C) Superimposition
of the EcTS–DDT–dUMP complex determined by X-ray crystallography and
the predicted conformation of 1R. Protein residues are shown as ribbons,
and ligands are colored by atom type: C atoms of DDT in magenta for the
X-ray crystal structure and in light blue for the predicted model.
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which causes the loss of the aromatic stacking interaction of
the N-dansyl and tyrosine moieties with I79 and L172.


Comparison of the unbound conformation of 1R as mea-
sured by NMR spectroscopy with the minimized/bound confor-
mation of 1R in the modeled ternary complex revealed several
differences (Figure 4A). In particular, in the N-dansyl moiety,
the torsions N�SO2 and SO2�R were rotated by approximately
40 and 608, respectively. These conformational changes are
necessary for the accommodation of the ligand in the active
site of EcTS. In fact, without this rearrangement there would
be a bad contact between the dimethylamino group of the N-
dansyl moiety and T78. The heats of formation calculated from
the AM1/SM2 Hamiltonian show that both conformations,
bound and unbound, are favorable energetically (�203 and
�177 kcalmol�1, respectively) ; however, the bound conforma-
tion is more stable than the unbound conformation by approx-
imately 26 kcalmol�1.


Conformational analysis was performed on the N�SO2 and
SO2�R torsions. The heats of formation of the 1296 conformers
generated by increasing each torsion angle in increments of
108 indicate that these torsions are constrained (see the Sup-
porting Information). Most energetically favorable conforma-
tions show that the SO2�R torsion can rotate within the ranges
0–20, 60–155, and (�)110–08, whereas the N�SO2 torsion is
constrained in the range 135–1758. There are two energetically
equivalent optimal conformations: the first (conformer 1) with
N�SO2 and SO2�R torsion angles of 160 and 1108, respectively,
and with a heat of formation of �204 kcalmol�1, and the
second (conformer 2) with N�SO2 and SO2�R torsion angles of
150 and (�)408, respectively, and with a heat of formation of
�203 kcalmol�1. Conformers 1 and 2 show very similar geome-
tries to the conformations observed experimentally by low-
temperature NMR spectroscopy (see the Supporting Informa-
tion).


Molecular-modeling calculations of the stable conformers of
compound 1R reproduce nicely the geometries determined by
NMR spectroscopy for the isolated molecule. When the confor-
mer determined by NMR spectroscopy is fitted into the EcTS
active site, an adaptation to the binding site is necessary to
avoid bad contacts. The flexibilities of compound 1R and the
enzyme residues allow an energy-minimized complex to be
formed.


Biological activity


All synthesized compounds were tested for binding to LcTS
and EcTS (Table 1). The linear analogues 1L–9L showed high
to moderate affinities for LcTS (with Ki values that ranged from
1.4 to 27 mm). However, the linear compounds could not bind
effectively to the EcTS enzyme, with the exception of 2’,6’-di-
ACHTUNGTRENNUNGiodo-DDT (2L), a close DDT analogue that shows an affinity
ACHTUNGTRENNUNGprofile similar to that of DDT (Ki =1.8 and 8.2 mm for DDT and
2L, respectively). Compounds 3L–9L had lower affinities for
EcTS by a factor of 102–103 (Ki@636-1804 mm). Thus, binding to
EcTS appears to be governed by more-rigid structural require-
ments in terms of bulkiness and binding conformation than
binding to LcTS (Table 1).


The correlation of structural changes with affinity for LcTS
along the linear series revealed that the largest potency
change occurred upon the conversion of a sulfonamide group
into an amide (3L versus 4L ; DDT versus 7L), a transformation
which causes the activity to diminish by a factor of 6–12 (the
Ki value increases from 1.4 to 17 mm for DDT, 3L, 4L, and 7L).


The constrained derivatives 1R–9R showed high to moder-
ate affinities for LcTS (Ki =0.8–23 mm ; Table 2), as observed for
the linear analogues. Rigidity was the discriminating aspect be-
tween the two series: Except for 7R, the constrained deriva-
tives showed good binding affinities for EcTS. These affinities
were considerably improved with respect to those of the linear
analogues; for example, 9R was 20 times as active as the cor-
responding linear derivative toward EcTS. However, without ex-
ception, the rigid derivatives still bind more efficiently to LcTS
than to EcTS (Ki =7–194 mm).


The low affinity of 7R for EcTS (Ki =1529 mm) can be ex-
plained by steric hindrance caused by the naphthalene ring
and the presence of an amide bond instead of a sulfonamide.
The change in geometry from the nonplanar sulfonamide
group to the planar carbamide functionality introduces addi-
tional rigidity in the fragment at the secondary a-amino group.
Considering the overall reduced flexibility of the core structure
of 7R, the results obtained clearly indicate the critical effect of
the O-dansyltetrahydroisoquinoline structure on the binding of
the R fragmetns.


Structural inspection upon the binding of DDT derivatives
accounts for a low level of specific binding interactions of the
“distal” fragment. The Ki values for compounds 2R–6R and
8R–9R reflect a degeneration of the binding energies with in-
creasing flexibility of the R fragment (see Scheme 1). This flexi-
bility affects their ability to interact strongly with a specific
region of the EcTS binding site. The structural determinant for
the binding specificity is, as expected, the tetrahydrohydroxyi-
soquinoline core, which functions as an effective conformation-
al constraint.


We conclude from the activity data that the active site of
LcTS is better able to accommodate both linear and rigid mol-
ecules and is freer than the EcTS active site to rearrange con-
formationally. The latter active site has more restrictions in
terms of recognition and binding interactions. Consequently,
EcTS binds more tightly those molecules that can assume a
folded/ordered binding mode, as observed for DDT in the EcTS
crystal structure (folded conformation), or a semifolded confor-
mation, as observed for 1R in the 2D NMR spectroscopic stud-
ies.


Conclusions


The design of species-specific inhibitors able to discriminate
between different highly conserved enzymes is a challenging
problem. Species-specific discrimination is crucial for enzymes
involved in cellular replication. TS is one of the best-known tar-
gets among these enzymes, as well as one of the most highly
conserved enzymes. The high degree of conservation between
LcTS and EcTS (up to 50% overall and greater than 70% be-
tween active sites) makes it difficult to identify ligands that can
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discriminate between these enzymes. Previous studies revealed
that a benzyloxycarbonylamino-N,O-didansyl-l-tyrosine deriva-
tive was able to discriminate between the two species, with a
specificity index (SI=KiACHTUNGTRENNUNG(EcTS)/KiACHTUNGTRENNUNG(LcTS)) of 102.[10] Moreover,
structural studies suggested the possibility of extending this
finding to the entire family of dansyl derivatives.


To validate our chemical model, we synthesized 1R, a dansyl
derivative in which the isoquinoline moiety is a constrained an-
alogue of the tyrosine residue in DDT, and introduced different
substituents on the a-amino group. The new rigid compounds
were able to bind EcTS, whereas the corresponding linear com-
pounds could not. The SI of greater than 103 found in this
case corresponds to an approximately tenfold increase with
ACHTUNGTRENNUNGrespect to that of the previously identified ligand. Thus, a key
code for discriminating between the two highly conserved en-
zymes has been uncovered.


The low-energy conformation of the reference compound
1R was determined by two-dimensional NMR spectroscopic
studies, and molecular modeling studies demonstrated that
the EcTS enzyme prefers to bind conformations in which the
fragment attached to the constrained core is rotated by about
608. These results reinforce the finding that EcTS can bind spe-
cifically only selected conformations. In conclusion, this study
demonstrates that the accurate design of small ligands can
reveal functional features of highly conserved enzymes.


Experimental Section


General : Dansyl-l-tyrosine, 3’,5’-diiodo-l-tyrosine, 3’-chloro-l-tyro-
sine, 3’-iodo-l-tyrosine, and sulfonyl chlorides were purchased
from Aldrich, Sigma, and Fluka. The progress of reactions was
monitored by TLC on silica-gel plates (Riedel-de-Haen, Art. 37341).
Merck silica gel (Kieselgel 60, 230–400 mesh) was used for flash
column chromatography. Elemental analyses were performed on a
Perkin–Elmer 240C elemental analyzer; the results are within
�0.4% of the theoretical values. 1H NMR and 2D NMR spectra
were recorded on Bruker 200-MHz and 400-MHz spectrometers
with tetramethylsilane as an internal standard. All chemicals used
were of reagent grade. Yields refer to purified products and are
not optimized.


3-(S)-1,2,3,4-Tetrahydro-7-hydroxy-6,8-diiodoisoquinoline-3-car-
boxylic acid (1A): (S)-2-amino-3-(3,5-diiodo-4-hydroxyphenyl)pro-
pionic acid (1.8 g, 3.8 mmol) was suspended in a solution of con-
centrated HCl (18 mL), 1,2-dimethoxyethane (1.2 mL), and formal-
dehyde (1.3 mL, 37% w/w). The white suspension was stirred and
heated slowly to 72 8C over 30 min. Concentrated HCl (8 mL), 1,2-
dimethoxyethane (0.6 mL), and formaldehyde (0.7 mL) were then
added, and the mixture was stirred for 18 h at 72–75 8C. The sus-
pension was then cooled, and the solid material was filtered off
and recrystallized from MeOH/H2O to give 1A (41%). M.p. 220–
2258 ; 1H NMR ([D6]DMSO, 200 MHz): d=7.72 (s, 1-H), 4.03 (d, J=
16.4 Hz, 4-Ha), 3.93 (d, J=16.4 Hz, 4-Hb), 3.59 (dd, J=4.8, 10.6 Hz, 3-
H), 3.10 (dd, J=4.8, 16.6 Hz, 2-Ha), 2.90 ppm (dd, J=10.6, 16.6 Hz,
2-Hb); elemental analysis calcd (%) for C10H9I2NO3: C 26.99, H 2.04,
N 3.15; found: C 26.79, H 2.22, N 3.26.


3-(S)-7-Hydroxy-6,8-diiodo-3,4-dihydro-1H-isoquinoline-2,3-di-
carboxylic acid 2-tertbutyl ester (2A): Compound 1A (1.62 g,
3.6 mmol) was dissolved in a mixture of Et3N (0.1 mL), DMF
(11.25 mL), and water (3 mL). Di-tert-butyldicarbonate (1.178 g,


5.4 mmol) was added, and the resulting mixture was stirred at
room temperature for 5 h. The solvent was then removed, and the
crude product was dissolved in 10% aqueous KHSO4 (8 mL; pH 3–
4) and extracted with EtOAc (3Q20 mL). The organic phase was
separated from the aqueous layer and dried over anhydrous
Na2SO4, and the solvent was ACHTUNGTRENNUNGremoved under reduced pressure. Re-
crystallization of the crude product from EtOAc/benzene afforded
2A (83%). M.p. 160–165 8C; 1H NMR ([D6]DMSO, 200 MHz): d=7.72
(s, 1-H), 4.85 (dd, J=2, 6.8 Hz, 3-H), 4.57 (d, J=16.4 Hz, 4-Ha), 4.29
(d, J=16.4 Hz, 4-Hb), 3.20 (dd, J=2, 6.8 Hz, 2-Ha), 3.14 (dd, J=6.8,
16.4 Hz, 2-Hb), 1.53 ppm (s, 9H, Boc); elemental analysis calcd (%)
for C15H17I2NO5: C 33.05, H 3.14, N 2.57; found: C 33.19, H 3.04, N
2.44.


3-(S)-1,2,3,4-Tetrahydro-7-hydroxy-isoquinoline-3-carboxylic acid
(3A): Compound 1A (3.46 g, 7.7 mmol) was dissolved in EtOH
(12 mL), H2O (5 mL), and Et3N (0.6 mL), and the resulting mixture
was hydrogenated at 203 kPa in the presence of Pd/C (10%) for
3 h with stirring. The catalyst was then eliminated by filtration, and
the solution was acidified with dilute HCl to pH 6. The solid prod-
uct was filtered and washed with cold H2O to give 3A (82%).
1H NMR ([D6]DMSO, 200 MHz): d=7.65 (s, 1-H), 7.13 (d, J=8.2 Hz,
2-H), 6.89 (d, J=8.2 Hz, H-3), 3.5–4.6 (m, 2H, 6-Ha,b), 3.05 (t, J=5.0,
10.4 Hz, 5-H), 2.95 (dd, J=5.0, 17.4 Hz, 4-Ha), 2.80 ppm (dd, J=10.4,
17.4 Hz, 4-Ha) ; elemental analysis calcd (%) for C10H11NO3: C 62.17,
H 5.74, N 7.25; found: C 62.33, H 5.64, N 7.13.


(S)-7-Hydroxy-3,4-dihydro-1H-isoquinoline-2,3-dicarboxylic acid
2-tertbutyl ester (4A): Compound 2A (1.568 g, 2.9 mmol) was dis-
solved in MeOH (60 mL) and Et3N (6 mmol), and Pd/C (10%;
0.186 g) was added to the solution. The mixture was stirred under
H2 pressure (2 atm) for 12 h at room temperature. The catalyst was
then filtered off, and the filtrate was evaporated under vacuum.
The product 4A (71%) was obtained by using the same work up
as for compound 2A. M.p. 252–257 8C; 1H NMR ([D6]DMSO,
200 MHz): d=7.08 (d, J=8.4 Hz, 3-H), 6.69 (s, 1-H), 6.60 (d, J=
8.4 Hz, 2-H), 4.92 (dd, J=2, 6.8 Hz, 5-H), 3.28 (d, J=16.4 Hz, 6-Ha),
3.10 (dd, J=2, 16.4 Hz,4-Ha), 3.08 (d, J=16.4 Hz, 6-Hb), 2.90 (dd, J=
6.8, 16.4 Hz, 4-Hb), 1.53 ppm (s, 9H, Boc); elemental analysis calcd
(%) for C15H19NO5: C 61.42, H 6.53, N 4.78; found C 61.29, H 6.59, N
4.93


(S)-7-(5-Dimethylamino-naphthalene-1-sulfonyloxy)-3,4-dihydro-
1H-isoquinoline-2,3-dicarboxylic acid 2-tert-butyl ester (5A):
Compound 4A (0.581 g, 1.98 mmol) was dissolved in aqueous
0.5m NaHCO3 (25 mL), and NaOH was added to pH 10. Dansyl sul-
fonyl chloride (1.5 equiv) was added at the reaction mixture, which
was then stirred at room temperature overnight. The solution was
then acidified to pH 4 with dilute HCl and extracted with EtOAc
(3Q20 mL). The organic phase was separated from the acqueous
layer and dried over anhydrous MgSO4, and the solvent was re-
moved under reduced pressure. Recrystallization of the crude
product from MeOH/H2O afforded compound 5A (77%) as a white
solid. M.p. 125–130 8C; 1H NMR ([D6]DMSO, 200 MHz): d=8.71 (d,
J=8.6 Hz, 3-H), 8.37 (d, J=8.6 Hz, 6-H), 8.20 (d, J=7.8 Hz, 1-H),
7.87 (t, J=8.4 Hz, 5-H), 7.71 (t, J=8.4 Hz, 2-H), 7.45 (d, J=8.6 Hz, 4-
H), 7.21 (d, J=8.2 Hz, 10-H), 6.97 (s, J=2.2 Hz, 11-H), 6.70 (d, J=
8.2 Hz, 9-H), 4.91 (dd, J=2, 6.8 Hz, 13-H), 4.50 (d, J=16.4 Hz, 14-
Ha), 4.40 (d, J=16.4 Hz, 14-Hb), 3.01–3.26 (m, 2H, 12-Ha,b), 2.90 (s,
6H, 7-H, 8-H), 1.50 ppm (s, 9H, Boc); elemental analysis calcd (%)
for C27H30N2O7S: C 61.58, H 5.74, N 5.32; found: C 61.45, H 5.87, N
5.25.


(S)-7-(5-Dimethylamino-naphthalene-1-sulfonyloxy)-1,2,3,4-tetra-
hydro-isoquinoline-3-carboxylic acid (6A): Trifluoroacetic acid


ChemBioChem 2008, 9, 779 – 790 D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 787


Constrained Ligands for Bacterial Thymidylate Synthases



www.chembiochem.org





(1.3 mL) was added to a solution of 5A (0.777 g, 1.48 mmol) in
CH2Cl2 (3.9 mL), and the resulting mixture was stirred for 1 h at
room temperature. The solvent was then removed under vacuum,
and the crude product was washed several times with CH2Cl2 until
no trifluoroacetic acid was detected. Recrystallization from water
gave 6A 82%). M.p. 190–195 8C; 1H NMR ([D6]DMSO, 200 MHz): d=
8.74 (d, J=8.6 Hz, 3-H), 8.38 (d, J=8.8 Hz, 6-H), 8.21 (d, J=7.6 Hz,
1-H), 7.89 (t, J=7.8, 8.6 Hz, 5-H), 7.75 (t, J=7.6, 8.4 Hz, 2-H), 7.48 (d,
J=7.6 Hz, 4-H), 7.29 (d, J=8.4 Hz, 10-H), 7.18 (d, J=2.4 Hz, 11-H),
6.76 (dd, J=2.4, 8.2 Hz, 9-H), 4.40 (s, 2H, 14-Ha,b), 3.50 (dd, J=5.5,
10.6 Hz, 13-H), 3.18 (dd, J=5.5, 17.6 Hz, 12-Ha), 2.96 (s, 6H, 7-H, 8-
H), 2.92 ppm (dd, J=10.6, 17.6 Hz, 12-Hb); elemental analysis calcd
(%) for C22H22N2O5S: C 61.96, H 5.20, N 6.57; found: C 62.14, H 5.10,
N 6.49.


3-(S)-2-(5-Dimethylamino-naphthalene-1-sulfonyl)-7-(5-dimethyl-
ACHTUNGTRENNUNGamino-naphthalene-1-sulfonyloxy)-1,2,3,4-tetrahydro-isoquino-
line-3-carboxylic acid (1R): Compound 1R (56%) was prepared as
a pale yellow solid from 3A (0.1 g, 0.52 mmol) and dansyl sulfonyl
chloride (0.42 g; 1.56 mmol) as described for the synthesis of 5A.
M.p. 150–155 8C; 1H NMR ([D6]acetone, 400 MHz): d=8.67 (dd, J=
8.6, 1.0 Hz, 3-H), 8.50 (dd, J=8.6, 1.2 Hz, 17-H), 8.38 (dd, J=8.6 Hz,
6-H), 8.33 (dd, J=7.8, 1.2 Hz, 15-H), 8.31 (d, J=8.4 Hz, 20-H), 8.06
(dd, J=7.3, 1.2 Hz, 1-H), 7.74 (dt, J=8.0, 8.6, 1.0 Hz, 5-H), 7.60 (t,
J=7.6 Hz, 16-H), 7.52–7.59 (m, 2H, 2-H, 19-H), 7.37 (dd, J=7.5,
0.8 Hz, 4-H), 7.20 (dd, J=7.6, 0.8 Hz, 18-H), 7.09 (d, J=8.3 Hz, 10-H),
6.74 (d, J=2.4 Hz, 11-H), 6.59 (dd, J=8.4, 2.5 Hz, 9-H), 5.00 (dd, J=
6.8, 2.0 Hz, 13-H), 4.63 (d, J=16.4 Hz, 14-Ha), 4.50 (d, J=16.4 Hz,
14-Hb), 3.23 (dd, J=16.4, 2.0 Hz, 12-Ha), 3.01 (dd, J=16.4, 6.8 Hz,
12-Hb), 2.92 (s, 6H, 7-H, 8-H), 2.86 ppm (s, 6H, 21-H, 22-H); elemen-
tal analysis calcd (%) for C34H33N3O7S2: C 61.89, H 5.04, N 6.37;
found: C 62.06, H 4.94, N 6.25. For more details about chemical
characterization please refer to the Supporting Information.


3-(S)-2-(5-Dimethylamino-naphthalene-1-sulfonyl)-7-(5-dimethyl-
ACHTUNGTRENNUNGamino-naphthalene-1-sulfonyloxy)-6,8-diiodo-1,2,3,4-tetrahydro-
isoquinoline-3-carboxylic acid (2R): Compound 2R (71%) was
prepared from 1A (0.1 g, 0.23 mmol) and dansyl sulfonyl chloride
(0.186 g, 0.69 mmol) as described for the synthesis of 5A. 1H NMR
([D6]DMSO, 200 MHz): d=8.64 (d, 3-H), 8.52 (d, 15-H), 8.1–8.38 (m,
2H, 1-H, 6-H), 8.19 (d, J=7.8 Hz, 13-H), 8.14 (d, J=7.6 Hz, 16-H),
7.77 (s, 19-H), 7.56–7.74 (m, 2H, 2-H, 5-H), 7.67 (t, J=7.6 Hz, 14-H),
7.59 (t, J=7.6 Hz, 17-H), 7.33 (d, 4-H), 7.26 (d, J=8.4 Hz, 18-H), 4.98
(d, 11-H), 4.29 (dd, 2H, 12-Ha,b), 3.03 (d, 10-Ha), 3.17 (d, 10-Hb), 2.88
(s, 6H, 7-H, 8-H), 2.84 ppm (s, 6H, 21-H, 22-H); elemental analysis
calcd (%) for C34H31I2N3O7S2: C 44.80, H 3.43, N 4.61; found C 45.00,
H 3.34, N 4.51.


3-(S)-7-(5-Dimethylamino-naphthalene-1-sulfonyloxy)-2-(4-nitro-
benzenesulfonyl)-1,2,3,4-tetrahydro-isoquinoline-3-carboxylic
acid (3R): Compound 3R (64%) was prepared from compound 6A
(0.05 g, 0.118 mmol) and 4-nitrophenylsulfonyl chloride (0.039 g,
0.176 mmol) under the conditions used for the synthesis of com-
pound 1R. 1H NMR ([D6]DMSO, 200 MHz): d=8.68 (d, J=8.4 Hz, 3-
H), 8.34 (2xd, J=8.2 Hz, 2H, 15-H, 16-H), 8.29 (d, J=8.6 Hz, 6-H),
8.34 (d, J=7.8 Hz, 1-H), 7.85 (t, J=8.4 Hz, 5-H), 7.83 (2xd, J=8.2 Hz,
2H, 17-H, 18-H), 7.72 (t, J=8.0 Hz, 2-H), 7.44 (d, J=8.0 Hz, 4-H),
7.19 (d, J=8.2 Hz, 10-H), 6.77 (d, J=2.2 Hz, 11-H), 6.70 (dd, J=2.2,
8.2 Hz, 9-H), 5.00 (t, J=7.0 Hz, 13-H), 3.94 (d, J=16.2 Hz, 14-Ha),
4.71 (d, J=16.2 Hz, 14-Hb), 3.00–3.25 (m, 2H, 12-Ha,b), 2.98 ppm (s,
6H, 7-H, 8-H); elemental analysis calcd (%) for C28H25N3O9S2: C
54.98, H 4.12, N 6.87; found: C 55.09, H 4.08, N 6.78.


3-(S)-7-(5-Dimethylamino-naphthalene-1-sulfonyloxy)-2-(4-nitro-
benzoyl)-1,2,3,4-tetrahydro-isoquinoline-3-carboxylic acid (4R):


Compound 4R (73%) was prepared from 6A (0.05 g, 0.118 mmol)
and 4-nitrobenzoyl chloride (0.030 g, 0.176 mmol) under the condi-
tions used for the synthesis of 1R. 1H NMR ([D6]DMSO, 200 MHz):
d=8.71 (d, J=8.6 Hz, 3-H), 8.49 (2xd, J=8.8 Hz, 2H, 17-H, 18-H),
8.40 (d, J=8.6 Hz, 6-H), 8.29 (d, J=9.0 Hz, 1-H), 8.17 (2xd, J=


8.8 Hz, 2H, 15-H, 16-H), 7.91 (t, J=8.6 Hz, 5-H), 7.72 (t, J=8.8 Hz, 2-
H), 7.58 (d, J=7.8 Hz, 4-H), 7.16 (d, J=8.2 Hz, 10-H), 7.09 (d, J=
2.4 Hz, 11-H), 6.65 (dd, J=2.4, 8.2 Hz, 9-H), 4.96 (t, J=7.0 Hz, 13-H),
4.71 (d, J=16.4 Hz, 14-Ha), 4.43 (d, J=16.4 Hz, 14-Hb), 3.00–3.25 (m,
2H, 12-Ha,b), 2.96 (s, 6H, 7-H, 8-H); elemental analysis calcd (%) for
C29H25N3O8S: C 60.51, H 4.38, N 7.30; found: C 60.28, H 4.50, N 7.49.


3-(S)-7-(5-Dimethylamino-naphthalene-1-sulfonyloxy)-2-(2-nitro-
4-trifluoromethyl-benzenesulfonyl)-1,2,3,4-tetrahydro-isoquino-
line-3-carboxylic acid (5R): Compound 5R (90%) was prepared
from compound 6A (0.05 g, 0.118 mmol) and 2-nitro-4-trifluorome-
thylbenzenesulfonyl chloride (0.051 g, 0.176 mmol) under the con-
ditions used for the synthesis of 1R. 1H NMR ([D6]DMSO, 200 MHz):
d=8.70 (d, 3-H), 8.39 (d, 6-H), 8.24 (s, 17-H), 8.16 (d, J=7.6 Hz, 15-
H), 8.15 (d, 1-H), 8.07 (d, J=7.6 Hz, 16-H), 7.83 (t, 5-H), 7.72 (t, 2-H),
7.47 (d, 4-H), 7.35 (d, 10-H), 7.01 (s, 11-H), 6.72 (d, 9-H), 4.96 (t, 13-
H), 4.71 (d, 14-Ha), 4.57 (d, 14-Hb), 3.20 (dd, 2H, 12-Ha,b), 2.96 ppm
(s, 6H, 7-H, 8-H); elemental analysis calcd (%) for C29H24F3N3O9S2: C
51.25, H 3.56, N 6.18; found: C 51.13, H 3.64, N 6.23.


3-(S)-7-(5-Dimethylamino-naphthalene-1-sulfonyloxy)-2-(7,7-di-
methyl-2-oxo-bicyclo ACHTUNGTRENNUNG[2.2.1]hept-1-yl-methanesulfonyl)-1,2,3,4-
tetrahydro-isoquinoline-3-carboxylic acid (6R): Compound 6R
(15%) was prepared from 6A (0.05 g, 0.118 mmol) and (7,7-dimeth-
yl-2-oxobicyclo ACHTUNGTRENNUNG[2.2.1]hept-1-yl)methanesulfonyl chloride (0.074 g,
0.295 mmol) under the conditions used for the synthesis of 1R.
1H NMR ([D6]DMSO, 200 MHz): d=8.71 (d, 3-H), 8.37 (d, 6-H), 8.20
(d, 1-H), 7.88 (t, 5-H), 7.74 (t, 4-H), 7.47 (d, 4-H), 7.29 (d, 10-H), 7.03
(s, 11-H), 6.73 (d, 9-H), 4.96 (t, 13-H), 4.71 (d, 14-Ha), 4.53 (d, 14-Hb),
3.61 (s, 2H, 15-H), 3.14 (dd, 2H, 12-Ha,b), 2.96 (s, 6H, 7-H, 8-H), 2.01–
2.05 (m, 2H, 16-H), 1.95–2.00 (m, 1H, 17-H), 1.68–1.74 (m, 2H, 19-
H), 1.40 (m, 2H, 18-H), 1.15 ppm (2s, 6H, 20-H, 21-H); elemental
analysis calcd (%) for C32H36N2O8S2: C 59.98, H 5.66, N 4.37; found:
C 60.13, H 5.56, N 4.32.


3-(S)-7-(5-Dimethylamino-naphthalene-1-sulfonyloxy)-2-(naph-
thalene-2-carbonyl)-1,2,3,4-tetrahydro-isoquinoline-3-carboxylic
acid (7R): Compound 7R (80%) was prepared from 6A (0.048 g,
0.113 mmol) and naphthalene-2-carbonyl chloride (0.032 g,
0.226 mmol) under the conditions used for the synthesis of 1R.
1H NMR ([D6]DMSO, 200 MHz): d=8.70 (d, 3-H), 8.25 (d, 6-H), 8.05–
8.12 (m, 4H, 16-H, 17-H, 20-H, 21-H), 8.07 (d, 1-H), 7.9 (d, 15-H),
7.85 (t, 5-H), 7.72 (t, 2-H), 7.68–7.77 (m, 2H, 18-H, 19-H), 7.49 (d, 4-
H), 7.20 (d, 10-H), 6.91 (s, 11-H), 6.59 (d, 9-H), 4.10 (d, 14-Hb), 4.20
(dd, 14-Ha), 4.16 (dd, 14-Hb), 3.20 (dd, 2H, 12-Ha,b), 2.96 (s, 6H, 7-H,
8-H); elemental analysis calcd (%) for C33H28N2O6S: C 68.26, H 4.86,
N 4.82; found: C 68.42, H 4.75, N 4.76.


3-(S)-7-(5-Dimethylamino-naphthalene-1-sulfonyloxy)-2-phenyl-
methanesulfonyl-1,2,3,4-tetrahydro-isoquinoline-3-carboxylic
acid (8R): Compound 8R (53%) was prepared from 6A (0.050 g,
0.118 mmol) and phenylmethanesulfonyl chloride (0.032 g,
0.176 mmol) under the conditions used for the synthesis of 1R.
1H NMR ([D6]DMSO, 200 MHz): d=8.70 (d, 3-H), 8.30 (d, 6-H), 8.20
(d, 1-H), 7.90 (t, 5-H), 7.80 (t, 2-H), 7.3–7.5 (m, 3H, 17-H, 18-H, 19-H),
7.30 (d, 4-H), 7.23 (d, 2H, 16-H, 20-H), 7.10 (d, 10-H), 6.90 (s, 11-H),
6.60 (d, 9-H), 4.90 (t, 13-H), 4.50 (dd, 14-Ha), 4.17 (dd, 14-Hb), 3.52
(s, 2H, 15-H), 3.15 (dd, 2H, 12-Ha,b), 2.96 (s, 6H, 7-H, 8-H); elemental
analysis calcd (%) for C29H28N2O7S2: C 59.98, H 4.86, N 4.82; found:
C 59.75, H 4.97, N 4.94.
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3-(S)-2-(4,5-Dibromo-thiophene-2-sulfonyl)-7-(5-dimethylamino-
naphthalene-1-sulfonyloxy)-1,2,3,4-tetrahydro-isoquinoline-3-
carboxylic acid (9R): Compound 9R (69%) was prepared from 6A
(0.058 g, 0.137 mmol) and 4,5-dibromothiophene-2-sulfonyl chlo-
ride (0.070 g, 0.2 mmol) under the conditions used for the synthe-
sis of 1R. 1H NMR ([D6]DMSO, 200 MHz): d=8.70 (d, 3-H), 8.40 (d,
6-H), 8.15 (d, 1-H), 7.85 (t, 5-H), 7.72 (t, 2-H), 7.49 (d, 4-H), 7.28 (d,
10-H), 7.13 (2xs, 2H, 11-H, 15-H), 6.78 (s, 9-H), 4.53 (t, 13-H), 4.25
(dd, 14-Ha), 4.16 (dd, 14-Hb), 3.20 (dd, 2H, 12-Ha,b), 2.96 (s, 6H, 7-H,
8-H); elemental analysis calcd (%) for C26H22Br2N2O7S3: C 42.75, H
3.04, N 3.84; found: C 42.97, H 2.92, N 3.73.


NMR spectroscopy : All NMR measurements were performed on a
Bruker AMX 400 WB spectrometer operating at 9.395 Tesla (Centro
Interdipartimentale Grandi Strumenti ; University of Modena and
Reggio Emilia) and equipped with a 1H/BB probe head (NMR-tube
diameter: 5 mm) optimized for inverse detection. Spectra were re-
corded for compound 1R dissolved in [D6]acetone. Compound 1R
was characterized fully on the basis of one-dimensional 1H and
{1H}13C NMR spectra and two-dimensional COSY, NOESY, and 1H,13C
heterocorrelation (HETCOR) spectra.


Two-dimensional COSY spectra were recorded by using the follow-
ing parameters: 2048 time-domain points (F2 dimension) and 512
increments (F1 dimension), spectral width: 4000 Hz, relaxation
delay: 1 s, 8 transients per increment. Data were doubled in the F1


dimension by zero filling and weighted by the sine-bell function in
both dimensions prior to fast Fourier transform (FFT) in the magni-
tude mode.[23]


Two-dimensional 2D NOESY spectra were recorded with the follow-
ing parameters: 2048 time-domain points (F2 dimension) and 512
increments (F1 dimension), spectral width: 4000 Hz, relaxation
delay: 1 s, 8 transients per increment, mixing times: 25–500 ms.
Data were doubled in the F1 dimension by zero filling and weight-
ed by the sine-square-bell function in both dimensions prior to FFT
in the phase-sensitivity mode. Once NOEs had been detected, the
data were reprocessed by using sine-square-bell and sine-bell
window functions in the F2 and F1 dimensions, respectively, and by
magnitude-mode calculation in the F1 dimension to quantify the
volume of the cross-peaks and avoid phase-twisting effects. In this
way, the cross-peaks resulted exclusively in absorption mode, and
a very good lineshape was maintained.[24–25]


Two-dimensional 1H,13C HETCOR spectra were recorded by using
HMQC and HMBC pulse sequences to detect direct (1JCH) and long-
range (nJCH) proton–carbon correlations, respectively.[26–27] HMQC
spectra were acquired by using the following parameters: 2024Q
256 data points, spectral width: 4000 Hz in the F2 dimension,
10000 Hz in the F1 dimension, recycle delay: 1 s, 32 scans, no 13C
decoupling. The evolution delay was fixed by considering an aver-
age value of 145 Hz for 1JCH. FFT was performed by enhancement
multiplication (line broadening: 1 Hz) in the F2 dimension and by
applying a sine-square-bell multiplication in the F1 dimension (13C).
The same parameters were used for HMBC spectra, but with a
larger spectral width in the 13C dimension of 15000 Hz, an evolu-
tion delay corresponding to an average value of 7 Hz for nJCH, and
the application of a sine-square-bell function in the F2 and F1 di-
mensions prior to FFT.


Dihedral-angle determination : The dihedral angles were evaluat-
ed by processing the values of 3JH,H by using a modified Karplus
equation. The translation of coupling constants into dihedral
angles was based on the widely used empirical Karplus relation-
ship, which is usually given by the formula 3J=A+BcosF+
Ccos2F.[28] The coefficients depend both on the nature of the cou-


pled nuclei and on the local chemical environment. Several at-
tempts have been made by theoretical and experimental methods
to refine Karplus coefficients for the different types of J coupling;
however, the translation of 3J coupling into dihedral angles is com-
plicated by the intrinsic degeneracy of the Karplus relationship.[29]


Interatomic-distance determination : In all 2D NOESY spectra in
the present study, only negative NOEs were detected. This observa-
tion raises the possibility of spin diffusion, which is taken into
ACHTUNGTRENNUNGaccount by the term of indirect contribution in the equation that
links NOE enhancement to interatomic distances.[30] For this reason,
we considered the curves for the buildup of NOE enhancement,
and the NOE enhancements used to derive the interatomic distan-
ces were taken at longer mixing times, when curves are again
linear, that is, at an early stage of NOE buildup. In this way, an “ini-
tial rate approximation” was used, and the enhancements were
considered proportional to 1/r6 (r indicates interatomic distance).[30]


Moreover, the signal-to-noise ratios of the cross-peaks were high
enough to allow precise measurement of the volumes of the cross-
peaks. Because the molecular fragments considered are rather
rigid, effects due to internal motion were neglected. By this proce-
dure, we estimated interatomic distances. The three-dimensional
conformation of compound 1R was derived from the interatomic
distances and dihedral angles, and the results were compared with
data obtained by molecular modeling.


Molecular modeling : On the basis of the NMR spectroscopic data,
a three-dimensional model of unbound 1R was constructed by
using the ChemOffice suite of programs.[31] The O-dansyl moiety
was modeled on the basis of X-ray crystallographic data (1JG0), as
NMR spectroscopy did not give suitable information about this
part of the molecule.[14, 32] A model of the three-dimensional ternary
complex EcTS–dUMP–1R was constructed by using the 1JG0 X-ray
crystal structure of the EcTS protein and the dUMP molecule. The
model was subjected to energy minimization (Sander/AMBER 8.0)
to relieve any unfavorable contacts.[33] Antechamber/AMBER 8.0
was used to prepare the 1R molecule files needed for the minimi-
zation. All protein residues within 10 M of the inhibitor and the
ligand molecule were energy minimized with 20000 cycles of mini-
mization (2000 cycles of steepest descendent plus 18000 cycles of
conjugate gradient). The nonbonded cutoff distance was set at
10 M. The conformational energies of the bound and unbound
structures of compound 1R were calculated with the AM1/SM2
Hamiltonian within AMSOL 6.6, whereby all bond lengths were left
to be optimized but angles and dihedral angles were frozen.[34]


Conformational analysis was performed on the torsions N�SO2 and
SO2�R. A total of 1296 conformers were generated by increment-
ing each torsion by 108 at a time. The conformational energies
were calculated with the AM1/SM2 Hamiltonian within AMSOL 6.6
by using the 1SCF keyword.


Biological activity : LcTS and EcTS were purified as described previ-
ously.[35–36] Enzyme kinetics experiments were conducted under
standard conditions.[35–38] All compounds were screened for inhibi-
tory activity against LcTS and EcTS. The inhibition experiments
were conducted by measuring the effects of the inhibitor at differ-
ent concentrations on the initial velocity of the enzyme in the
presence of a limited amount of the folate substrate. IC50 values
were determined, and apparent inhibition constants (Ki) were cal-
culated as reported by assuming competitive inhibition for all com-
pounds with respect to MTHF.[38]


Reactions were initiated by the addition of the enzyme. Stock solu-
tions of each of the inhibitors were prepared freshly in dimethyl-
sulfoxide (DMSO). The aqueous solubilities of the compounds were
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determined by spectrophotometry. DMSO never exceeded a con-
centration of 5% in the reaction mixture. Each experiment was re-
peated at least three times, and no individual measurement dif-
fered by more than 20% from the mean. For low-activity binders,
and to allow the analysis of structure–activity relationships
throughout the series, the Ki value was calculated by assuming 2%
inhibition at the solubility limit.
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Introduction


During the last decade, the sequencing of the human genome
has led to a strong need in cytogenetic research and clinical di-
agnosis for the development of probes capable of detecting
specific sequences of nucleic acids.[1, 2] The demand for such
assays stems from a need in clinics to reduce the time required
in the detection of diseases. One way to solve this problem
would be to develop assays capable of detecting nucleic acid
sequences directly in the cell, without any amplification steps
such as PCR. Triplex technology can be used in molecular and
cellular biology to inhibit transcription initiation or elongation
by competing with the binding of transcription factors or RNA
polymerases to dsDNA (for reviews see refs. [3, 4]). Chemically
modified triplex-forming oligonucleotides (TFOs) can induce
genomic changes (either mutagenesis or recombination) in cell
extracts and even in mice.[5,6] Formation of triplexes has been
demonstrated within supercoiled dsDNA in living bacteria, and
there are more potential triplex-forming sequences in ge-
nomes.[7] Analysis of human and mouse genomes has shown
that homopurine sequences longer than 14 base pairs—suita-
ble potential triplex-forming sequences—are nearly homoge-
neously distributed over the genome and represent about 2%
of the entire genome.[8] By the use of such sequences, se-
quence-specific recognition of DNA on a chromosomal level
without denaturation of dsDNA can be achieved.[9] Recently,
it has been found that 97.8% of known human and 95.2%
of known mouse genes have at least one potential site for
triplex formation with a suitable 15-mer TFO in the promoter
and/or transcribed gene regions.[10] A triplex is formed when a
TFO binds to a homopurine/homopyrimidine DNA duplex in
the major groove through the formation of Hoogsteen base
pairs with the homopurine/homopyrimidine strand.[11] As this
triplex formation is highly specific, it can be used for se-


quence-specific recognition of dsDNA, without its prior dena-
turation.[12]


In 2003, Hausmann et al.[13] introduced combinatorial oligo-
nucleotide fluorescence in situ hybridisation (COMBO-FISH),
which uses oligonucleotides (ONs) that form triple helices with
intact duplexes to label chromosomes in a cell nucleus under
nondenaturing conditions. However, one of the disadvantages
is the use of nucleic acid probes possessing a fluorophore that
is not sensitive enough to changes in the microenvironment,
especially after hybridisation of the probe to the complement.
This leads to a high background signal and the requirement to
wash out excess fluorescent probes, which makes labelling
very difficult. To overcome these problems, novel fluorescent
modified nucleic acids are needed. Among the available fluoro-
phores, pyrene and its derivatives are attractive fluorescent
dyes, due to their inherent chemical and photochemical char-
acteristics, rather long fluorescence lifetimes and sensitivity to
the microenvironment.[14] Interesting properties have been re-
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Triplex-forming homopyrimidine oligonucleotides containing in-
sertions of a 2’–5’ uridine linkage featuring a pyrene moiety at
the 3’-position exhibit strong fluorescence enhancement upon
binding to double-stranded DNA through Hoogsteen base pair-
ing. It is shown that perfect matching of the new modification to
the base pair in the duplex is a prerequisite for strong fluores-
cence, thus offering the potential to detect single mutations in
purine stretches of duplex DNA. The increase in the fluorescence
signal was dependent on the thermal stability of the parallel tri-
plex, so a reduction in the pH from 6.0 to 5.0 resulted in an in-


crease in thermal stability from 25.0 to 55.0 8C and in an increase
in the fluorescence quantum yield (FF) from 0.061 to 0.179, while
the probe alone was fluorescently silent (FF=0.001–0.004). To
achieve higher triplex stability, five nucleobases in a 14-mer se-
quence were substituted with a-l-LNA monomers, which provid-
ed a triplex with a Tm of 49.5 8C and a FF of 0.158 at pH 6.0.
Under similar conditions, a Watson–Crick-type duplex formed
with the latter probe showed lower fluorescence intensity (FF=


0.081) than for the triplex.
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ported when pyrene units posi-
tioned to form clamps stack at
the end of triple helices.[15,16] We
are looking for an ON probe
with the fluorophore incorporat-
ed in the middle of the se-
quence and displaying a very
low fluorescence signal as a
single-stranded ON. Upon hy-
bridisation there should be a
considerable increase in the fluo-
rescence signal (positive signal)
to indicate binding to the target.
Previous research in which a


pyrene unit was attached to the
2’-position through different
linkers studied the effects of
binding to ssDNA or ssRNA.
These modified oligomers
showed increases in the fluores-
cence signals upon binding to
ssRNA.[17–21] So far, no similar ef-
fects have been described for triplex formation.
Obika et al.[22] demonstrated that the presence of several 2’–


5’-linkages in a 3’–5’ TFO strand led to stabilisation of triplexes.
As this change in the phosphate backbone offers potential for
the introduction of a pyrene unit at the 3’-position, we decid-
ed to synthesise a modified nucleoside with the fluorophore
attached to the 3’-position through a short linker.
Here we present the synthesis of a novel pyrene-containing


nucleoside monomer that exhibited a strong increase in fluo-
rescence quantum yield (FF) from 0.004 for a ssON to 0.061
for a corresponding triplex DNA after incorporation into the
middle of 14-mer homopyrimidine ONs upon excitation at
350 nm and at pH 6.0. Under similar conditions, FF for a fully
matched antiparallel duplex was 0.036. Substitution of five
native nucleobases with a-l-locked nucleic acid (a-l-LNA)
monomers in a modified TFO led to further increases in fluo-
rescence quantum yield, to 0.158 for a Hoogsteen-type triplex
and to 0.081 for a Watson–Crick duplex. The fluorescent nu-
cleoside for ON synthesis was prepared by click chemistry be-
tween 1-ethynylpyrene and 3’-azidomethyl-3’-deoxy-5-methyl-
uridine and incorporated into several ONs. Thermal stabilities
and fluorescence spectra of the different probes, also contain-
ing other nucleic acid analogues, such as twisted intercalating
nucleic acids (TINAs) and a-l-LNAs and their corresponding
ACHTUNGTRENNUNGduplexes and triplexes with complementary ssDNA/RNAs and
dsDNAs, were examined (Scheme 2, below). Modelling was
used as a tool to visualise the fluorescence properties ob-
served.


Results and Discussion


The synthesis of phosphoramidite 4 (Scheme 1) started from
compound 1, which was obtained in 11 steps from 1,2-O-iso-
propylidine-a-d-xylofuranose in an overall yield of 17%.[23] The
formation of the 1,4-triazole was performed in a microwave


cavity over 15 min at 125 8C in the presence of CuI as a catalyst
in 79% yield. 5’-O-Dimethoxytrityl-protection followed by
phosphitylation at the 2’-position were performed under stan-
dard conditions in 59% yield over two steps.
DNA synthesis of ONs with use of compound 4 was per-


formed on a 0.2 mmol scale under standard conditions except
for the use of an increased coupling time (10 min) and an ex-
tended deprotection step (100 s), with 4,5-dicyanoimidazole as
an activator, which resulted in a coupling efficiency of 98%.
The obtained ONs were purified by reversed-phase HPLC, their
compositions were verified by MALDI-TOF (Table S1), and the
purities were found to be over 82% by ion-exchange HPLC.


Hoogsteen base pairing


The thermal stabilities of triplexes and duplexes (DNA/DNA
and DNA/RNA) formed with the synthesised oligonucleotides
were determined by thermal denaturation studies. The melting
temperatures (Tm, 8C) determined as the first derivatives of the
melting curves at 260 nm are listed in Table 1, and also in
Tables 3 and 4, below.
For homopyrimidine sequences, pH-dependent Hoogsteen-


type base pairing was studied, by determining the thermal sta-
bilities of parallel triplexes toward duplex D1 and of parallel
duplexes toward ON15 (Table 1). Tm values of Watson–Crick-
type antiparallel duplexes formed by ON1–10 and ON16 are
also shown. Since the latter type of duplexes can also be stud-
ied by mixed pyrimidine/purine sequences, mixed nonamer
ACHTUNGTRENNUNGsequences were used for hybridisation with ssDNA and ssRNA
(Table 4).
Obika et al.[22] described the stabilising effect of the discon-


tinuous replacement of 3’,5’-phosphodiester linkages in TFOs
by 2’,5’-linkages. As demonstrated by the Tm values for the
ON2/D1 and ON5/D1 triplexes at pH 6.0, insertion of the fluo-
rophore positioned at the 3’-carbon via a triazole linker tends


Scheme 1. Reagents and conditions: A) 1-ethynylpyrene, CuSO4, ascorbic acid, DMF/H2O 19:1, 15 min, 125 8C,
ACHTUNGTRENNUNGmicrowave; B) DMT-Cl, pyridine, 16 h; C) NCACHTUNGTRENNUNG(CH2)2OP ACHTUNGTRENNUNG(N


iPr2)2, diisopropylammonium tetrazolide, CH2Cl2, 16 h.
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to destabilise parallel triplexes. Introduction of a second 2’–5’-
bonded 5-methyluridine with the pyrene residue led to further
destabilisation of the parallel triplexes (ON3, ON6, ON7 to-
wards D1). Destabilisation was found to be higher for triplexes
formed with ON6 and ON7—with one or three nucleosides be-
tween two X units—than in the case for ON3, with two adja-
cent pyrene-containing uridines. Moreover, it is interesting to
mention that at pH 5.0 the Tm value for the triplex with ON4,
possessing three Xs in a row, was higher than those for ON6
and ON7, although all these values were lower than the Tm for
the unmodified triplex. Such behaviour can be explained by
the uninterrupted neighbouring 2’-5’-linkages in ON4 in rela-
tion to the separate 2’-5’-linkages in ON6 and ON7. This might
also be a reason for the surprising stabilisation of parallel
ACHTUNGTRENNUNGduplexes observed for ON3 and ON4 in comparison with the
wild-type duplex ON1/ON15 at pH 5.0 and 6.0 (Table 1). This is
an interesting observation because both parallel triplexes and
parallel duplexes are formed by Hoogsteen base pairing. How-
ever, a duplex, as a more flexible structure than a triplex, can
more easily accommodate repetitive insertions of 2’–5’-bonded
uridine linkages with pyrene in the middle of one of the
strands. Unfortunately, this was not the case with Watson–
Crick-type duplexes, with which drops in thermal stability were
detected for ON2–ON7 toward ON16 in comparison with
ON1/ON16 at pH 5.0 and 6.0.
The presence of the pyrene residues in the ONs resulted in


each case in the formation of an additional band, with a maxi-
mum at 350 nm, in their UV spectra. The single-stranded
probes containing a single incorporation of the monomer X
exhibited fluorescence with lmax�386 (band I) and 402 nm
(band III) upon excitation at 350 nm. This emission appears at
a higher wavelength than the typical pyrene monomer emis-
sion with lmax�378 (band I) and 391 nm (band III), which can
be explained by the presence of the conjugated triazole ring
in the monomer X. To our surprise, very low fluorescence in-
tensities were observed for single-stranded ONs. Strikingly, the


formation of parallel triplexes caused huge increases in intensi-
ty (Figure 1A and B). To study the fluorescence properties in
greater detail we decided to determine fluorescence quantum
yields (FF) for ssONs and the corresponding complexes with
complementary strands. FF is defined as the ratio of the
number of photons emitted by fluorescence at a certain wave-


Table 1. Tm [8C] data for triplex and duplex melting of ON1–10 with D1, ON15 and ON16, Taken from UV melting curves (l =260 nm).


Sequence Triplex[a]


3’-AAAAAAGAAAGGGGCAG
5’-TTTTTTCTTTCCCCGTC (D1)


Parallel duplex[b]


3’-AAAAAAGAAAGGGGCAG
ACHTUNGTRENNUNG(ON15)


Antiparallel duplex[b]


5’-AAAAAAGAAAGGGG
ACHTUNGTRENNUNG(ON16)


pH 5.0 pH 6.0 pH 7.2 pH 5.0 pH 6.0 pH 7.2 pH 5.0 pH 6.0 pH 7.2


ON1 3’-TTTTTTCTTTCCCC 55.0[d] 28.0 <5.0 29.5 19.5 n.d. 47.5 48.5 47.0
ON2 3’-TTTTTTCTXTCCCC 55.0[c] 25.0 <5.0 20.0 <5.0 n.d. 45.0 47.5 45.5
ON3 3’-TTTTTTCXXTCCCC 33.0 19.5 n.d.[e] 32.0 21.5 n.d. 36.0 38.0 n.d.
ON4 3’-TTTTTTCXXXCCCC 32.0 <5.0 n.d. 31.5 24.0 n.d. 36.5 38.5 n.d.
ON5 3’-TTTTXTCTTTCCCC 55.5[c] 16.0 n.d. 23.5 <5.0 n.d. 39.5 43.0 n.d.
ON6 3’-TTTTTTCXTXCCCC 25.5 <5.0 n.d. 21.5 <5.0 n.d. 31.5 37.5 n.d.
ON7 3’-TTTTXTCTXTCCCC 27.0 <5.0 n.d. 22.5 <5.0 n.d. 34.5 39.5 n.d.
ON8 3’-TTTTTTCTpXTCCCC 54.0[c] 20.5 n.d. 27.5 16.5 n.d. 43.0 47.5 n.d.
ON9 3’-TTTTTTCTXpTCCCC 53.0[c] 22.5 n.d. 29.0 20.0 n.d. 44.0 46.5 n.d.
ON10 3’-TTLTTTLTCLTXTCLCCLC 65.5[d] 49.5[c] 35.5[c] 53.0 43.5 38.5 58.5 59.0 58.5


[a] p=TINA, TL= thymin-1-yl a-l-LNA monomer, CL=5-methylcytosin-1-yl a-l-LNA monomer; Structure of monomer X is shown in Scheme 1 as the 5’-
DMT-2’-phosphoramidite-derivative 4, and structures of p and a-l-LNA are shown in Scheme 2; C=1.5 mm of ON1–10 and 1.0 mm of each strand of dsDNA
(D1) in sodium cacodylate (20 mm), NaCl (100 mm), MgCl2 (10 mm), pH 5.0, 6.0 and 7.2; duplex Tm=56.5 8C (pH 5.0), 58.5 (pH 6.0) and 57.0 (pH 7.2). [b] C=


1.0 mm of each strand in sodium cacodylate (20 mm), NaCl (100 mm), MgCl2 (10 mm), pH 5.0, 6.0 and 7.2. [c] Third strand and duplex melting overlaid; Tm
was determined at 350 nm. [d] Third strand and duplex melting overlaid. [e] n.d. not determined.


Figure 1. Steady-state fluorescence emission spectra of ON2 and its corre-
sponding complexes with D1, ON15 and ON16 upon excitation at 350 nm.
Spectra of 1.0 mm solutions were recorded in thermal denaturation buffer at
10 8C at pH 5.0, emission slit 0.0 nm (Figure 1A) and 10 8C at pH 6.0, emis-
sion slit 2.5 nm (Figure 1B). In Figure 1A, the curve of ON2 overlaps that of
ON2/ON15 at the abscissa.
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length to the number of photons absorbed at this wavelength.
In our study, FF was determined in the thermal denaturation
buffer at 10 8C with use of equimolar quantities of each strand
(1.0 mm) and excitation at 350 nm relative to anthracene (FF=


0.36) and 9,10-diphenylanthracene (FF=0.95) in cyclohex-
ane[24] by standard procedures (Table 2).[25,26]


The fluorescence emitted by single-stranded ON2 and ON5–
ON7 was strongly quenched, with FF in a range from 0.001 to
0.004, which was most probably a result of communication
with neighbouring bases including electron transfer.[27] Upon
binding of these TFOs to the dsDNA (D1), increases in fluores-
cence intensity were detected at pH 5.0. As parallel triplexes
are pH-sensitive and as more thermally stable complexes are
formed under acidic conditions, due to required protonation
of cytosine, fluorescence quantum yields were higher at pH 5.0
than at pH 6.0. For example, FF for ON2/D1 was almost three
times higher in more acidic buffer (0.179 and 0.061 at pH 5.0
and 6.0, respectively). A correlation between the thermal stabil-
ities of parallel triplexes and fluorescence quantum yields can
also be illustrated by comparison of ON2 and ON5. Thus, the
Tm for ON5/D1 at pH 6.0 was 9.0 8C lower than the Tm for ON2/
D1, which resulted in a lower observed FF value: 0.023 versus
0.061. Surprisingly large differences in fluorescence quantum
yields between parallel triplexes and parallel or antiparallel du-
plexes formed by the same ON were observed. Almost com-
plete quenching of fluorescence was detected for all parallel
duplexes, even at pH 5.0, at which the complexes were most
stable. Despite higher thermal stability, a lower FF value for
the antiparallel duplex ON2/ON16 was observed than for the
triplex ON2/D1 at pH 6.0. The opposite situation was observed
for another TFO with a single insertion of X (ON5) at the same
pH: that is, FF(ON5/ON16)>FF(ON5/D1), which was an outcome of
low triplex thermal stability (Tm(ON5/D1)=16.0 8C). With a reduc-
tion in the pH to 5.0, the fluorescence intensities of triplexes
were much higher than those for antiparallel duplexes (see
ON2, ON5 and ON6 toward D1; Table 2). All measurements of
FF were performed at 10 8C. Because of partial melting of par-
allel triplexes, lower FF values were detected at 20 8C (results
are not shown). To ensure that these effects were not a conse-
quence of interactions of the pyrene residue in the structure


X with metal ions present in cacodylate buffer solution we
ACHTUNGTRENNUNGperformed measurements in medium-salt sodium phosphate
buffer at pH 5.0 and observed the same tendency in the fluo-
rescence spectra as described above upon binding of ON2 to
D1, ON15 and ON16 (results are not shown). Excimer bands
were observed at 480 nm in the fluorescence spectra for tri-
plexes formed by ON3 and ON4, as a result of the placing of
two and three adjacent pyrene uridines X, respectively, in the
sequence. Because of this we did not consider these probes in
the determination of fluorescent quantum yields for single-
stranded probes and corresponding triplexes.
Discrimination in fluorescence properties upon binding of


ONs possessing pyrene residues to dsDNA and to ssDNAs has
never previously been reported. The strong increase in fluores-
cence intensity upon binding to dsDNA is a very important
feature and an advantage of the described probe, as it offers
novel potential for the detection of nucleic acids through tri-
plex formation. Previously described attempts were devoted to
the development of probes based on the principle of molecu-
lar beacons: that is, a fluorophore and a quencher were placed
separately at the 3’- and 5’-ends of the TFO, which was extend-
ed with a number of complementary bases in order to make a
hairpin and thus to position a fluorophore and a quencher in
close proximity.[28] No signal was observed for the probe alone,
but the presence of dsDNA resulted in hybridisation of the
probe followed by increase in fluorescence intensity. However,
it is known that molecular beacons can sometimes open up in
the absence of complementary targets in cell media after
ACHTUNGTRENNUNGentering the cell, bringing false positives in the detection
assays.[29] Existing nucleic acid staining dyes, based on small
molecules such as TOTO and others,[30] and which are used
nowadays for labelling of dsDNA, have two main disadvantag-
es. Firstly, such staining dyes bind to dsDNA unspecifically or
have preferences only towards certain regions, which are
ACHTUNGTRENNUNGusually repetitive in the genome.[31] Secondly, these dyes have
very low affinities towards triplexes as a consequence of
poorly fitting shapes of molecules to the base triplet and due
to electrostatic repulsion between C+-G-C triads and the posi-
tively charged structures of the dyes.[32] For that reason, a com-
bination of a TFO and a free staining dye cannot be used for


Table 2. Quantum yields at l =350 nm for single-stranded probes ON2, ON5–ON7 and ON10, and the corresponding parallel triplexes and parallel and
ACHTUNGTRENNUNGantiparallel duplexes in aerated thermal denaturation buffer at 10 8C.


Sequence SS strand Triplex[a]


3’-AAAAAAGAAAGGGGCAG
5’-TTTTTTCTTTCCCCGTC (D1)


Parallel duplex[a]


3’-AAAAAAGAAAGGGGCAG
ACHTUNGTRENNUNG(ON15)


Antiparallel duplex[a]


5’-AAAAAAGAAAGGGG
ACHTUNGTRENNUNG(ON16)


pH 5.0 pH 6.0 pH 7.2 pH 5.0 pH 6.0 pH 7.2 pH 5.0 pH 6.0 pH 7.2 pH 5.0 pH 6.0 pH 7.2


ON2 3’-TTTTTTCTXTCCCC 0.001 0.004 n.d.[b] 0.179 0.061 n.d. 0.001 n.d. n.d. 0.032 0.036 n.d.
ON5 3’-TTTTXTCTTTCCCC 0.001 0.003 n.d. 0.138 0.023 n.d. 0.005 n.d. n.d. 0.035 0.039 n.d.
ON6 3’-TTTTTTCXTXCCCC 0.001 0.003 n.d. 0.036 n.d. n.d. 0.009 n.d. n.d. 0.005 0.008 n.d.
ON7 3’-TTTTXTCTXTCCCC 0.002 0.003 n.d. 0.037 n.d. n.d. 0.009 n.d. n.d. 0.037 0.028 n.d.
ON10 3’-TTLTTTLTCLTXTCLCCLC 0.001 0.003 0.05 0.179 0.158 0.073[c] 0.008 0.032 0.081[c] 0.046 0.081 0.038[c]


[a] TL= thymin-1-yl a-L-LNA monomer, CL=5-methylcytosin-1-yl a-l-LNA monomer; C=1.0 mm of each strand in sodium cacodylate (20 mm), NaCl
(100 mm), MgCl2 (10 mm), pH 5.0, 6.0 and 7.2. [b] n.d. not determined because of low thermal stabilities of triplexes. [c] Exciplex band at 460 nm was
ACHTUNGTRENNUNGobserved.
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sequence-selective labelling of dsDNA. Therefore, nucleic acid
probes incorporating one or several modified nucleotide(s)
containing a fluorophore that will give positive signals upon
binding to complementary strands are of great importance for
any detection technique. The main drawback of the monomer
X is its destabilizing effect upon triplex formation. That is why
attempts were made to develop a TFO capable of forming
stable triplexes at the realistic cell pH values of 6.0 and 7.2 and
at the same time showing the same favourable fluorescence
intensity increases as observed for the ONs described above.
In ON8 and ON9, we used bulged insertions of TINA mono-


mer (Scheme 2), known to stabilise parallel triplexes with DTm


values of up to 19.0 8C for a single insertion of p.[33] A dis-
ACHTUNGTRENNUNGadvantage of the TINA monomer in this particular case is that
the excitation wavelengths for X and p are very close to each
other—350 and 373 nm, respectively—meaning that irradia-
tion of only one of these monomers is hardly achievable. We
assumed that by placing p as a left or right bulged neighbour
to the modification X in ON2, strong monomer fluorescence
coming from TINA in a single-stranded state could be trans-
ferred to an excimer band appearing at longer wavelengths
through the interaction of two pyrenes. In contrast with these
expectations, further destabilisation of parallel triplexes was
observed (Table 1; ON8 and ON9 towards D1 in comparison
with ON2/D1 at pH 6.0). Moreover, high monomer fluores-
cence was detected for ssON8 and ssON9 with only very small
excimer band at 480 nm upon excitation at 350 nm; this ham-
pered the detection of binding these probes to dsDNA by fluo-
rescence. However, these results do not exclude the use of
TINA monomers in a combination with the monomer X in the
future. For this purpose, fluorescently orthogonal intercalators
to pyrene X, such as naphthalene derivatives,[33] should be
used in the TINA structure and could be placed three or four
bases away from X inserted in the TFO.
An alternative to intercalating nucleic acids is sugar-modified


nucleotides, which are fluorescently silent and give thermal
stabilisation upon insertion into TFOs. We decided to use a-l-
LNA (Scheme 2), which stabilises triplexes up to 5 8C per modi-
fication. As a general rule, every third or fourth nucleotide in
the TFO should be substituted by a-l-LNA monomer in order
to achieve high Tm values at neutral pH.[34] Use of a 5-methylcy-


tosine derivative of a-l-LNA is also an advantage for parallel
triplex formation, because 5-methylcytosine is more easily pro-
tonated than cytosine.[35] In the sequence ON10, five a-l-LNA
nucleotides were incorporated, leading to increased thermal
stability in all cases (Table 1). Thus, at pH 6.0 a triplex stabilisa-
tion of 5 8C per insertion of a-l-LNA was observed and at
pH 7.2 the triplex ON10/D1 melted at 35.5 8C. Parallel and anti-
parallel duplexes formed by ON10 with ON15 and ON16, re-
spectively, were more thermally stable than the wild-type du-
plexes of ON1. Indeed, at pH 7.2 the parallel duplex ON10/
ON15 showed a higher Tm than the corresponding triplex
ON10/D1 with a DTm value of +3.0 8C, which puts the forma-
tion of the triplex in question. In order to confirm the triplex
formation of ON10 with duplex D1 we recorded CD spectra at
different pH values (Figure 2). The negative band at ~212 nm


is considered to be a sign of a parallel homopyrimidine DNA
triplex[36] and it has also been observed for triplexes formed by
a-l-LNA-modified TFOs.[34] As can be seen from Figure 2, a neg-
ative band at ~212 nm was present in the CD spectra at
pH 5.0, 6.0 and 7.2, thereby confirming the formation of a
triple helix for ON10. To ensure that the observed negative
band at ~212 nm was exclusively representative of triplex for-
mation we recorded CD spectra of the parallel duplex ON10/
ON15 and the target duplex D1 at the same pH (Figure S5 and
S6, respectively). No negative peak at ~212 nm was observed
for the parallel duplex ON10/ON15, while higher intensity
bands at ~220, ~245 and ~280 nm relative to the CD spec-
trum of ON10/D1 were detected, thus confirming the forma-
tion of the triplex in this case. CD spectra of D1 alone also
showed a negative band at ~212 nm, but with a lower intensi-
ty than that seen with ON10/D1. On comparison of the CD
spectra profiles of ON10/D1 with increasing pH values, the CD
spectrum of the triplex becomes similar to the CD spectrum of
the corresponding duplex. Melting of the triplexes at pH 7.2
and 6.0 was therefore clearly seen in the CD spectra recorded
at 40 8C and 55 8C, respectively (see Figure S3 in the Support-
ing Information).
With regard to the fluorescence properties of ON10, a simi-


lar increase in fluorescence intensity was observed upon triplex
formation at pH 5.0 and 6.0 caused by monomer X (Figure 3).


Scheme 2. Structures of the incorporated triplex stabilisers.


Figure 2. CD spectra of solutions of ON10/D1 (1.0 mm) in thermal denatura-
tion buffer at 10 8C at pH 5.0, 6.0 and 7.2.
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Interestingly to note, there was the same value of fluorescence
quantum yield (0.179) for triplexes formed by either ON2 or
ON10 at pH 5.0 (Table 2). A considerably lower decrease in FF


was detected for ON10/D1 than for ON2/D1 upon changing
the pH from 5.0 to 6.0, which is clearly a consequence of
higher triplex thermal stability for ON10. Importantly, the fluo-
rescence intensity for the antiparallel duplex ON10/ON16 was
lower than that for the corresponding triplex at pH 5.0 and 6.0,
meaning that fluorescent discrimination between triplex and
antiparallel duplex caused by X in ON2 remained after substi-
tutions of some natural bases in TFO by a-l-LNA.
At pH 7.2, the parallel duplex and triplex with ON10 were


less stable, due to the deprotonation of cytosine (Table 1).
Moreover, the fluorescence intensity of the probe alone in-
creased slightly upon changing of the pH from 5.0 to 6.0 and
then to 7.2 (ssON10 ; Figure 3 and 4). It is known that the ban-
d III/I ratio is affected by local environmental polarity,[37] and
the observed changes in fluorescence were associated with
changing of pH and deprotonation of cytosine. Upon binding
of ON10 to complementary dsDNA and ssDNAs a new broad
emission appeared at longer wavelength (460 nm; Figure 4).
However, it differed from an excimer emission band (480–
500 nm), which is usually caused by interactions of at least two
pyrene units positioned in closed proximity. Similar results
have been observed by Yamana et al.[38] upon duplex forma-
tion of pyrene-labelled oligonucleotides. The increased band


III/I intensity ratio was associated with a decrease in local envi-
ronmental polarity. In our case the pyrene residue was most
probably transferred into the more hydrophobic base-pair
pocket, which led to a new broad emission band around
460 nm. This emission can be ascribed to the exciplex of the
pyrene and an adjacent base. This effect was observed upon
triplex formation, but was even more obvious in the fluores-
cence spectrum for the parallel duplex at pH 7.2 (Figure 4). The
latter, as we have already mentioned above, is a less rigid
structure than the triplex, thus providing extra room for inter-
action of pyrene with neighbouring bases.
In order to determine the effect when the duplex base pair


does not match the modification in the TFO, the melting tem-
peratures of triplexes formed by ON2 and ON10 with duplexes
D2–D4 were determined at pH 5.0 and 6.0 as shown in Table 3.
As might be expected, the mismatched triplexes formed with
ON2 showed much lower thermal stabilities than the matched
triplex ON2/D1 (DTm>�25.0 8C), and no changes in the fluo-
rescent spectra of ssON2 were observed upon its hybridisation
to mismatched dsDNAs. The presence of the a-l-LNA in ON10
resulted in the formation of considerably more stable mis-
matched triplexes than were obtained with ON2. Thus, at
pH 5.0 the differences in Tm values for matched (ON10/D1) and
mismatched (ON10/D2–D4) triplexes did not exceed 7.0 8C,
showing the highest drop in Tm with duplex D3. Nevertheless,
the formation of mismatched triplexes with ON10 was con-
firmed by the presence of a negative band at ~212 nm in each
of their CD spectra at 10 8C. Tm values obtained by UV were
verified by monitoring changes in mdeg at 210 nm in CD
against increased temperature, with the exception of ON10/D4
at pH 6.0, where triplex formation could not be confirmed
(Table 3 and Figure S7B). Interestingly, at pH 5.0, despite the
high thermal stabilities of triplexes ON10/D2–D4, where uri-
dine X did not match with the duplex bases, we observed
~20-fold decreases in fluorescence intensity for all three mis-
matched triplexes relative to the perfectly matched ON10/D1
(Figure 5; see Figure S2 for pH 6.0). High levels of fluorescence
quenching and high thermal stabilities of mismatched triplexes
with ON10 might be a result of interaction of the pyrene
moiety with adjacent nucleobases, which might occur if


Figure 3. Steady-state fluorescence of ON10 and the corresponding com-
plexes with D1, ON15 and ON16 upon excitation at 350 nm. Spectra of ON
solutions (1.0 mm) were recorded in thermal denaturation buffer at 10 8C at
pH 5.0 and 6.0, emission slit 2.5 nm (Figure 3A and 3B, respectively). In Fig-
ure 3A, the curve of ssON10 overlaps the one of ON10/ON15 at the abscis-
sa.


Figure 4. Steady-state fluorescence of ssON10 and its corresponding triplex
with D1, and parallel and antiparallel duplexes with ON15 and ON16, re-
spectively. Spectra were recorded in thermal denaturation buffer at pH 7.2
at 10 8C, using an excitation wavelength of 350 nm.
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pyrene moved from outside the triplex into the triplex interior.
This is possible because of imperfect triplex base pairing and
consequent repulsion of thymine at mismatched positions,
making room for pyrene intercalation. The excellent discrimina-
tion in fluorescence for ON2 and ON10 observed between
matched and mismatched triplexes can be used for detection
of dsDNA through formation of perfectly matched parallel tri-
plexes.
Although the formation of the exciplex bands for complexes


of ON10 at pH 7.2 was unexpected, it offers new potential for
the use of this probe for diagnostic purposes. Fluorescence in-
tensity upon hybridisation to dsDNA at pH 7.2 was much lower
(about 100 a.u. ; Figure 4) than that at pH 6.0 (750 a.u. ;
Figure 3). Such pH-dependent fluorescence signals can be
useful for dsDNA detection in cells with lower pH values.
Tumour cells have a natural tendency to overproduce acids, re-
sulting in more acidic pH values in tumour microenvironments,


which can be down to 6.4 for human cancers, and
down to 6.12 for mouse cancers, depending on the
tumour type.[39] Therefore, the described probe
should be an appropriate platform for the develop-
ment of sequence-specific detectors for tumour cells.
Moreover, as COMBO-FISH experiments are currently
performed under conditions with pH values of
around 6.0,[13] probes based on the design of ON10
are suitable for such experiments.


Watson–Crick base pairing


To study the influence of the monomer X on
Watson–Crick base pairing, a mixed sequence with
one, two or three incorporated neighbouring modi-
fied nucleotides was synthesised. Table 4 shows the
thermal stabilities of ON11–14 upon hybridisation to
ssDNA/ssRNA and the fluorescence quantum yields
for ON12 and its complexes determined at 350 nm.
Upon hybridisation of ON12 with ssDNA, a twofold


increase in fluorescence intensity was observed. Bind-
ing to complementary ssRNA resulted in an approxi-


mately 3.5-fold increase in fluorescence intensity (Figure 6).
Similar results have previously been described for 2’-pyrene-
modified oligoribonucleotides. The 2’-N-positions in 2’-amino-
DNA[17,18] and 2’-amino-LNA[19] or the 2’-O-positions in RNA[20, 21]


have been substituted with pyrene through a short tether. In
these cases the increase in fluorescence upon hybridisation to
ssRNA was considerably stronger than in the case of binding
to ssDNA.
This short study of the influence of X on Watson–Crick base


pairing shows that a much larger decrease in stability is ob-
tained, while a smaller increase in fluorescence signal upon
binding can be observed. Duplexes with RNA show higher in-
creases than duplexes with DNA, similarly to previous reported
analogue studies.


Table 3. Tm [8C] data for mismatched parallel triplex of ON2 and ON10, determined
from UV melting curves (l=260 nm) and fluorescence quantum yields at 350 nm (in
brackets).


Sequence 3’-TTTTTTCTXTCCCC[a]


ACHTUNGTRENNUNG(ON2)
3’-TTLTTTLTCLTXTCLCCLC[a]


ACHTUNGTRENNUNG(ON10)
pH 5.0 pH 6.0 pH 5.0 pH 6.0


D1 3’-AAAAAAGAAAGGGGCAG 55.0[b] 25.0 65.5[c, d] 49.5[b, c]


5’-TTTTTTCTTTCCCCGTC
D2 3’-AAAAAAGACAGGGGCAG 28.0 (0.001) <5.0 62.0[b, c] 41.5[b, c]


5’-TTTTTTCTGTCCCCGTC
D3 3’-AAAAAAGAGAGGGGCAG 21.0 (0.001) <5.0 58.5[b, c] 34.5[b, c]


5’-TTTTTTCTCTCCCCGTC
D4 3’-AAAAAAGATAGGGGCAG 29.5 (0.001) <5.0 61.0[b, c] 40.5[b]


5’-TTTTTTCTATCCCCGTC


[a] TL= thymin-1-yl a-l-LNA monomer, CL=5-methylcytosin-1-yl a-l-LNA monomer;
for Tm measurement: C=1.5 mm of ON2 or ON10 and 1.0 mm of each strand of
matched and mismatched dsDNA in sodium cacodylate (20 mm), NaCl (100 mm),
MgCl2 (10 mm), pH 5.0 and 6.0; for quantum yield measurement: C=1.0 mm of each
strand in the same buffer at pH 5.0. [b] Third strand and duplex melting overlaid—Tm
was determined at 350 nm. [c] Tm values obtained by UV were verified by monitoring
changes in mdeg at 210 nm in CD against increased temperature. However, these
melting temperatures are less well defined due to low concentrations (Figures S4 and
S8). [d] Third strand and duplex melting overlaid.


Figure 5. Steady-state fluorescence of ON10 and the corresponding com-
plexes with D1–D4 upon excitation at 350 nm. Spectra of 1.0 mm dsDNA
with 1.5 mm of ON10 were recorded in thermal denaturation buffer at 10 8C
at pH 5.0, emission slit 0.0 nm.


Table 4. Tm [8C] data for duplex melting of ON11–14 and DNA/RNA com-
plements, taken from UV melting curves (l=260 nm) and fluorescence
quantum yields determined for ON12.


Sequence 5’-GTGAAATGC[a] 5’-GUGAAAUGC[a]


DNA (ON17) RNA (ON18)


ON11 3’-CACTTTACG 36.0 34.0
ON12 3’-CACTXTACG (0.02)[b] 20.0 (0.04) 19.0 (0.07)
ON13 3’-CACTXXACG <5.0 13.5
ON14 3’-CACXXXACG <5.0 <5.0


[a] Thermal denaturation temperatures measured as the maximum of the
first derivative of the melting curve (A260 vs temperature) recorded in
high-salt buffer (1400 mm NaCl, 20 mm sodium phosphate, pH 7.0) with
1.0 mm concentrations of each complementary strand. [b] Fluorescence
quantum yields were measured in the aerated thermal denaturation
buffer at 10 8C, with 1.0 mm concentrations of each complementary
strands at an excitation wavelength of 350 nm.
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Molecular modelling


Molecular modelling studies were performed on the complexa-
tion of a truncated dsDNA with ON2 (3’-TTC TXT CCC-5’) in
order to visualise different conformations of the pyrene-modi-
fied 2’-5’-bonded uridine (structure X). The parallel triplex was
analysed with pyrene located either inside or outside of the tri-
plex. As can be seen from comparing Figure 7A and B, a larger
distortion of the triplex structure was observed when the
pyrene intercalated with the bases of the triplex. In agreement
with our observation of very strong fluorescence signal for
ON2/D1, Figure 7B and C shows the projected conformation
of the pyrene-modified 2’-5’ uridine. Despite distortion of the


triplex structure upon intercalation of pyrene, this was most
probably the case for triplex ON10/D1 at pH 7.2 when an exci-
plex band was observed in the fluorescence spectrum.
To explain the practically total quenching of fluorescence for


ssONs possessing X we performed molecular modelling analy-
sis of the truncated single-stranded ON2 (3’-TTCTXTCCC-5’).
Studies showed that on rotation of the modified nucleotide so
that the pyrene moiety was situated between neighbouring
nucleobases, the pyrene was able to stack with the nucleobas-
es to give a fluorescently silent oligonucleotide (Figure 7D).
Upon hybridisation to complementary dsDNA, pyrene would
be forced outside the triplex, thereby explaining the increase
in the fluorescence signal observed for complexes of ON2,
ON5 and ON10 with matched duplexes.
Modelling studies for the duplex formed between ON12 and


complementary ssDNA showed serious distortions of the phos-
phate backbone and Watson–Crick base pairs upon positioning
of the pyrene moiety between bases of the dsDNA (Figure 7E).
The intercalation of pyrene led to a more stable duplex struc-
ture with an increase in stability of ~1966 kJmol�1 relative to
the duplex with the pyrene moiety placed outside the duplex
(Figure 7F). However, the conformation with pyrene intercalat-
ed in the duplex can be rejected on the basis of our experi-
mental results. The formation of a less stable duplex and an in-
crease in the fluorescence signal upon hybridisation of ON12
indicates, despite what the modelling studies might show, that
the conformation of the duplex is the one in which the pyrene
moiety is directed outside of the duplex.


Figure 6. Steady-state fluorescence emission spectra of ON12 and the corre-
sponding duplexes with complementary ssDNA/RNA. Spectra were recorded
in thermal denaturation buffer at 10 8C with use of an excitation wavelength
of 350 nm and an excitation slit of 4.0 nm and emission slit of 2.5 nm.


Figure 7. Representative truncated structures obtained by molecular modelling studies of the triplex, ssDNA and dsDNA. The modified nucleotide is shown
in green and the TFO is shown in orange. A) Triplex formed by ON2 with dsDNA with the pyrene moiety inside the triplex. B), C) The triplex formed by ON2
with dsDNA with the pyrene moiety outside of the triplex (side view and top view, respectively). D) ssDNA, ON2, with the pyrene moiety placed between
neighbouring nucleobases. E), F) The dsDNA formed by ON12 with complementary DNA, with the pyrene moiety placed inside and outside the duplex, re-
spectively.
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Conclusions


In conclusion, we have synthesised a novel 3’- substituted ribo-
uridine analogue possessing a pyrene moiety coupled to the
sugar part through a triazolylmethyl linker, component X,
which was incorporated as a 2’–5’-linker into different ONs.
Thermal stability studies showed that single incorporation of X
components in place of thymidine in the middles of ONs re-
sulted in reductions of Tm values for either Watson–Crick- or
Hoogsteen-type complexes. While the single-stranded homo-
pyrimidine probes were fluorescently silent with quantum
yields (FFs) of 0.001–0.004, formation of parallel triplexes with
the complementary dsDNAs led to very strong increases in the
fluorescence signals, with the values of FF being in a range
from 0.023 to 0.179 depending on the site of insertion and
thermal stability. Lowering the pH resulted in higher thermal
stabilities of Hoogsteen-type triplexes and higher fluorescence
quantum yields. Antiparallel duplexes of the same probes had
lower values of FF than parallel triplexes under similar condi-
tions. Molecular modelling of triplexes showed that the
pyrene-containing residue at the 3’-position in the 2’–5’-
bonded ribo-uridine can be positioned outside the triplex with
minimal distortion of the complex.
To compensate for the low thermal stability induced by X,


known triplex stabilisers were additionally incorporated into
ONs. In a first attempt, phenylethynylpyrene glycerol (TINA)
was incorporated as a neighbouring bulge to the modification
X. However, neither stabilisation nor the previously detected
fluorescence enhancement was observed in triplexes formed
by these ONs. For this reason, a-l-LNA—a nonfluorescent nu-
cleotide monomer—was used to stabilise triplexes. As a result
of five substitutions of native nucleic bases with a-l-LNA in
the homopyrimidine sequence possessing X, enhancements in
thermal stability and fluorescent quantum yield were observed
at pH 6.0 and 5.0 upon parallel triplex formation. This oligonu-
cleotide had very weak fluorescence signal as a single-stranded
probe, and marginal changes in fluorescence were observed
upon formation of mismatched triplexes, in which uridine X
did not match with the dsDNA bases. This means that fluores-
cence discrimination between homopurine dsDNA stretches
and sequences with single base pair inversion is feasible. Upon
binding to dsDNA at pH 6.0, a very specific 50-fold increase in
the fluorescence signal was observed, being much stronger
than that for the antiparallel duplex formed by the same
probe. However, at pH 7.2 a lower increase in fluorescence in a
combination with a shift to a longer wavelength, attributed to
exiplex formation, was observed. This feature should allow this
kind of probe to be used to detect species of dsDNA in
tumour cell environments, as these are known to overproduce
acids and to have lower pH values than normal cells.
For the first time, a pyrene-labelled oligonucleotide probe


that explores the use of increases in fluorescence signals to
discriminate between dsDNA and ssDNAs has been developed.
This is a promising platform for further development of fluo-
rescent probes capable of binding sequence-selectively to
dsDNA without prior denaturation of the target and giving a
positive signal upon hybridisation. Such probes have potential


for use in fluorescence in vivo hybridisation under vital condi-
tions and in living cells.


Experimental Section


General synthesis procedures: NMR spectra were recorded on a
Varian Gemini 2000 spectrometer at 300 MHz for 1H with TMS (d=
0.00 ppm) as an internal standard and at 75 MHz for 13C with CDCl3
(d=77.0 ppm) or DMSO (d=39.44 ppm) as internal standards.
ACHTUNGTRENNUNGAccurate ion mass determinations of the synthesised compounds
were performed with a 4.7 T Ultima Fourier transform (FT) mass
spectrometer (Ion Spec, Irvine, CA). The [M+Na]+ ions were peak-
matched by use of ions derived from the 2,5-dihydroxybenzoic
acid matrix. MALDI-TOF mass spectra of isolated oligodeoxynucleo-
tides (ONs) were determined on a Voyager Elite biospectrometry
research station (PerSeptive Biosystems). Thin-layer chromatogra-
phy (TLC) analyses were carried out with use of TLC plates (60 F254)
purchased from Merck and were visualised under UV light
(254 nm). The silica gel (0.040–0.063 mm) used for column chroma-
tography was purchased from Merck. Solvents used for column
chromatography were distilled prior to use, while reagents were
used as purchased.


Melting temperature measurements: Melting profiles were mea-
sured on a Perkin–Elmer Lambda 35 UV/Vis spectrometer fitted
with a PTP-6 temperature programmer. The triplexes were formed
by first mixing the two strands of the Watson–Crick duplex, each
at a concentration of 1.0 mm, followed by the addition of the TFO
at a concentration of 1.5 mm in the corresponding buffer solution.
The solution was heated to 80 8C for 5 min and afterwards cooled
to 15 8C and kept at this temperature for 30 min. The duplexes
were formed by mixing the two strands, each at a concentration of
1.0 mm in the corresponding buffer solution, followed by heating
to 80 8C for 5 min, and cooling to room temperature. The absor-
bances of both triplexes and duplexes were measured at 260 nm
from 5 to 70 8C with a heating rate of 1.0 8Cmin�1. Use of a slower
heating rate (0.5 8Cmin�1) resulted in the same melting curves.
Control experiments were also performed at 350 nm for ON2. The
melting temperatures (Tms, 8C) were determined as the maxima of
the first derivative plots of the melting curves. All melting tempera-
tures are within �0.5 8C uncertainty as determined by repetitive
experiments.


Fluorescence measurements: Fluorescence measurements were
performed on a Perkin–Elmer LS-55 luminescence spectrometer
fitted with a Julabo F25 temperature controller and with use of
quartz optical cells with a pathlength of 1.0 cm. The spectra were
recorded at 10 8C in the same buffer as for Tm studies, with use of
1.0 mm concentrations of each ON, except for ON10 mismatch
studies, in which a 1.5 mm concentration of ON10 was used. In all
cases, the absorption of the solutions in the range from 360 to
600 nm did not exceed 0.10, in order to avoid inner-filter effects,
and was never less than 0.01, to avoid uncertainties. Corrections
were made for solvent background. Steady-state fluorescence
emission spectra (360–600 nm) were obtained as averages of five
scans with an excitation wavelength of 350 nm, excitation slit of
4.0 nm, emission slit of 2.5 nm or 0.0 nm (slit not completely
closed) and scan speed of 120 nmmin�1. For quantum yield deter-
mination, see the Supporting Information.


CD measurements: CD measurements were performed on a
Jasco J-815 CD spectrometer fitted with a Jasco CDF-426S/15 tem-
perature controller in quartz optical cells with a pathlength of
0.5 cm. The spectra were recorded in the same buffer as used for
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Tm studies for ON10 towards D1 and ON15 with 1.0 mm concentra-
tions of each ON. In studies of the mismatched triplexes we used a
1.0 mm concentration of the dsDNA and a 1.5 mm concentration of
ON10. In all cases, CD spectra were obtained with 100 mdeg sensi-
tivity in the range from 205 to 325 nm with a data pitch of 0.1 nm.
The spectra were taken as averages of five scans, corrected for sol-
vent background and smoothed with 25 point moving average.
CD-Tm measurements were recorded with 100 mdeg sensitivity and
a temperature slope of 1 8Cmin�1 from 10 8C to 70 8C and a data
pitch of 0.1 8C, at 210 nm. Spectra were smoothed with 99 point
moving average.


Synthesis of 1-{3-[(4-(pyren-1-yl)-1H-1,2,3-triazol-1-yl)methyl]-3-
deoxy-b-d-ribofuranosyl}thymine (2): Freshly prepared aq. CuSO4


(1m, 283 mm, 0.28 mmol) was added to a solution of compound 1
(420 mg, 1.41 mmol) in a DMF/H2O mixture (19:1, 8 mL) in a micro-
wave tube. The solution was bubbled with Ar for 1 min. After-
wards, a freshly prepared aqueous sodium ascorbate solution
(424 mm, 0.42 mmol) and 1-ethynylpyrene (480 mg, 2.12 mmol, dis-
solved in DMF/H2O (19:1, 8 mL) were added. The mixture was
again bubbled with Ar for 3 min. The resulting mixture in a sealed
microwave tube was placed in an Emrys Creator microwave syn-
thesiser. The heating temperature was set to 125 8C, with a 30 s
premixing time. The reaction mixture was irradiated for 15 min fol-
lowed by N2 cooling to 40 8C. Afterwards, water was added and
the mixture was kept at 6 8C for 5 h for complete precipitation of
the formed triazole and unreacted alkyne. The precipitate was fil-
tered off and washed with water to remove all catalysts. After this,
the solid on the filter was washed with methanol to dissolve the
triazole. The collected methanol was evaporated to dryness, and
the residue was purified by silica gel column chromatography
(CH2Cl2/MeOH 95:5) to yield the pure triazole 2 (583 mg, 79%).
1H NMR (300 MHz, DMSO): d=1.79 (s, 3H; 5-CH3), 2.96 (m, 1H; H-
3’), 3.51 (d, J=12.3 Hz, 1H; H-5a’), 3.81 (d, J=12.6 Hz, 1H; H-5b’),
4.19 (m, 1H; H-4’), 4.32 (m, 1H; H-2’), 4.67 (dd, J=6.0 and 14.1 Hz,
1H; 3’-CHHa), 4.81 (dd, J=7.5 and 14.1 Hz, 1H; 3’-CHHb), 5.33 (br s,
1H; 5’-OH), 5.78 (br s, 1H; 2’-OH), 6.24 (d, J=5.1 Hz, 1H; H-1’),
8.04–8.41 (m, 9H; pyrene-H and H-6), 8.77 (s, 1H; triazole-H), 8.91
(d, J=6.3 Hz, 1H; pyrene-H), 11.31 ppm (br s, 1H; NH); 13C NMR
(75 MHz, CDCl3): d=12.24 (5-CH3), 41.17 (C-3’), 46.10 (3’-CH2), 60.12
(C-5’), 74.80 (C-2’), 82.77 (C-4’), 90.87 (C-1’), 108.30 (C-5), 123.86,
124.24, 124.89, 125.04, 125.10, 125.38, 125.46, 126.41, 127.01,
127.27, 127.43, 127.61, 127.92, 130.31, 130.49, 130.87 (pyrene and
triazole C-5), 136.14 (C-6), 146.03 (triazole C-4), 150.39 (C-2),
163.80 ppm (C-4); HR-ESI-MS: m/z : calcd for C29H25N5O5Na [M+Na]+


: 546.1753; found: 546.1769.


Synthesis of 1-{3-deoxy-5-O-(4,4’-dimethoxytriphenylmethyl-3-
[(4-(pyren-1-yl)-1H-1,2,3-triazol-1-yl)methyl]-b-d-ribofuranosyl}-
thymine (3): Compound 2 (530 mg, 1.01 mmol) was coevaporated
three times with pyridine and dissolved in anhydrous pyridine
(4 mL). 4,4’-Dimethoxytrityl chloride (461 mg, 1.36 mmol) was
added under N2. After 16 h, MeOH (0.5 mL) and EtOAc (20 mL)
were added and the mixture was extracted with NaHCO3 (20 mL).
The water layer was extracted twice with EtOAc (20 mL). The com-
bined organic layers were dried over MgSO4, the MgSO4 was fil-
tered off, and the filtrate was evaporated to dryness and purified
by column chromatography (CH2Cl2/MeOH/pyridine 97:2.5:0.5).
Compound 3 (760 mg, 91%) was obtained as a yellow foam.
1H NMR (300 MHz, CDCl3): d=1.42 (s, 3H; 5-CH3), 3.10 (m, 1H; H-
3’), 3.29 (m, 2H; H-5a’ and H-5b’), 3.67 (s, 6H; 2 O OCH3), 4.39 (m,
3H; H-2’, 3’-CH2), 4.71 (m, 1H; H-4’), 5.71 (m, 2H; H-1’ and 2’-OH),
6.79 (d, J=8.7 Hz, 4H; DMT), 7.15–7.43 (m, 10H; DMT and H-6),
7.72 (s, 1H; triazole-H), 7.89–8.10 (m, 8H; pyrene-H), 8.61 (d, J=


9.3 Hz, 1H; pyrene-H), 10.91 ppm (brs, 1H; NH); 13C NMR (75 MHz,
CDCl3): d=12.06 (5-CH3), 42.86 (C-3’), 49.69 (3’-CH2), 55.11 (OCH3),
72.57 (C-2’), 75.95 (C-5’), 82.01 (C-4’), 87.53 and 87.08 (C-1’ and C-
ACHTUNGTRENNUNG(Ar3)), 110.64 (C-5), 113.35, 124.93–131.28, 135.40 (pyrene, DMT and
triazole C-5), 136.11 (C-6), 144.18 (triazole C-4), 146.55 (DMT),
150.58 (C-2), 158.70 (DMT), 164.55 ppm (C-4); HR-ESI-MS: m/z :
calcd for C50H43N5O7Na [M+Na]+ : 848.3060; found: 848.3084.


Synthesis of 1-{2-O-[2-cyanoethoxy(diisopropylamino)-phosphi-
no]-3-deoxy-5-O-4,4’-dimethoxy-triphenylmethyl-3-[(4-(pyren-1-
yl)-1H-1,2,3-triazol-1-yl)methyl]-b-d-ribofuranosyl}-thymine (4):
Compound 3 (510 mg, 0.62 mmol) was dissolved under N2 in anhy-
drous CH2Cl2 (10 mL). N,N-Diisopropylammonium tetrazolide
(159 mg, 0.93 mmol) was added, followed by the dropwise addi-
tion of 2-cyanoethyl tetraisopropylphosphordiamidite (223 mg,
0.74 mmol) with external cooling with an ice/water bath. After
16 h, the reaction was quenched with H2O (6 mL). The layers were
separated and the organic phase was washed with H2O (6 mL). The
water layers were washed with CH2Cl2 and the resulting organic
phases were combined, dried over MgSO4 and filtered. The solvent
was removed under reduced pressure, and the residue was puri-
fied by silica gel column chromatography (CHCl3/MeOH/pyridine
99:0.5:0.5). The purified compound 4 (412 mg, 65%) was obtained
as a foam that was used in DNA synthesis. 1H NMR (300 MHz,
CDCl3): d=1.19–1.29 [m, 12H; 2 O CHACHTUNGTRENNUNG(CH3)2] , 1.40, 1.44 (s, 3H; 5-
CH3), 2.45 (t, J=6.0 Hz, 2H; CH2CN), 2.71 [m, 2H; 2 O CHACHTUNGTRENNUNG(CH3)2] ,
3.27 (m, 2H; H-5a’ and H-5b’), 3.64, 3.67 (s, 6H; 2 O OCH3), 3.70 (m,
1H; H-3’), 4.09 (m, 1H; H-2’), 4.39 (m, 2H; 3’-CH2), 4.71 (m, 1H; H-
4’), 6.09, 6.14 (d, J=0.9 Hz, 1H; H-1’), 6.76 (m, 4H; DMT), 7.17–7.41
(m, 10H; DMT and H-6), 7.70 and 7.77 (s, 1H; triazole-H), 7.94–8.22
(m, 8H; pyrene-H), 8.67, 8.72 ppm (d, J=9.3 Hz, 1H; pyrene-H);
31P NMR (CDCl3): d=148.40, 150.34 ppm in a ratio of 2:3; HR-ESI-
MS: m/z : calcd for C59H61N7O8P [M+Na]+ : 1026.4318; found:
1026.4338.


Synthesis and purification of modified oligonucleotides : DMT-on
oligodeoxynucleotides were synthesised in a 0.2 mmol scale on
CPG supports with the aid of an Expedite Nucleic Acid Synthesis
System Model 8909 (Applied Biosystems). Standard procedures
were used for phosphoramidite 4 with 4,5-dicyanoimidazole as an
activator except for the use of an extended coupling time (10 min)
and an increased deprotection time (100 s), resulting in stepwise
coupling yields of 98% for monomer 4 and >99% for unmodified
DNA phosphoramidites.


The obtained DMT-on oligonucleotides bound to CPG supports
were treated with aqueous ammonia (32%, 1.3 mL) at room tem-
perature for 2 h and then at 55 8C overnight. Purification of the 5’-
O-DMT-on ONs was carried out by reversed-phase semipreparative
HPLC on a Waters Xterra MS C18 column. DMT groups were cleaved
by treatment with aq. AcOH (80%, 100 mL) for 20 min, followed by
addition of H2O (100 mL) and aq NaOAc (3m, 50 mL). The ONs were
precipitated from EtOH (99%, 600 mL). The precipitate was washed
with chilled aqueous ethanol (70%). The purities of the obtained
ONs were checked by ion-exchange chromatography on a La-
ACHTUNGTRENNUNGChrom system (Merck Hitachi) with a GenPak-Fax column (Waters)
and were found to be 100% for all ONs, except for ON14, which
was 82%.


Molecular modelling : Molecular modelling experiments were per-
formed with MacroModel v9.1 from Schrçdinger. All calculations
were conducted with the AMBER* force field and the GB/SA water
model. The dynamics simulations were performed with stochastic
dynamics, a SHAKE algorithm to constrain bonds to hydrogen,
time step 1.5 fs and simulation temperature of 300 K. Simulation
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for 0.5 ns with an equilibration time of 150 ps generated 250 struc-
tures, which were all minimised by the PRCG method with a con-
vergence threshold of 0.05 kJmol�1. The minimised structures were
examined with Xcluster from Schrçdinger, and representative low-
energy structures were selected. The starting structures were gen-
erated with Insight II v97.2 from MSI, followed by incorporation of
the modified nucleoside building block.
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Site-Specific Protein Modification on Living Cells Catalyzed
by Sortase
Tsutomu Tanaka,[a, b] Teruyasu Yamamoto,[a] Shinya Tsukiji,[a] and Teruyuki Nagamune*[a, c, d]


Introduction


Proteins on the surfaces of cells are involved in many cellular
processes such as growth, differentiation, immune response,
cell–cell communication, and reversible adhesion to the extra-
cellular matrix.[1] To elucidate the function of cell surface pro-
teins, site-specific modification of proteins in living cells with
synthetic molecules is a widely used technique, as it enables
protein manipulation without loss of protein function. For in-
stance, the incorporation of biophysical probes such as fluoro-
phores and photoaffinity labels has been particularly useful for
investigating protein structure, function, cellular localization,
and protein–protein interaction networks. Although chemical
approaches using maleimide–cysteine conjugation are suitable
for protein engineering in vitro,[2] these methods cannot be ap-
plied to modify cellular proteins because they are “residue spe-
cific” rather than “site-specific”. Consequently, considerable
ACHTUNGTRENNUNGefforts have been directed toward the development of new
methods that enable site-specific incorporation of synthetic
probes into cellular proteins in living cells.[3–6] The previously
reported tetracysteine tag[7,8] is a short peptide containing four
neighboring cysteines that allows specific labeling with bi-
ACHTUNGTRENNUNGarsenical derivatives in living cells ; however, its specificity is rel-
atively low, and in some cases reduction of the unreactive cys-
teine residues is required. Intein-based protein splicing is an-
other promising method that was designed for site-specific
and covalent modification of cellular proteins.[9, 10] The short-
comings of this method are the large tag size of the intein
(123 a.a. DnaE(N) intein) and a relatively slow labeling process.
Thus, we believe that development and improvement of cellu-
lar protein engineering methods are still required for site-spe-
cific protein modification in living cells.
Enzymatic approaches for site-specific protein labeling in


living cells have attracted much attention because the sub-
strate specificity of enzymes enables “site-specific” protein


modification.[5,6,11–18] For example, human O6-alkylguanine
transferase (hAGT) has been used for site-specific protein label-
ing by irreversibly transferring the alkyl group of O6-benzylgua-
nine derivatives to one of the cysteine residues of the target
protein.[12,13]


Post-translational modification of acyl carrier protein (ACP)
by phosphopantetheine transferase (PPTase) also allows site-
specific modification of target proteins.[14–16] Although these
methods were highly site-specific in living cells, the large tag
size of hAGT (207 a.a.) and ACP (70 a.a.) may affect protein
ACHTUNGTRENNUNGexpression, function, and localization. It is desirable to use a
shorter peptide tag to minimize these improper labeling ef-
fects and to monitor or control the function of cell surface
ACHTUNGTRENNUNGproteins efficiently through neighboring labeled probes.
Walsh et al. recently reported a short peptide tag (12 a.a.)


that allows site-specific labeling by PPTase.[17] In the case of
biotin ligase, the tag size is also very short (15 a.a.) ; however,
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The use of enzymes is a promising approach for site-specific pro-
tein modification on living cells owing to their substrate specifici-
ty. Herein we describe a general strategy for the site-specific
modification of cell surface proteins with synthetic molecules by
using Sortase, a transpeptidase from Staphylococcus aureus.
The short peptide tag LPETGG is genetically introduced to the
C terminus of the target protein, expressed on the cell surface.
Subsequent addition of Sortase and an N-terminal triglycine-con-
taining probe results in the site-specific labeling of the tagged
protein. We were successful in the C-terminal-specific labeling of


osteoclast differentiation factor (ODF) with a biotin- or fluoro-
phore-containing short peptide on the living cell surface. The la-
beling reaction occurred efficiently in serum-containing medium,
as well as serum-free medium or PBS. The labeled products were
detected after incubation for 5 min. In addition, site-specific pro-
tein–protein conjugation was successfully demonstrated on a
living cell surface by the Sortase-catalyzed reaction. This strategy
provides a powerful tool for cell biology and cell surface engi-
neering.
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this method requires a two-step reaction.[18,19] Because these
labeling methods can only incorporate limited probes (that is,
CoA- and biotin-derived molecules) into short peptide tags,
the development of a new enzymatic labeling method, which
allows the incorporation of various probe molecule types onto
target proteins tagged with a short peptide, is still required.
We focused on Sortase A (SrtA), a transpeptidase from


Staphylococcus aureus.[20] Sortase is present on the cell surface
of Gram-positive bacteria and catalyzes the covalent linkage of
surface proteins to cell wall peptidoglycan, a process impor-
tant for bacterial infection into the host.[21, 22] SrtA recognizes
the LPXTG sequence, cleaves between the Thr and Gly resi-
dues, and subsequently links the carboxyl group of Thr to an
amino group of N-terminal glycine oligomers by a native pep-
tide bond. Recombinant soluble SrtA has been used for pep-
tide–protein or protein–protein ligation in vitro[23,24] because of
its greater substrate specificity.[25, 26] However, just a few appli-
cations of SrtA for specific labeling of surface proteins on
living mammalian cells have been reported.[27] Herein we dem-
onstrated the Sortase-mediated site-specific modification of
proteins on the surface of living cells. Recombinant osteoclast
differentiation factor (ODF) appended with an extracellular C-
terminal LPETGG sequence was employed as a model cell
ACHTUNGTRENNUNGsurface target protein.[28] Sortase-mediated labeling of the cell
surface protein with biotin or synthetic fluorophore was per-
formed. We also succeeded in protein–protein conjugation on
the living cell surface. This methodology will provide powerful
tools for cell surface engineering.


Results and Discussion


General strategy


The aim of this study was to establish transpeptidation-based
cell surface protein engineering using SrtA. SrtA is one of the
most well-studied transpeptidases, and its substrate specificity
is significantly strict.[25,26] Therefore, it is suitable for site-specific
labeling of proteins in cellular contexts. The principle of this
method is illustrated in Figure 1A. The tag with substrate se-
quence of SrtA, LPETGG, is genetically introduced to the C ter-
minus of the target protein, which is expressed on the cell sur-
face. Incubation of the cells with a short triglycine
derivative and SrtA then allows site-specific labeling
of the LPETGG-tagged cell surface protein. We de-
signed short triglycine derivatives attached to a
biotin (G3-Bt) or an Alexa Fluor 488 (G3-Alexa) as
model probes (Figure 1B). These probes were easily
synthesized by standard solid-phase peptide synthe-
sis.


Expression of LPETGG-tagged protein on the
living cell surface


We selected ODF as our model cell surface protein.
ODF, also known as TRANCE[29] and RANKL,[30] is a
type II membrane protein that consists of an N-ter-
minal intracellular region and a C-terminal extracellu-


lar region. We genetically fused the LPETGG sequence to the
C terminus of ODF following FLAG and HA tags, used for the
detection of protein expression (Figure 1B). As a negative con-
trol, the LPETAA sequence was introduced to the C terminus of
ODF. These constructs, designated as ODF-LPETGG and ODF-
LPETAA, respectively, were efficiently expressed in HEK 293T
cells for 24 h after transient transfection. To confirm cell surface
expression of tagged ODF, we performed fluorescent immu-
nostaining using FITC-labeled anti-HA and anti-FLAG tag anti-
bodies, which were analyzed by confocal laser scanning micro-
scopy (CLSM). HEK 293T cells were transiently co-transfected
with plasmids encoding ODF-LPETGG (or ODF-LPETAA) and a
monomeric red fluorescent protein with a nuclear localization
sequence (mRFP-NLS) as a transfection marker. Figure 2 clearly
shows that only transfected cells were labeled with FITC-


Figure 1. A) Sortase-mediated ligation of N-terminal triglycine derivatives to
C-terminally LPETGG-tagged cell surface proteins. B) ODF constructs, G3-Bt,
G3-Alexa, and G5-EGFP used in this study.


Figure 2. Immunofluorescence staining of HEK 293T cells transiently co-transfected with
ODF-LPETGG (top) or ODF-LPETAA (bottom) and mRFP-NLS using FITC-HA (left) or FITC-
FLAG (right).
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labeled anti-tag antibodies, confirming that the additional
LPETGG (or ODF-LPETAA) motif at the C terminus is exposed to
the cell surface and is spatially accessible by large molecules
such as anti-tag antibodies and SrtA. This accessibility is impor-
tant for the subsequent SrtA-mediated labeling reaction.


Site-specific labeling of LPETGG-tagged proteins on the
living cell surface


For the site-specific labeling of cell surface proteins, HEK 293T
cells were transiently co-transfected with plasmids encoding
ODF-LPETGG and mRFP-NLS. Cells were incubated with G3-Bt
and SrtA with His-tag (His6-SrtA) in serum-containing medium
for 4 h at 37 8C, and were then washed to remove excess
probe and enzyme. Cells were subsequently treated with Alexa
Fluor 488-labeled streptavidin (SAv-488) and analyzed by
CLSM. As shown in Figure 3A, only cells transfected with ODF-


LPETGG were efficiently labeled with the biotin tag. In contrast,
no biotinylation was observed in the absence of His6-SrtA or
on cells expressing the alanine-containing negative control
(ODF-LPETAA), indicating that the biotin labeling is enzyme-de-
pendent and highly specific because of the excellent sequence
specificity of SrtA. Western blotting analysis using a streptavi-
din–horseradish peroxidase conjugate (SAv-HRP) confirmed the
covalent attachment of biotin to ODF-LPETGG (Figure 3B).
Nonspecific labeling of biotin to other cellular proteins was
not detected. We also succeeded in direct labeling of the syn-
thetic fluorophore, G3-Alexa, to ODF-LPETGG (Figure 3C).
These results suggest that our strategy may allow direct label-


ing of various kinds of chemical compounds to cell surface
proteins with the LPETGG tag at the extracellular C terminus.
In addition, this strategy was generally applicable to other cell
lines including CHO and HeLa cells (data not shown). We sub-
sequently tested the influence of the medium on the labeling
reaction, and did not observe any clear effects (Figure 4). Nota-


bly, the Sortase-mediated transpeptidation reaction can be car-
ried out in serum-containing or serum-free medium, or in PBS
without any additional cofactors. This is in contrast to most
other chemical labeling methods that require the reaction to
be performed in buffer solutions or in the presence of appro-
priate cofactors.[12,16–19]


Protein–protein conjugation by SrtA on the living cell
ACHTUNGTRENNUNGsurface


We next attempted to perform protein–protein conjugation on
cell surfaces. An enhanced green fluorescent protein contain-
ing a pentaglycine motif at the N terminus[31] (G5-EGFP) was
used as a model protein. HEK 293T cells co-expressing ODF-
LPETGG and mRFP-NLS were incubated with G5-EGFP and His6-
SrtA for 4 h and then imaged by CLSM. Our results clearly
show that EGFP was conjugated to the ODF on the cell surface
(Figure 5). The formation of the covalent ODF–EGFP conjugate


Figure 3. A) Labeling of ODF with biotin on cell surfaces. HEK 293T cells tran-
siently co-expressing ODF-LPETGG (top) or ODF-LPETAA (negative control,
bottom) and mRFP-NLS were labeled with G3-Bt at 37 8C for 4 h. Biotinyla-
tion was detected with SAv-488. Confocal images show overlays of Alexa488
and mRFP fluorescence (left) and mRFP fluorescence and DIC images (right).
B) Western blotting analysis of biotinylation of ODF-LPETGG (38.3 kDa) (lane
1) using SAv-HRP (top) and anti-FLAG antibody (bottom). Negative controls
are shown in the absence of His6-SrtA (lane 2) or with ODF-LPETAA (lanes 3
and 4). C) Labeling of ODF with G3-Alexa on an ODF-LPETGG expressing cell.


Figure 4. Influence of cell culture medium on the biotinylation reaction. The
reaction was conducted in serum-containing DMEM (left), serum-free DMEM
(center), or PBS (right) for 4 h.


Figure 5. Protein–protein conjugation on cell surfaces. HEK 293T cells transi-
ently co-expressing ODF-LPETGG and mRFP-NLS were incubated with 10 mm


G5-EGFP and 30 mm His6-SrtA at 37 8C for 4 h. Confocal images show over-
lays of EGFP and mRFP fluorescence (left) and mRFP fluorescence and DIC
image (right).
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was also confirmed by Western blotting (data not shown). Con-
trol experiments using ODF-LPETAA-transfected cells or in the
absence of His6-SrtA showed no EGFP conjugation (data not
shown). To our knowledge, this is the first example of specific
conjugation of a cell surface protein by an exogenously pre-
pared protein.
In general, the expression of membrane proteins fused with


GFP (or other proteins) is more difficult than the expression of
GFP-fused cytosolic proteins. Our strategy will be applicable to
the semisynthesis of membrane proteins at the surfaces of
living cells.


Time course of the labeling reaction at the cell surface


Next, we evaluated the time course of the labeling reaction.
HEK 293T cells were transfected as described above and incu-
bated with G3-Bt or G5-EGFP. After incubation, cells were
washed and imaged by CLSM. Figure 6A shows that the biotin-
ylated ODF could be detected after only 5 min incubation, and
thus, this technique will be useful for future applications such
as pulse–chase labeling or receptor trafficking. Western blot-


ting analysis also shows that the amount of biotinylated ODF
increased with incubation time. In the case of G5-EGFP, despite
the much larger size of G5-EGFP (~28 kDa) relative to G3-Bt
ACHTUNGTRENNUNG(~1 kDa), the protein–protein conjugation was sufficiently fast
and could be detected after 15 min incubation (Figure 6B).
ACHTUNGTRENNUNGAlthough the hydrolysis reaction of labeled ODF by Sortase
occurs competitively, the transpeptidation reaction is dominant
in the presence of excess probe, because the kcat value is 12-
fold greater than that of hydrolysis.[26]


Cell viability under labeling reaction conditions


Because SrtA is originally a bacterial protein, the potential
toxic effects of our procedure toward mammalian cells were
assessed by MTT assay. Cells were incubated in DMEM contain-
ing SrtA and/or labeling reagents for 24 h. Figure 7 shows that
no effect on cell viability was observed under all experimental
conditions. These findings also support the applicability of this
method for labeling specific proteins on the surfaces of living
cells.


Conclusions


We have developed a general method for site-specific labeling
of cell surface proteins using Sortase. The efficient labeling of a
cell surface protein with a small peptide or a large protein
fragment was demonstrated. The Sortase-mediated transpepti-
dation reaction is covalent, highly specific, sufficiently rapid,
and allows the ligation of N-terminal oligoglycine polypeptides
to C-terminally LPETGG-tagged cell surface proteins. Also nota-
ble is that the tags reported herein are smaller than those pre-
viously reported.[9–18] In our work, efficient labeling under cell
culture conditions and the lower Sortase and probe concentra-
tions required (30 and 10 mm, respectively, that is, 85 and 98%
lower) relative to those reported previously,[27] demonstrates


Figure 6. Time course of the transpeptidation reaction on the surface of HEK
293T cells expressing ODF-LPETGG. A) Labeling with G3-Bt. B) Conjugation
with G5-EGFP. C) Western blotting analysis of biotinylation of ODF-LPETGG
using SAv-HRP (top) and anti-FLAG antibody (bottom). Negative controls are
shown in the absence of His6-SrtA.


Figure 7. Cell viability evaluated by MTT assay after treatment under the fol-
lowing conditions: 1) no addition, 2) 30 mm His6-SrtA, 3) 10 mm G3-Bt and
30 mm His6-SrtA, and 4) 8 mm G5-EGFP and 30 mm His6-SrtA.
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the great technical importance of Sortase-mediated labeling
methods. In addition, it was shown for the first time that a
whole protein can be site-specifically and very efficiently ligat-
ed to a cell surface protein, suggesting extension of this liga-
tion method to protein semisynthesis at the cell surface, for
example, in receptor reconstruction.[32, 33]


Herein we employed SrtA from Staphylococcus aureus, the
recognition sequence of which is LPXTG. Gram-positive bacte-
ria have several kinds of Sortase with different substrate specif-
icities.[22] It may be possible to perform multi-probe labeling of
cell surface proteins by using Sortases with different recogni-
tion sequences. In addition, engineering of the substrate spe-
cificity of Sortase was recently reported.[34] This approach is
also useful for multi-labeling of cell surface proteins.
Although this approach is restricted to modification of the


C terminus of the target protein, it should be possible to intro-
duce modifications at the N terminus by interchanging the re-
action motifs. By combining these techniques with powerful in
vitro chemical peptide and protein synthesis, a variety of pep-
tides and proteins containing new functional groups could, in
principle, be introduced to the cell surface and cell surface pro-
teins. Further efforts will be continued to extend this strategy
to labeling of intracellular proteins.


Experimental Section


Construction of expression plasmids : Pyrobest DNA polymerase
(Takara) was used for PCR, and all PCR-amplified sequences were
verified by DNA sequencing. The expression plasmid for His-
tagged SrtA (His6-SrtA) was constructed as follows: The gene en-
coding SrtA (corresponding to amino acids 60–206) was obtained
by PCR from genomic DNA of Staphylococcus aureus (ATCC
Number: 10832D) using the 5’ primer (5’-GGG GTA CCC AAG CTA
AAC CTC AAA TTC CG-3’) and the 3’ primer (5’-GCG AGC TCT TAT
TTG ACT TCT GTA GCT ACA AAG ATT TTA CG-3’), and was sub-
cloned into the KpnI/SacI sites of pET-30b(+) (Novagen) to yield
pET30b-SrtA. In E. coli, the plasmid expresses the protein construct
M-[His6]-SSG-[thrombin siteACHTUNGTRENNUNG(LVPRGS)]-GM-[S-tag(KETAAAKFERQHM-
ACHTUNGTRENNUNGDS)]-PDLGT-[SrtAACHTUNGTRENNUNG(60–206)] .


The expression plasmid for ODF containing FLAG, HA, and LPETGG
sequences at its C terminus, ODF-LPETGG, was constructed as fol-
lows: The gene encoding ODF was obtained by PCR from ODF
cDNA (kindly provided by Prof. Hisataka Yasuda) using the 5’
primer (5’-CCG CTC GAG GAT ATC ATG CGC CGG GCC AGC CGA
GAC TAC GGC-3’) and the 3’ primer (5’-GGA CCG CGG TCA TGC
GGC CGC CTT GTC GTC GTC ATC CTT GTA GTC AGC CAT GGC GTC
TAT GTC CTG AAC TTT GAA AGC CCC-3’), and was subcloned into
the EcoRV/SacII sites of pBluescript II SK(�) (Stratagene) to yield
pBSK-ODF. The gene encoding ODF-LPETGG was then obtained by
PCR from pBSK-ODF using the 5’ primer (5’-TCG ATA AGC TTG ATA
TCC ACC ATG CGC CGG GCC AGC CGA GAC TAC GGC AAG TAC C-
3’) and the 3’ primer (5’-GCC TCG AGT CAG CCA CCA GTT TCC
GGC AGA GAG CCA CCA GCA TAA TCT GGA ACA TCA TAT GGA TAA
GAT CCG CCC TTG TCG TCG TCA TCC TTG TAG TC-3’), and was sub-
cloned into the HindIII/XhoI sites of pcDNA3.1(+) (Invitrogen) to
yield pcDNA-ODF-LPETGG. In mammalian cells, the plasmid ex-
presses the fusion protein [ODF]-AMA-[FLAG ACHTUNGTRENNUNG(DYKDDDDK)]-GGS-
[HA(YPYDVPDYA)]-GGS-LPETGG.


The expression plasmid for ODF-LPETAA, pcDNA-ODF-LPETAA, was
constructed by introducing mutations into the pcDNA-ODF-
LPETGG with a QuikChange site-directed mutagenesis kit (Strata-
gene) using the 5’ primer (5’-GCT GGT GGC TCT CTG CCG GAA ACT
GCT GCC TGA CTC GAG TCT AGA GGG CCC G-3’; mutated sites are
in boldface) and the 3’ primer (5’-C GGG CCC TCT AGA CTC GAG
TCA GGC AGC AGT TTC CGG CAG AGA GCC ACC AGC-3’). In mam-
malian cells, the plasmid expresses the fusion protein [ODF]-AMA-
[FLAG ACHTUNGTRENNUNG(DYKDDDDK)]-GGS-[HA(YPYDVPDYA)]-GGS-LPETAA.


The expression plasmid for mRFP containing a nuclear localization
sequence, mRFP-NLS, was constructed as follows: The gene encod-
ing mRFP-NLS was obtained by PCR from pDsRed-Monomer-N1
(Clontech) using the 5’ primer (5’-GCG GTA CCA TGG ACA ACA
CCG AGG ACG TC-3’) and the 3’ primer (5’-CGC GGC CGC TCT ATA
CCT TTC TCT TCT TTT TTG GAT CTA CCT TTC TCT TCT TTT TTG GAT
CTA CCT TTC TCT TCT TTT TTG GAT CCT GGG AGC CGG AGT G-3’),
and was subcloned into the KpnI/NotI sites of pcDNA3.1(+) (Invi-
trogen) to yield pcDNA-mRFP-NLS. In mammalian cells, the plasmid
expresses the fusion protein [mRFP]-(DPKKKRKV)3.


Expression and purification of His6-SrtA : The plasmid pET30b-
SrtA was transfected into E. coli BL21 ACHTUNGTRENNUNG(DE3). The cells were grown in
LB medium to an OD (600 nm) value of 0.8, at which time expres-
sion of the protein was induced by the addition of isopropyl-b-d-
thiogalactopyranoside (IPTG) to a final concentration of 0.3 mm.
After growth for an additional 16 h at 27 8C, the cells were harvest-
ed by centrifugation. The cell pellets were resuspended in 50 mm


phosphate, 300 mm NaCl, pH 7.0 and lysed by sonication. His6-SrtA
was purified from the soluble fraction of the lysate by TALON
metal affinity resins (Clontech) according to the manufacturer’s
protocol, and dialyzed against 50 mm Tris-HCl, 150 mm NaCl,
pH 8.0. The concentration of purified His6-SrtA was determined
using a BCA protein assay kit (Pierce).


Synthesis of G3-Bt and G3-Alexa : The peptide H-Gly-Gly-Gly-Tyr-
Cys-NH2 was synthesized manually on a Rink amide resin by stan-
dard Fmoc-based solid-phase peptide synthesis protocol. Fmoc-
Gly-OH, Fmoc-Tyr ACHTUNGTRENNUNG(tBu)-OH, and Fmoc-Cys ACHTUNGTRENNUNG(Trt)-OH were used as
building blocks. Fmoc deprotection was carried out with 20% pi-
peridine in DMF, and coupling reactions were carried out with a
mixture of Fmoc-amino acid, diisopropylcarbodiimide (DIC), and
HOBt in DMF. Following chain assembly, global deprotection and
cleavage from the resin was carried out with TFA containing 2.5%
triisopropylsilane (TIS) and 2.5% H2O. The crude peptide products
were precipitated by Et2O and purified by reversed-phase HPLC
using a semipreparative YMC-Pack ODS-A C18 column with a linear
gradient of 0.1% aqueous TFA and CH3CN containing 0.1% TFA.
The purified peptide was reacted with EZ-Link maleimide PEO2-
biotin (Pierce) (2 equiv) in 100 mm Tris-HCl, pH 8.0 for 3 h and puri-
fied by reversed-phase HPLC to yield G3-Bt. The peptide was iden-
tified by MALDI-TOF MS (Matrix; CHCA): calcd for [M+H]+ =980.40;
obsd 980.21. G3-Alexa was synthesized similarly. The purified pep-
tide was reacted with Alexa Fluor 488 C5-maleimide (Molecular
Probes) (1.5 equiv) in 100 mm Tris-HCl, pH 8.0 for 1.5 h and purified
by reversed-phase HPLC to yield G3-Alexa. The peptide was identi-
fied by MALDI-TOF MS (Matrix; CHCA): calcd for [M+H]+ =1152.84;
obsd 1152.87.


Cell culture, plasmid transfection, and immunofluorescence
staining : HEK 293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma) containing 10% fetal bovine
serum at 37 8C under 5% CO2. Plasmid co-transfection was carried
out using Lipofectamine and PLUS reagent (Invitrogen) according
to the manufacturer’s protocol. After expression for 24 h, the cells
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were washed with PBS and incubated with 5 mgmL�1 FITC-labeled
anti-HA antibody (FITC-HA; Bethyl Laboratories) or FITC-labeled
anti-FLAG antibody (FITC-FLAG; Sigma) in PBS at room tempera-
ture for 25 min. After washing again, the cells were observed with
a Leica TCS NT confocal laser microscope (Leica Microsystems). The
fluorescence images were acquired using the 488-nm line of an
argon laser for excitation and a 530-nm band-pass filter for emis-
sion, or the 568-nm line of a krypton laser for excitation and a 590-
nm long-pass filter for emission. The specimens were viewed using
a 100P oil immersion objective.


Transpeptidation reaction on cell surfaces: HEK 293T cells were
co-transfected as described above and incubated for 24 h. The
transpeptidation reaction was performed by incubating the cells
with fresh medium containing 30 mm His6-SrtA and 10 mm G3-Bt,
G3-Alexa, or G5-EGFP for appropriate time intervals at 37 8C, and
the cells were washed with PBS. In the case of G3-Bt, the cells
were subsequently treated with 5 mgmL�1 Alexa Fluor 488-labeled
streptavidin (Molecular Probes) at room temperature for 15 min in
PBS and then washed again. The cells were observed with a con-
ACHTUNGTRENNUNGfocal laser microscope as described above.


For Western blotting analysis, the transpeptidation reaction was
carried out for 24 h. The cells were then washed and lysed in
10 mm HEPES, 150 mm NaCl, 0.5 mm EDTA, 0.5 mm EGTA, 1%
Triton X-100, 1 mm Na3VO4, 1 mm NaF, and 1 mm PMSF, pH 7.4. The
protein samples were fractionated by 10% SDS-PAGE and electro-
transferred onto a PVDF membrane. The blots were incubated with
anti-FLAG antibody (Sigma) or streptavidin–horseradish peroxidase
conjugate (Invitrogen) and stained using Chemi-Lumi One (Nacalai
Tesque).


Cell viability assay: HEK 293T cells (5P103 cells per well) were pre-
cultured in a 96-well plate for 24 h. The medium was then replaced
by DMEM containing the following; 1) no addition, 2) 30 mm His6-
SrtA, 3) 10 mm G3-Bt and 30 mm His6-SrtA, or 4) 8 mm G5-EGFP and
30 mm His6-SrtA, and cells were incubated for 4 h. After 24 h incu-
bation at 37 8C, an MTT assay was performed using the Cell Count-
ing Kit-8 (Dojindo) according to the manufacturer’s protocol. In the
case of condition 4), the cells were washed with DMEM before the
assay to remove excess G5-EGFP.
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