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Introduction

Understanding the functions and interactions of proteins
requires studying their localization, interactions, and activities
in vivo and in vitro. Confronted with the large numbers of
proteins resulting from the sequencing of entire genomes, cell
biologists and protein chemists are struggling to invent more
efficient and generally applicable methods of studying proteins.
By far the most successful strategy to meet this challenge has
been the use of fusion proteins. In this approach the protein of
interest is genetically engineered to contain an additional
sequence at either the N or C terminus. This so-called tag
equips the resulting fusion with a unique property that can be
exploited to study certain activities of the protein. In this review
we will first give a short overview of the most commonly used
tags before focusing on a new class of tags that are not limited
to their genetically encoded function but rather serve as general
acceptors for synthetic molecules.

Tags of fusion proteins currently have two main applications:
they are used in purification schemes and as tools to explore the
basic cellular properties of the protein. Examples of tags used in
purification schemes are the polyhistidine tag recognized by
immobilized metals, glutathione S-transferase recognized by
immobilized glutathione, and short epitope tags recognized by
antibodies.'3! Improved purification is sometimes achieved by
combining two tags in one fusion protein and utilizing their
sequential binding to the two corresponding affinity matrices.”!

Most applications for the use of fusion proteins to examine
biological functions in vivo involve the use of autofluorescent
proteins, with the green fluorescent protein (GFP) being the
most prominent example.”! Due to their autofluorescence the
fusion proteins can be observed in live cells without further
fixation and labeling procedures. Sensitive imaging techniques
allow the behavior of the proteins to be recorded in real time,
thereby giving new insights into the dynamic distribution and
localization of proteins in the cell®® More sophisticated strat-
egies of employing fusion proteins as functional probes require
the presence of two tags that are linked to two different proteins
in the cell. Here, a detectable activity of the two tags is dormant
until the two different fusion proteins either co-localize or
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directly bind to each other. These strategies allow the monitor-
ing of interactions and proximities between proteins; examples
include the two-hybrid method, split-protein sensors, and two
different fluorescent proteins that allow for fluorescence reso-
nance transfer measurements.™ '@ When two appropriate tags
are linked to the N and C termini of the same protein, the
interaction between the two tags and the resulting detectable
activity depend on the spatial distance between the two tags.
The activity of the tags is therefore directly influenced by the
conformation of the sandwiched polypeptide and can be used
to monitor conformational alterations in this protein.""'3 Tags
that have been used in this approach include the modules of the
split-ubiquitin sensor, fragments of fluorescent proteins, and
entire fluorescent proteins. As conformational changes of
proteins are very often at the center of cellular activity it is
important that new assays with high conformational sensitivity
will be developed.

With the increasing application of fusion proteins the inherent
limitations of this approach tend to be overlooked. In general,
the main objection towards this approach is the possibility that
the tag might interfere with the function of the investigated
protein and that the fusion protein does therefore not reflect the
behavior of its unmodified kin. This effect can range from subtle
hindrance to complete inactivation. Unfortunately, it is not
always trivial to estimate the damage that is inflicted by
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attaching the tag to the protein of interest. A straightforward
test is to replace the native copy in the cell by the fusion protein.
If the protein is essential or if lack of the protein has a
measurable phenotype, the influence of the tag on the activity of
the protein can be quantified. This works very well in organisms
that allow rapid gene replacements or gene knock-outs, like the
yeast Saccharomyces cerevisiae. The strategies that are pursued
in those organisms more resilient to reverse genetics very much
depend on what is already known about the protein. However,
recent advances in the depletion of cellular activity of a protein
by transforming the cells with small interfering RNAs should
allow the development of functionality test for fusion proteins in
higher eukaryotes.''* 1 On the other hand, many applications do
not require full activity of the protein. Measuring a protein
interaction by the two-hybrid method is often incompatible with
the natural localization and function of the protein. Still, the
insights that are gained with this technique are very often also
valid for the unmodified copies.

A second objection concerns the often unphysiological
concentrations of the fusion proteins compared to their native
copies. In most applications the fusions proteins are expressed
ectopically from relatively strong promoters, and overexpressed
proteins have a tendency to mislocalize, to capture binding
partners, and thereby to influence the regulation or kinetics of
the processes they participate in. Keeping the intracellular
concentration of the fusion protein as close as possible to that of
the wild type is therefore always recommended, although it is
not obligatory for all applications.

Despite these objections an impressive proof of the general
acceptance of fusion proteins can be found in the efforts to fuse
all open reading frames (ORFs) of a given organism to an
appropriate tag and to exploit the properties of the tag to
investigate certain aspects of the biological functions of the
corresponding fusion-protein library. Examples include efforts to
construct genome-wide protein interaction maps by using the
two-hybrid system, to gain an inventory of all cellular protein
complexes by using affinity tags, to observe the intracellular
localization of all proteins in the cell with GFP fusions, and to
display the entire proteome of an organism as a protein
microarray by using a polyhistidine tag and nickel-coated glass
slides.'™22 Most of these comprehensive approaches were
restricted to budding yeast because the number of proteins
therein (approximately 6000) made it a limited, although still
very demanding, exercise to obtain and probe all fusion
constructs. As impressive as these efforts were, the genome-
wide application of fusion proteins dramatically revealed a
shortcoming of all the currently available tags: their limitation to
a single, genetically encoded function which can be exploited for
functional studies. As a consequence, proteins have to be linked
to multiple tags to illuminate their different facets, which is
tolerable for the study of individual proteins but painful for
genome-wide approaches. Before applying the fusion-protein
approach on the genome-wide scale to other, more ORF-rich
organisms than yeast, it is therefore worthwhile considering a
new and promising class of tags. The new approaches are based
on a tag-mediated labeling of fusion proteins with synthetic
molecules that transfer a unique and specific property to the
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fusion protein. Provided that the mechanism of transfer is both
broadly applicable, allowing the attachment of chemically
diverse compounds that might function as specific probes for
a variety of biological questions, and highly specific, allowing for
labeling to take place in vivo, a single fusion protein might
suffice for studying a variety of different properties of the protein
of interest. In the following section we will give an overview of
the current trends in this new chemical approach to probe
protein function.

Tag-Mediated In Vivo Labeling of Fusion
Proteins with Small Molecules

The labeling of proteins with small molecules for functional
studies, such as spectroscopic probes or cross-linkers, is one of
the cornerstones of protein chemistry. However, the lack of
specificity in the underlying chemistry used for traditional
protein labeling, which usually targets one or several nucleo-
philic residues of the protein of interest, makes its application in
the living cell or in complex protein mixtures impossible. One
approach to address the shortcomings of traditional labeling
strategies relies on the specific incorporation of unnatural amino
acids in vivo based on suppressor tRNA technology.”® The
enormous potential of using unnatural amino acids for in vivo
studies is, however, not yet fully realized due to the enormous
technological obstacles that have to be overcome to specifically
incorporate the amino acids into proteins in living cells. The use
of tags to mediate the labeling of the corresponding fusion
proteins with small molecules represents a complementary
approach to provide proteins with new functionalities. Currently
used approaches for the labeling of fusion proteins, in vitro or in
vivo, with small molecules or ligands that carry the desired
functionality are based on four different kinds of tags (Figure 1):
A) intein-based labeling of proteins with small molecules,

B) tags that are specifically modified with a small molecule by a

third protein,
Q) tags that reversibly and specifically bind to a small molecule,
D) tags that irreversibly and specifically bind to a small molecule
through covalent-bond formation.

Intein-based labeling of proteins with small molecules

Intein-based labeling of proteins has become an important
technique in protein engineering over the last years.?* 2% |n its
natural function the intein excises itself in a self-splicing reaction
by ligating its N-terminal fusion to its C-terminal fusion. The
splicing mechanism in general involves the transient formation
of thioesters between cysteine side chains of the intein and of
the N terminus of the C-terminal fusion. By using engineered
inteins it is possible to isolate the protein of interest as a
C-terminal thioester. By applying the native chemical ligation
methodology developed by Kent et al.,?”) this thioester can then
be reacted with derivatized cysteines to yield the protein of
interest with an appropriate label attached to its C terminus.26-281
This so-called expressed protein ligation is very elegant as the
tag removes itself in the process of the labeling reaction and
thus avoids any possible interference with the function of the
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Figure 1. Schematic representation of the different approaches for tag-dependent labeling of fusion proteins with small
molecules in vivo: A) Split intein-based labeling of proteins. The transient conjugation of I~X to the protein transduction
domain necessary for cellular uptake of I-X is omitted; B) tags that are specifically modified by another protein, that is, a
ligase, which attaches the small molecule with the desired functionality to the tag; C, D) tags that possess a high affinity
towards the small molecule with the desired functionality. The interaction of the tag and the ligand might lead to the
formation of a covalent bond and result in irreversible labeling. X = synthetic label; I, I.= N- and C-terminal fragment of the

split intein.

protein of interest. In addition, there are practically no restric-
tions regarding the nature of the label that can be fused to the C
terminus of the protein. Examples of labels range from peptides
or whole proteins to fluorophores or affinity labels such as
biotin.[2% 2% 3% However, since thioesters react not only with the
derivatized cysteine but also with underivatized cysteines,
related thiols, and other nucleophiles this strategy can not be
employed for the specific labeling of proteins in vivo. To
circumvent this problem the group of Muir took advantage of
trans-splicing by so-called split inteins (Figure 1A).B" In this
reaction the individually expressed N-terminal (ly) and C-terminal
(I) fragments of the intein spontaneously reassemble into a
functional intein. The reassembled intein performs in a second
step the usual self-splicing (here: trans-splicing) reaction. To use
trans-splicing for in vivo labeling, the protein of interest is
expressed as an N-terminal fusion of Iy and I is synthesized with
a C-terminal extension that carries the desired label to give I-X,
where X represents a synthetic label. The labeled I-X must be
subsequently introduced into the cells expressing the N-terminal
fusion of I. This can be achieved by microinjection or, as shown
by Giriat and Muir, with the help of a protein transduction
domain (PTD) that was linked by a disulfide bridge to the
reactive cysteine of I.-X.B" PTDs can travel across the membrane
of many cells and deliver I-X, after reduction of the disulfide
bond in the reducing environment of the cell, to the intracellular
Iy fusion protein. The subsequent trans-splicing reaction then
leads to the labeling of the protein of interest with X (Figure 1A).
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the transfer of a small mole-
cule with the desired function-
ality to the tag by an appro-
priate ligase should also be
feasible in living cells (Fig-
ure 1B). In order to obtain
completely specific labeling,
the acceptor domain, that is,
the tag, must not be present
in any of the other endoge-
nous proteins and the substrate used for ligation to the tag, that
is, the label, must not be accepted by any other endogenous
proteins with similar ligase activity. So far the only practical
example of this approach is the in vivo biotinylation of peptides,
so-called biotin acceptor domains, by biotin ligases.?34 The
biotinylated protein is then recognized by avidin or streptavidin,
which bind with high affinity to biotin. While the biotinylation of
fusion proteins is attractive due to the availability of various
avidin-based reagents and materials, the in vivo labeling itself is
restricted to biotin and thus lacks versatility. Furthermore, since
biotinylation is a relatively common posttranslational modifica-
tion, the biotinylated fusion proteins generally have to be at
least partially purified before further use. A typical application of
biotin acceptor domains is the immobilization of biotinylated
fusion proteins on avidin- or streptavidin-coated surfaces for
binding assays.?™ Clearly, better tag - ligase pairs are needed to
make this approach more general and attractive. Ideally, these
pairs are orthogonal to the biochemistry of those organisms
commonly investigated in functional genomics and proteomics.

Tags that reversibly and specifically bind to a small molecule

Currently, most approaches for the in vivo labeling of fusion
proteins rely on the specific affinity of a given tag towards a
synthetic ligand carrying the desired chemical functionality
(Figure 1C, D). Examples for the noncovalent and reversible
labeling of (fusion) proteins with reporter molecules include the
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avidin —biotin pair, the dihydrofolate reductase — methotrexate
pair, and an antibody - hapten pair (Scheme 1).13¢-40!
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Scheme 1. Structures of the hapten - fluorescein, biotin - fluorescein, and me-
thotrexate - fluorescein dimers used for the labeling of antibody, avidin, and
dihydrofolate reductase fusion proteins, respectively. The part of the dimer
recognized by the tag is highlighted. In the case of the biotin - fluorescein dimer,
the fluorescein is synthesized as the membrane-permeable diacetate which is
rapidly hydrolyzed in vivo.

In this approach, in contrast to the in vivo
biotinylation discussed above, avidin functions as
the genetically encoded tag and derivatized A)
biotin acts as the label. The number of possible
labels is nearly unlimited as the derivatization of
biotin with different functional groups does not
interfere with its binding to avidin. The avidin -
biotin pair has been used to measure the pH
value in the mammalian organelles of the secre-

HO"
tory pathway: Avidin fused to an appropriate
targeting sequence was expressed in mammalian
cells and the cells were subsequently incubated
with a membrane-permeable biotin - fluorescein B)

dimer (Scheme 1).B% 4142 The pH dependence of
the spectral properties of fluorescein then al-
lowed the pH regulation in these organelles to be
studied. However, expression of avidin or strep-
tavidin fusion proteins in the cytosol tends to be
toxic for the cell and biotinylated probes have to
compete with the natural cofactor for binding to
the tag, two features that significantly limit the
scope of the approach.B% Furthermore, both
avidin and streptavidin are tetramers and will
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therefore directly influence the oligomeric state of the attached
protein.

An alternative to avidin - biotin is the dihydrofolate reductase
(DHFR) — methotrexate pair.’-3* DHFR fusion proteins bind with
high affinity to the cell-permeable methotrexate or its fluores-
cent derivative (Scheme 1). A first example employed this
technique to localize a DHFR fusion protein with a methotrex-
ate - fluorescein dimer and fluorescence microscopy.*” In such
experiments, care has to be taken to wash away excess
fluorescent ligand and the measurement has to be performed
rapidly after the washing step in order to prevent loss of the
label. This points towards a principal problem encountered with
tags that bind a label reversibly: If excess label has to be washed
away, the fusion protein will, depending on the strength of the
binding, also be slowly stripped of its label. This effect
significantly restricts the applications of these kinds of tags.

An important application of the noncovalent binding of a
ligand to the tag of a fusion protein is the chemically induced
dimerization of proteins.3! Protein activity in biological pro-
cesses is often triggered by dimerization and the control of this
dimerization by small molecules offers intriguing possibilities for
the study and manipulation of these processes. Chemical
inducers of dimerization (CIDs) are pairs of ligands that are
synthetically fused to form dimers or heterodimers. These
bivalent molecules can then be used to dimerize the corre-
sponding fusion proteins where the corresponding ligand-
binding protein plays the role of the tag (Figure 2). The first
example of such a synthetic CID is FK1012 (Figure 2), which is
prepared by dimerization of the natural product FK506.44
FK1012 can be used to selectively dimerize fusion proteins
containing the FK506 binding protein. Up to now, CIDs have
been used to study signal-transduction mechanisms, to control
gene transcription, to induce apoptosis, and to monitor
enzymatic reactions.*>#® In contrast to applications where the
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Figure 2. A) Structure of the chemical inducer of dimerization (CID) FK1012; B) general mechanism
of action of CIDs. L= ligand.
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small molecule is a spectroscopic probe, excess CID by itself does
not yield a detectable signal and therefore does not have to be
washed away.

The first truly multifunctional tag for the reversible and
specific labeling of fusion proteins with synthetic molecules is
based on the formation of stable complexes between biarsenical
compounds such as the fluorescein derivative FIAsH and
peptides containing tetracysteine motifs (Scheme 2).-52 The
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Scheme 2. Biarsenical dyes for the labeling of tetracysteine motifs: A) Complex
formation between FIAsH and the tetracysteine tag of a fusion protein;

B) biarsenical dyes used for the in vivo labeling and their excitation and emission
maxima. X = any amino acid.

As"-disubstituted tricyclic ring systems allow for a bivalent
interaction with the tetracysteine motif: Each of the two As"
atoms binds cooperatively to a pair of vicinal cysteines. To ensure
specific binding in in vivo applications, the biarsenical com-
pounds have to be added in the presence of 1,2-dithiols such as
1,2-ethanedithiol (EDT). EDT can outcompete endogenous
proteins possessing pairs of cysteines or the cellular cofactor
lipoamide. Importantly, the formation of the complex between
the biarsenical compound and the tetracysteine tag can be
reversed by flushing the cells with millimolar concentrations of
EDT. So far, applications of this technology have focused on the
fluorescence labeling of fusion proteins displaying the tetracys-
teine motif with blue (CHoXAsH), green (FIAsH), or red (ReAsH)
fluorescent biarsenical dyes (Scheme 2).14%-5% 53 54 |n addition, an
analogue of nile red with a biarsenical moiety was synthesized.>?
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This fluorescent dye possesses a high environmental sensitivity
and has been used to study conformational changes of a
protein.®? Important for these applications is the fact that the
fluorescence of the dye is efficiently quenched until it is bound
to the tetracysteine motif, thereby significantly reducing the
background signal originating from nonbound or unspecifically
bound dye. The availability of differently colored biarsenical dyes
allows the consecutive labeling of fusion proteins in pulse-
chase experiments; this offers an exciting opportunity to
differentiate old from new copies of a fusion protein. For
example, the mechanism of assembly, transport, and dynamics
of multiprotein complexes can be studied in such experiments,
as demonstrated for the assembly and dynamics of gap-junction
plaques.”™® Gap junctions are intercellular channels that are
formed from two half-channels, called connexons, of two
adjacent cells. Six connexins assemble in the membrane to form
a connexon. Gap-junction plaques are tightly packed arrays of
such intercellular channels and are known to be very dynamic
structures. By expressing a connexin43 —tetracysteine fusion
protein (Cx43-TC) and subsequently labeling the protein with
FIAsH and ReAsH, it was shown that gap-junction plaques are
assembled from the outer edge and removed from the central
core.’% Importantly, the tetracysteine tag also allowed verifica-
tion of these findings with high-resolution electron microscopy
imaging, as ReAsH-labeled Cx43-TC can be used for the localized
photoconversion of diaminobenzidine into an electron-dense
precipitate.5? It is noteworthy that the images obtained in the
electron microscopy measurements with the genetically encod-
ed tetracysteine tag were superior to images obtained with
immunogold-labeled antibodies. In addition to the in vivo and in
vitro labeling with spectroscopic probes, the tetracysteine tag
can also be used to purify the corresponding fusion proteins
with the aid of immobilized biarsenicals compounds: The
tetracysteine fusion proteins are bound to immobilized biarsen-
icals and then subsequently eluted with millimolar concentra-
tions of dithiols.”" From a practical point of view it is also
noteworthy that the tetracysteine tag can not only be fused to
the N or C terminus of a protein but also be incorporated, due to
its small size, in appropriate loops or on outer surfaces of a
helices.

What are the drawbacks and limitations of the biarsenical
compound - tetracysteine system? Most importantly, specific in
vivo labeling is only possible when micromolar concentrations of
dithiols are added as agonists and even then the background
signal in fluorescence labeling experiments has been reported to
be relatively high."" >4 It appears that the expression level of the
protein of interest, the cell type, the careful control of the
concentrations of dithiol, and the addition of nonfluorescent
dyes that can suppress nonspecific hydrophobic binding of the
biarsenicals are important for the signal-to-noise ratio.5" > The
cysteines of the tag also have to be in their reduced form which
will make applications in organelles with an oxidizing environ-
ment difficult.®" The simultaneous and specific labeling of two
or more fusion proteins possessing tetracysteine tags with
different specificities would also open up exciting possibilities
but is, at present, not feasible and will most likely require the use
of tags based on a completely different chemistry.
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Irreversible labeling of fusion proteins

Compared to the approaches discussed above, the irreversible
labeling of fusion proteins through tag-mediated covalent-bond
formation between the tag and a small molecule offers certain
advantages. Particularly important for in vivo applications is the
fact that excess label can be readily washed away. One possible
approach to achieve such covalent labeling of fusion proteins in
living cells or complex mixtures relies on active-site-directed
irreversible inhibitors and suicide inhibitors, that is, the irrever-
sible modification of an enzyme through the interaction with a
substrate analogue (Figure 1D). Such irreversible inhibitors have
a long tradition in enzymology and there exists a large variety of
enzyme - inhibitor pairs.*® The application of this approach
towards the specific labeling of fusion proteins requires the
expression of the enzyme or protein as a tag fused to the protein
of interest and the synthesis of the corresponding inhibitor fused
to an appropriate label. Provided that the label does not
interfere with the reaction between the enzyme and the
inhibitor, the label will be covalently coupled to the fusion
protein. While many irreversible inhibitors for enzymes are
known, care has to be taken when choosing an enzyme - inhi-
bitor pair for the labeling of fusion proteins. In addition to the
specificity of the enzyme —inhibitor interaction, one also has to
take into account the effect the expression of the enzyme can
have on the host. For example, the many known protease -
inhibitor pairs are probably not good candidates as the
proteases can hydrolyze other proteins before being inactivated
through labeling.5” An example of the successful application of
an enzyme - inhibitor pair is provided by the selective immobi-
lization of fusion proteins of the esterase cutinase on surfaces
displaying alkyl 4-nitrophenyl phosphonates (Scheme 3).5% Acti-
vated phosphonates form covalent adducts with the reactive
serine of serine hydrolases, and the specificity of the reaction has
been used to selectively immobilize cutinase fusion proteins out
of periplasmic extracts of Escherichia coli overexpressing the
fusion protein. The immobilized cutinase fusion proteins have
then been used in functional assays. While this enzyme -inhi-
bitor pair could be used for the labeling of cutinase fusion
proteins with a variety of small molecules, a specific labeling in
vivo or in more complex mixtures might not be possible as
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Scheme 3. Immobilization of cutinase fusion proteins on surfaces displaying
alkyl 4-nitrophenyl phosphonates.
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phosphonate inhibitors of this type are known to react with a
variety of other serine hydrolases. 6%

A very low intrinsic reactivity of an irreversible inhibitor
towards the proteome of a given cell is clearly a prerequisite for
its use in the specific and covalent labeling of its corresponding
protein tag. One inhibitor—tag pair that fulfills this criterion is
based on the unusual mechanism of the DNA repair protein O°-
alkylguanine-DNA alkyltransferase (AGT; Scheme 4).°" The cel-
lular role of AGT is to irreversibly transfer the alkyl group from
alkylated OS-alkylguanine-DNA to one of its reactive cysteine
residues, so that efficient and rapid self-modification leads to the
repair of the alkylated DNA.®? |mportantly, the human AGT
(hAGT) not only repairs alkylated guanine in DNA but also reacts
with the cell-permeable nucleobase O°%-benzylguanine (BG)."*? It
was recently shown that fusion proteins of hAGT can be
specifically labeled with BG derivatives substituted at the
4-position of the benzyl ring in vivo and in vitro.®" ¢ The rate
of the reaction of hAGT with substituted BG derivatives does not
significantly depend on the nature of the substituent at the
4-position of the benzyl ring. The specificity of the reaction can
be best evaluated in the fluorescence labeling of hAGT fusion
proteins in mammalian cells by BGAF. BGAF contains the
membrane-permeable diacetate of fluorescein, which is rapidly
hydrolyzed inside the cell to the corresponding fluorescein
derivative BGFL (Scheme 4). In the experiment, an hAGT fusion
protein with a nuclear localization sequence is transiently
expressed in AGT-deficient CHO cells. Cell cultures are incubated
for short periods of time (5 min) with low concentrations of BGAF
(<5 um) and then washed repeatedly to remove access label.
Examination of the cells by fluorescence microscopy shows that
only cells transiently expressing the hAGT fusion protein display
a fluorescence signal in the nucleus (Figure 3). In contrast, no

Figure 3. Confocal micrograph of fluorescence-labeled, nuclear-targeted
hAGT in AGT-deficient CHO cells. An overlay of the transmission and
fluorescence channel is shown (excitation at 488 nm). The image was recorded
30 min after pulse labeling with BGAF (5 um) for 5 min and 3 washes with
phosphate buffered saline.
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Scheme 5. General scheme for the selective immobilization of hAGT fusion proteins on surfaces

fluorescence signal is observed in cells where the
hAGT fusion was quenched with nonfluorescent
BG prior to the labeling with BGAF.

hAGT can be fused to either the N or C terminus
of the protein of interest.®" It is a monomeric
protein of 207 amino acids, which can be trun-
cated to 177 residues without significantly affect-
ing the activity against BG derivatives.®? In vivo
labeling is possible in bacterial, yeast, and mam-
malian cells, and the efficiency of the labeling
depends on the membrane permeability of the
corresponding BG derivative. The relatively nar-
row substrate specificities of E.coli and yeast
AGTs, which do not readily react with BG, allow for
a selective labeling of hAGT fusion proteins in
these hosts. However, labeling in mammalian cells
requires the use of AGT-deficient cell lines.
Despite the presence of a reactive cysteine which
can render the protein sensitive to oxidative
conditions, first experiments indicate that hAGT
fusion proteins can be labeled after secretion into
the periplasm of E. coli or when displayed on the
surface of mammalian cells.® The reaction be-
tween hAGT and BG derivatives is relatively rapid,
with the second-order rate constant for the
reaction of a recently isolated highly reactive
mutant of hAGT with BGBT being
8000 sec "m~.14 Equally important is the ease of
preparation of the BG derivatives, which allow the
attachment of a seemingly unlimited number of
possible labels to hAGT fusion proteins. High-
lighting this versatility is the use of immobilized
BG derivatives for a selective, covalent immobili-
zation of hAGT fusion proteins out of E. coli cell
extracts, an approach that could become impor-
tant for the generation of protein microarrays
(Scheme 5).%%1 The main drawbacks of the tech-
nology are the size of the tag, which is only
slightly below that of GFP, and the requirement to
use AGT-deficient mammalian cell lines. However,
engineering the substrate specificity and reactiv-
ity of hAGT by directed evolution might allow the
latter problem to be solved.

Conclusions

Recent developments in the labeling of fusion
proteins with synthetic molecules in the living cell
or in complex mixtures have opened up new ways
for studying protein function. These new tags
allow for the attachment of a wide variety of
different labels under a broad range of conditions
and are predicted to become important for func-
tional genomics, proteomics, and in particular, in
the genome-wide preparation of fusion proteins.
The tetracysteine tag, which reversibly binds to
biarsenical compounds, and the hAGT tag, which
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is irreversibly alkylated by benzylguanine derivatives, are proto-
types of this approach. Both provide the respective fusion
protein with functionalities that can not be genetically encoded
and thereby complement the properties of the traditional fusion
proteins. Despite this progress, there is still a need for new and
alternative labeling schemes of fusion proteins. Very high on the
list of desirable techniques is the simultaneous and specific
labeling of different fusion proteins within a single cell to
measure the spatial and temporal organization of entire path-
ways. ldeally, these tags would have a minimal influence on the
behavior of the fusion protein and could be used in different
hosts and organelles. It would then become the ingenuity of
chemists and biologists to design and synthesize novel com-
pounds for labeling that will limit the application of this class of
fusion proteins.

The authors thank Maik Kindermann, Petra Tafelmeyer, Susanne
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and Antje Keppler and Horst Pick for the preparation of the cover
picture.
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1. Introduction

For many years, researchers have been trying to rationally design
drugs from scratch based on high-resolution three-dimensional
structures of a given target molecule. Until now, however, this
approach has worked only for a disappointingly small number of
targets. Thus, drugs are still almost exclusively identified by
screening of very large substance libraries. What has improved,
however, is the speed of screening compound libraries, which
may contain several million different compounds.>* But even
with the help of recently developed high-speed and ultra-high-
throughput techniques, such chemical compound libraries are
very costly and expensive to screen. Maintainence and expan-
sion of these compound libraries is demanding too.

Biological compound libraries have been known for almost
two decades. Such libraries consist of nucleic acids, peptides, or
proteins with variations in the sequence of their monomer
building blocks. These variations are obtained by chemically
synthesizing oligonucleotides using mixtures of different nu-
cleotides for each synthetic step. For example, a randomized
decamer oligonucleotide yields 4%, that is, more than one
million different substances.

A striking advantage of these libraries is their ability to be
easily replicated. For example, can be DNA replicated by the
polymerase chain reaction (PCR).®! For replication of RNA,
additional steps (reverse transcription and transcription) are
needed. Screening of these biological libraries is achieved by
enrichment of library members that show properties as close as
possible to any desired attribute, for example, binding to a given
target molecule. After several cycles of amplification and
screening, one ends up with those molecules of the original
library whose properties are very close to those desired. For RNA
libraries, the respective method is well known as “SELEX"® 7 and
the resulting molecules are known as aptamers.®-"!

Since peptides cannot be replicated directly, more sophisti-
cated methods were developed to link genotype (variations in
the nucleotide sequence of the gene) and phenotype (the
resulting variations in the amino acid sequence of the peptide
product). Several solutions to this problem were achieved, for
example phage display,"? plasmid display,'® polysome dis-
play," and ribosome display.!'”

Such “biological” libraries do have some advantages over
chemical compound libraries. They do not need high-through-
put technologies for screening. These libraries can be easily
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obtained and screened with technology present in any molec-
ular biology laboratory and they can consist of up to 10"
different molecules.

Thus, it is not surprising that SELEX and phage display in
particular are techniques that are widely used in basic research,
for example to determine epitope specificities of antibodies,!"®
to characterize binding specificities of nucleic acid binding
proteins,'” and to identify potential binding partners of a given
macromolecule."® Further, directed evolution of enzymes (pro-
teins and RNAs) with altered or completely novel substrate
specificities can be similarly done based on construction and
screening of large libraries of the polymer to be optimized.!'*-22
In addition, the stability of proteins can be optimized.”?* 4 Each
amplification step may even contain an additional step intro-
ducing further variations to the enriched sublibraries, for
example by error-prone PCR or in vitro recombination.”

There are, however, some striking disadvantages of nucleic
acids and peptides identified from screening biological libraries
that render the selected molecules practically useless for
therapeutic and most diagnostic applications in living animals
or humans. Biological polymers consisting of naturally occurring
building blocks, like nucleic acids (consisting of b-enantiomers of
nucleotides), but also peptides (built from L-amino acids) are
prone to degradation by nucleases and proteases, respectively.
Further, peptides often induce immune responses that impair
single, and particularly multiple use in animals or humans.
Biological compound libraries, however, necessarily consist of
p-nucleotides and L-amino acids.

Newly developed mirror-image techniques® ! circumvent
these disadvantages and, thus, may be a way to make use of the
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advantages of biological libraries while avoiding their disadvan-
tages. In this minireview we focus on one of these “spiegelmer”
techniques and its applications: mirror-image phage display.?®

2. Phage Display

Among the techniques that were developed to construct
libraries of peptides with randomized amino acid sequences
and to screen them for ligands for a given target, “phage
display,”™? is currently the most popular one.l's 182821 The
peptide library is presented on the surface of bacteriophages
(“phage display”) as a fusion of a peptide and a phage coat
protein. This technique is one of several ways to physically link
the presented peptide (phenotype) to the DNA sequence coding
for its amino acid sequence (genotype). Diversity can be
introduced to the presented peptide or protein by combinatorial
mutagenesis of the peptide-coding part of the fusion gene.
Extremely large numbers of phages each displaying a different
peptide can be constructed, replicated, selected, and amplified
in a process called “biopanning” (Figure 1). The libraries are
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Figure 1. Scheme of a phage display screening procedure. A) A huge library of
different peptides (symbolized by colored shapes) is presented fused with a coat
protein found on filamentous phages (long grey symbols) and applied to a
surface-immobilized target molecule (black round symbols). Some of the peptides
will bind to the target (B). The rest are washed off (C). Peptides that show affinity
to the target are eluted (D). The obtained sublibrary can be amplified and re-
applied to the target (B) or the sequence of the displayed peptide can be
determined by DNA sequencing of the fusion protein (E).

incubated with a target molecule either as an immobilized target
or prior to capture of the complex on a solid support. As in
affinity chromatography, noninteracting peptides and proteins
are washed off and the interacting molecules are subsequently
eluted. The hereby enriched population of phages displaying
target-interacting peptides or proteins can be amplified by
bacterial infection to increase the number of copies of the
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molecules. The screening/amplification process can be repeated
to further enrich those library members with higher affinity for
the target. The result is a final peptide population that is
dominated by the sequences that bind the target best. Inherent
to the technique is the fact that these peptides solely consist of
the 20 proteinogenous L-amino acids.

3. Mirror-Image Phage Display

With the exception of glycin, all amino acids are chiral. The term
chiral means that there are - and p-enantiomeric forms that are
not identical, but are related to each other like image and mirror
image, or left and right hand.

Consequently, peptides and proteins are chiral. Two chiral
molecules, for example, protein A and protein B, that tightly bind
to each other will do so only if the correct enantiomers of both
molecules are present. Thus, protein A would not bind to the
mirror image of protein B. The mirror image of protein A,
however, would bind to the mirror image of protein B. This
principle has been demonstrated for the example of HIV
protease and its substrate.3”

This is the idea on which the method of mirror-image phage
display® is based. During a “common” phage display approach
a peptide library is screened to identify a peptide (e.g. by
biopanning) that binds to a given target protein as it exists in a
living cell. The target protein then consists of L-amino acids and
is therefore labeled “i-target” (Figure 2 A). An inherent property
of the phage display method is that the identified peptide
consists of L-amino acids too, and thus is labeled “L-peptide”.

To run a mirror-image phage display, biopanning is carried out
against the mirror image of the target protein. This mirror-image

A B
L-target L-target o-target
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Figure 2. Schematic representation of the principles of common phage display
(A) and mirror-image phage display (B). A) A phage displayed peptide library is
screened for peptides that bind to a given target protein that consists of .-amino
acids (i-target). Any identified peptide that binds to the L-target will consist of L-
amino acids too (.-peptide). B) The phage-displayed peptide library is screened
for peptides (L-peptide) that bind to the mirror image of the target protein (p-
target). Any identified peptide will consist of .-amino acids (.-peptide) and will
bind to the p-target. The mirror image of the resulting complex of p-target and -
peptide shows the complex between the original L-target and a peptide consisting
of p-amino acids with the same sequence as the L-peptide. The resulting b-peptide
is easily accessable by chemical synthesis.
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molecule has to be chemically synthesized from p-amino acids in
the same sequence as the L-amino acids in the L-target. This
molecule, called the p-target, is used as a bait for the biopanning
procedure (Figure 2B). As in common phage display, one ends
up with peptides that consist of t-amino acids. Such an “L-
peptide” binds to the p-target. Thus, the “p-peptide”, the mirror
image of the L-peptide, will bind to the mirror image of the p-
target, which is identical to the original .-target. The p-peptide is
easily accessable by chemical synthesis of a peptide with b-
amino acids in the same sequence as that of the amino acids in
the L-peptide.

Mirror-image phage display?® allows the use of phage display
to ultimately identify peptides that bind specifically to a given
target and consist solely of p-amino acids. p-amino acid peptides
are known to be less protease sensitive,®" 32 more resistant to
degradation in animals,3*3% and less or even not at all
immunogenic,?¥ as compared to an L-amino acid peptide.?s 35371
Hence, o-peptides identified by mirror-image phage display may
well be suited to diagnostic and therapeutic use in living animals
and humans. The only remaining pitfall is that the mirror image
of a given target molecule needs to be synthetically available,
which restricts application of the method to smaller proteins.
Many potential target proteins or protein domains, however, are
well within the range of the technique.

4. Only A Few Examples So Far

The principle behind mirror-image phage display was developed
and proven to be correct by Schumacher et al.?® They used the
mirror image of the c-Src homology 3 (SH3) domain of chicken
Src kinase to screen for phage-displayed t-peptides that bind to
D-Src-SH3. The peptide library was constructed from a random-
ized 10 amino acid peptide, flanked by either a serine or a
cysteine residue on either side, and fused to the amino terminus
of the minor coat protein of the bacteriophage fd. The library
was designed to include a large proportion of sequences that
support disulfide bond formation to increase the number of
cyclic peptides. The peptides that were obtained after screening
for binding to b-Src-SH3 did not contain polyproline sequences,
as is typically found in L-SH3-domain-directed phage display
screenings. Thus, the authors concluded that different binding
modes exist for the binding of p-peptides and L-polyproline
peptides to L-Src-SH3.

Interestingly, the binding site for one of the selected b-
peptides partially overlaps with the site for physiological (-
polyproline-peptide ligands of the L-Src-SH3 domain, as deter-
mined by nuclear magnetic resonance spectroscopic experi-
ments with the p-peptide and (-Src-SH3 domain. A dissociation
constant (Kp) of 63 uwm for the interaction between the p-peptide
and L-Src-SH3 was determined by competitive enzyme-linked
immunosorbent assays (ELISA) and tryptophan fluorescence
spectroscopic titrations. Indeed, the p-enantiomer of the iden-
tified cyclic peptide bound to L-Src-SH3 and the principle behind
mirror-image phage display was proven to be correct.

The same research group published another potential appli-
cation of the mirror-image phage display technique for viral
targets.’”? The human immunodeficiency virus type 1 (HIV-1)
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gp41 protein promotes viral entry by mediating the fusion of
viral and cellular membranes. As the full-length gp41 protein is
too large to be synthesized as the p-enantiomer, a part of gp41
(IQN17) that resembles an important binding pocket for gp41
activity was used in its b-enantiomeric form as a bait for phage
display screening. The phage-displayed peptide library used for
this study was the same as that used in the above-mentioned
investigation.

The screening procedure yielded several peptides that con-
tained a consensus sequence that had conserved amino acids at
four positions and were flanked by a cysteine residue on both
sides of the sequence. The identified p-peptides were shown to
be biologically active with respect to inhibition of membrane
fusion, as measured by cell/cell fusion assays and HIV infection
assays. 1Cs, values for viral entry in the micromolar range (11 -
270 pm) were determined by a recombinant luciferase assay. The
p-enantiomer of one of the selected peptides inhibited HIV-1
infection in vitro and bound exclusively to the gp41 pocket
(IQN17), as shown by structural investigations using X-ray
crystallography and NMR spectroscopy. In addition, these
structural studies showed direct interactions between the
conserved residues of the p-peptide and IQN17. The authors of
this study emphasized the possibility of rapid discovery of a new
class of orally bioavailable drugs.

Cell-surface carbohydrates were used as targets in another
mirror-image phage display application.®® Carbohydrates on cell
surfaces are part of molecular recognition processes, which are
involved in various cell interactions. Such cell-surface carbohy-
drates play a role in bacterial and viral infections, inflammation,
and cancer metastasis, and are thus promising therapeutic
targets. The authors used the enantiomers 3-deoxy-a-L.-manno-
2-octulosinic acid (.-KDO) and r-sialic acid, as well as the
respective disaccharide (L-sialo-.-KDO) as targets for the screen-
ing of a phage-displayed single-chain antibody library. Dissoci-
ation constants were determined by surface plasmon resonance
to be in the nanomolar to micromolar range. Further, the authors
postulated a polyvalent interaction between the selected
peptides and the respective target.

In an effort to enable novel approaches to diagnosis and
therapy of Alzheimer’s disease (AD), we recently applied mirror-
image phage display to identify p-peptides that specifically bind
to amyloid peptide AB(1-42).5% A is the major component of
the amyloid plaques found in the brains of people suffering from
AD. So far, these amyloid plaques are only detectable post
mortem." 0

AP exists in a soluble overall helical structure®” and an
aggregated overall extended ($-sheet) structure.*? The -sheet
conformation is found in the fibrils that build up amyloid
plaques. These plaques are stainable with chromophores, such
as Congo red and thioflavin, that show high affinity for -sheet
structures irrespective of the identity of the peptides contained
therein.

To develop a novel and specific marker for AD amyloid
plaques, we screened a randomized 12-mer peptide library
presented on M13 phages for peptides with binding affinity for
the mirror image of AB(1-42). Upon screening, we identified a
clearly dominating amino acid sequence. The mirror image of
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this peptide (p-pep) was shown to bind AB(1-42) with a
dissociation constant in the submicromolar range. Furthermore,
in brain tissue sections derived from patients that suffered from
AD, amyloid plaques were stained specifically with a fluores-
cence-labeled derivative of b-pep (Figure 3). b-pep is specific for
AP plaques and did not stain amyloid deposits consisting of
peptides other than Ap.

A B

Figure 3. Fluorescence microscopy images of a brain tissue section derived from
a patient who suffered from AD. Co-staining was carried out with fluoresceiny-
lated p-pep and an anti-A(1-16) antibody detected with Cy3-labeled secondary
antibody. The pictures were taken under two different filter conditions (A,
fluorescein, excitation 450-490 nm, emission 515-565 nm; B, Cy3, excitation
510-560 nm, emission starting at 590 nm; C, superposition of the two pictures).
The white bars indicate a length of 20 um. The superposition clearly shows that
amyloid plaque staining by p-pep is indistinguishable from that by anti-Af(1-16)
antibody.

D-pep may be a very suitable probe for the detection of
amyloid plaques in living humans or animal models used to
search for compounds that are suitable for AD therapy. p-pep
may be synthetically combined with any marker employed for
physiological detection or medical imaging techniques. Future
studies are required to find out whether p-pep or derivatives
thereof are able to cross the blood - brain barrier. The fact that o-
pep is fully synthetic will simplify any variation of its structure.

5. Summary and Outlook

Mirror-image phage display?® is one example of the so-called
“spiegelmer” techniques.’” Based on the use of perfect mirror
images (enantiomers) of the original target molecules, mirror-
image phage display delivers peptides consisting of p-amino
acids. If these p-peptides have the expected properties with
respect to immunogenicity and biostability, one might expect
that mirror-image phage display has been applied for numerous
targets since its invention. The fact that only a few examples of
application of mirror-image phage display are described in the
literature!2® 3% 381 leads to the inevitable question of why mirror-
image phage display applications are rarely published. The
advantages of the technique are quite clear: To search for a
ligand for a given target, it is possible to start with a “biological”
library that can easily be constructed and screened for binding to
the target. One does not need high-throughput technologies for
screening, and yet ends up with p-amino acid peptides that are
considered to be rather protease resistant and mostly non-
immunogenic? 3137 as compared with L-amino acid peptides.
The increased protease stability of p-peptides is also used in the
so called “retro-inverso peptide” approaches, which use peptides
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consisting of b-amino acids with reversed amino acid sequence
to mimic the original .-peptide.”?

Overall, o-peptides derived from mirror-image phage display
may be well suited to use for diagnostic and therapeutic
applications in living animals and humans. The only disadvant-
age is the need for a given target molecule to be synthetically
available, which restricts the technique to smaller targets. Many
potential targets, however, are well within the range of the
technique. The future will show whether spiegelmer techniques
in general can be valuable tool for drug research. The
comparatively low costs and the speed of the whole process
may be of particular interest for the use of spiegelmers in the
diagnosis and therapy of so-called “orphan diseases”*¥ those
diseases that affect only a small number of people, which makes
this a nonprofitable target group for pharmaceutical companies.
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Another Face of RNA: Metabolite-Induced
“Riboswitching” for Regulation of Gene

Expression
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Control of gene expression is a crucial
feature of all organisms. At any given time
only a fraction of the total number of
genes is active. Regulation of cell metab-
olism primarily takes place at the level of
transcription but is supplemented by
translational control and several other
mechanisms. The entire spectrum of con-
trols provides the cell with a sensitive tool
for regulating the kinds and numbers of
cellular molecules produced. In 1965
Francois Jacob, André Lwoff, and Jacques
Monod received the Nobel Prize for their
discoveries concerning genetic control of
enzyme and virus synthesis. The lac
operon described by Jacob and Monod!™
is found in all genetic textbooks nowa-
days as the paradigm of transcriptional
control. The model describes genetic
material organized in units of activity,
the operons (Figure 1). A regulator gene /
produces a repressor protein that upon
interaction with its receptor, the operator
O, prevents transcription of genes Z, Y,
and A, which encode proteins that are
involved in lactose metabolism. In the
presence of lactose (inducer), binding of
the repressor to the operator is prevented
by interaction of the repressor protein
with allolactose (metabolized from lac-
tose by transglycosylation). Consequently,
RNA polymerase can bind to the promot-
er P next to the operator region to start
transcription of the following genes. In
agreement with this model, it has been
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widely accepted that cells are controlled
predominantly at the DNA level by regu-
latory proteins with the capacity to rec-
ognize individual genes and to adjust-
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-

Repressor l

l/. Inducer

il WO~z vl
g 111

Transcription

Figure 1. Expression of the lac operon. In the
absence of inducer, the repressor produced by the |
gene binds to the operator (O) and thus prevents
transcription of the structural genes Z, Y, and A
encoding lactose-metabolizing enzymes. Binding of
the inducer leads to dissociation of the repressor
from the operator. The promotor (P) becomes
accessible to RNA polymerase so that transcription of
Z, Y, and A can occur, followed by synthesis of the
corresponding proteins.

their activity. Nevertheless, in 1965 Fran-
cois Jacob already expected that there
might be room for other control mecha-
nisms: “The simplest hypothesis compat-
ible with the results of genetic analysis -+
is that the promoter represents the punc-
tuation of transcription, providing the
signal for RNA polymerase to start the
synthesis of the messenger for this oper-
on on one of the two DNA strands. If this

is correct, the operator is not transcribed
into messenger and repression can be
exerted only at the level of DNA. This is
the interpretation that now seems the
most plausible to the geneticists; but it is
clear that, as usual, the last word will
belong to the chemist.”? Indeed, impor-
tant new experiments concerning this
matter have recently been reported. Ro-
nald Breaker and co-workers have now
demonstrated that bacterial gene expres-
sion can be directly regulated at the level
of mRNA without the participation of
proteins.! That genetic control proceeds
not only at the transcriptional level as
described above, but also at the transla-
tional level has been known for some
years. Each mRNA contains protein-cod-
ing stretches as well as noncoding regions
used to control translation of these RNAs
into proteins. However, in all examples
known to date, metabolite-sensing pro-
teins bind to the control regions to alter
the conformation of the mRNA and thus
to regulate the access of the ribosome for
initiation of translation. The group led by
Ronald Breaker has now provided the first
examples of translational control by direct
RNA - metabolite interaction.® In a recent
work, Winkler et al.? showed that mRNAs
encoding enzymes involved in thiamine
(vitamin B,) biosynthesis in Escherichia coli
are able to directly bind thiamine or its
phosphate (TP) and pyrophosphate (TPP)
derivatives (Scheme 1) and that the
resulting mRNA-metabolite complex

Scheme 1. Chemical structure of thiamine pyro-
phosphate. Sites that make contact with RNA are
marked.
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Figure 2. Thiamine-pyrophosphate-sensing mRNA. In the absence of TPP, translation of the RNA downstream
of the receptor region takes place. When TPP is present, it binds to the receptor region and sequesters the
Shine - Dalgarno (SD) element, which leads to inhibition of translation.

adopts a distinctly different conformation
relative to the free mRNA. This conforma-
tional change leads to sequestering of the
ribosome binding site (Shine-Dalgarno
sequence) and in consequence to reduc-
tion of gene expression (Figure 2).

It has been proposed previously that
vitamin biosynthesis might be regulated
by direct interaction of the respective
mRNA with its cognate metabolite.” In
searching for more direct evidence of
mMRNA - metabolite interaction, Winkler
et al. synthesized the untranslated leader
sequences of two E. coli mRNAs important
for vitamin B, synthesis, thiM and thiC.
Structure probing with hydroxyl radicals
in the presence and absence of thiamine,
TP, and TPP revealed that both mRNAs
undergo substantial structural alteration
upon addition of the metabolite. Compar-
ing the binding properties of thiamine,
thiamine phosphate, and thiamine pyro-
phosphate revealed that TPP is bound
more readily than thiamine or TP, with up
to more than 1000-fold discrimination. By
examination of several thiamine ana-
logues, important contact sites of TPP
for specific binding to the RNA could be
identified (Scheme 1). Furthermore, the
pattern obtained after hydroxyl-radical-
induced cleavage helped to establish the
secondary structure of the investigated
mRNAs and showed a great degree of
congruence with stem and bulge struc-
tures identified by secondary structure
folding algorithms. Thus, the authors
identified a region of the mRNAs that
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becomes protected against cleavage
upon addition of TPP. The obtained results
also showed that both mRNAs, thiC and
thiM, are folded into similar secondary
structures containing several common
sequence elements. Furthermore, a differ-
ent region corresponding to the Shine -
Dalgarno sequence, which is required for
ribosome binding and translation initia-
tion, was accessible in the metabolite-free
samples but became protected in the
presence of TPP. These results led the
authors to suggest that there exists a

“on "

S. Miiller

specific TPP binding motif and that gene
expression is controlled by binding of TPP
to this motif and the consequent switch-
ing of MRNA conformations such that the
ribosome cannot gain access to the
Shine-Dalgarno sequence (Figure 3).
These two predicted conformations with
the Shine -Dalgarno sequence freely ac-
cessible (“on” state) or, upon addition of
the metabolite, buried in a double-strand-
ed mMRNA structure (“off” state) were
further evaluated by generation of a series
of mutants favoring the one or the other
conformation. From the obtained data it
became evident that TPP binding restricts
the structural freedom of the Shine - Dal-
garno element in the appropriate RNA
variants and that this effect correlates
with genetic control.

The described system is one of the first
representatives of a genetic control strat-
egy in which mRNA serves as a metabo-
lite—sensing switch. Although several
previous papers have proposed that cer-
tain messenger RNAs might use allosteric
mechanisms to mediate regulatory re-
sponses depending on specific metabo-
lites, and thus have anticipated the
findings of Breaker and colleagues,® the
thiamine-pyrophosphate-sensing mRNA
is the first true demonstration of a natural
“riboswitch”. So far, three more examples
of gene regulation by “riboswitching”

“Off "

Figure 3. Schematic representation of the riboswitch in the “on” and “off” states, as suggested by Winkler
et al.?% The SD element is marked as a grey bar. In the absence of TPP, the SD sequence is single stranded and
can interact with the ribosome. Binding of TPP leads to a conformational change upon which the SD element
becomes occluded in a double-stranded structure and thus is not accessible to the ribosome. As a result,

translation is inhibited.
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have been found: the synthesis of coen-
zyme B;, (5-deoxy-5-adenosylcobala-
min),®> 3 the synthesis of vitamin B,
(flavin  mononucleotide, FMN),2<5 and
very recently the control of sulphur me-
tabolism in bacteria.®! It is fair to assume
that the evolutionary origin of this strat-
egy predates the emergence of proteins.
The RNAs identified as receptors for
metabolites have conserved sequences
that are found in certain bacterial mMRNAs
as well as in several species of archae,”
which supports the idea that metabolite-
binding RNA structures are widespread in
nature. All three metabolites, TPP, coen-
zyme B,,, and FMN, have been suggested
to have emerged as biological cofactors
during the “RNA world.”®! If these cofac-
tors were biosynthesized and used before
the advent of proteins, than indeed
riboswitches might represent the most
ancient form of genetic control.

Beyond this hypothesis, the work of
Winkler et al.?@ once more demonstrates
the ability of RNA molecules to combine
receptor and functional elements. Over
the past years it has become evident that
RNA can bind small molecules. Based on
this feature, RNAs have been created that
serve as highly specific receptors for a
variety of organic compounds.”! Further-
more, ribozymes have been engineered
that contain allosteric binding sites and
thus are functionally controlled by effec-
tor molecules.' The TPP riboswitch de-
scribed by Winkler etal.? represents a
naturally occurring allosteric system that
works in the classical sense. TPP, the
allosteric factor, binds to an aptamer
domain of the RNA and induces a signal
that is sensed in another domain, the
Shine-Dalgarno element. The Shine-
Dalgarno blocking mechanism is clearly

ChemBioChem 2002, 4, 817-819
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used to control translation in the thiM
mMRNA. Interestingly, the second investi-
gated mRNA, thiC, uses a more complex
regulation system that controls gene
expression both at the transcriptional
and translational level. In the suggested
model, TPP binding is converted into a
transcription-terminating signal and addi-
tionally leads to inhibition of translation
of already transcribed mRNAs.

Altogether, the work of Winkler et al.?
demonstrates that the many faces of RNA
known today are still to be supplemented.
We know that RNAs, as aptamers, can
bind a wide variety of small molecules; we
know that RNA can act as a catalyst and
that binding and functional elements can
be combined to engineer allosteric ribo-
zymes (reviewed in ref. [11]). After having
created all these RNA systems in vitro, we
should not be particularly surprised to see
that nature has evolved a mechanism for
gene regulation that is based on exactly
this simple principle: 1) use of metabolite-
driven switching between two energeti-
cally balanced RNA conformations to
sense changes in metabolite concentra-
tion and 2) transformation of the induced
conformational transitions into an “on"—
or “off"—signal for translation of metab-
olite-synthesizing proteins. Nevertheless,
since the days of Monod and Jacob, in our
minds genetic regulation has been domi-
nated by proteins. Having been used to
this fact for years, we experience the
findings of the Breaker laboratory as
evidence for an exciting new function of
RNA molecules in nature. It remains to see
which of its many faces RNA will show to
the world next. We await this revelation
with pleasant anticipation.
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Streptomyces griseochromogenes:
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Blasticidin S is a potent antifungal and cytotoxic peptidyl nucleo-
side antibiotic from Streptomyces griseochromogenes. The mixed
biosynthesis of the compound is evident from the three distinct
structural components: a cytosine base, an amino deoxyglucuronic
acid, and N-methyl [3-arginine. The blasticidin S biosynthesis gene
cluster was cloned from S. griseochromogenes and the pathway
heterologously expressed in S. lividans from a cosmid harboring a
36.7-kb fragment of S.griseochromogenes DNA. The complete
DNA sequence of this insert has now been determined and evidence
suggests a contiguous 20-kb section defines the blasticidin S
biosynthesis cluster. The predicted functions of several open
reading frames are consistent with the expected biochemistry

Introduction

The peptidyl nucleoside family of antibiotics encompasses a
structurally diverse group of compounds, many of which exhibit
potent and varied biological activities. Most members of the
family are comprised of three distinct structural elements: a
heterocyclic base, an amino sugar, and an unusual amino acid or
peptidyl moiety. Representative examples include blasticidin S
(1), nikkomycin X (2), puromycin (3), and streptothricin F (4).
Interest surrounding these compounds largely stems from their
broad spectrum of biological activities, which include antitumor,
antiviral, antibacterial, and antifungal activity. Formation of the
individual structural components and assembly of the final
product are expected to involve unusual biochemistry and there
has thus been substantial effort devoted to studying their
biosynthesis. The biosynthetic gene clusters for the nikkomy-
cins,™ puromycin,? and streptothricin F&4 have been cloned
and sequenced. Investigations of individual steps in nikkomycin
formation have revealed unique routes to the pyridyl moiety™
and the novel role of three proteins involved in transforming
histidine into the 4-formyl-4-imidazolin-2-one base of nikkomy-
cin X, among other discoveries.”-% Similarly, the roles of several
individual gene products of the puromycin pathway have been
characterized.'>"¥ More limited biochemical work has been
directed at streptothricin F formation, about which a single study
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and include an arginine 2,3-aminomutase, a cytosylglucuronic acid
synthase, and a guanidino N-methyltransferase. Insight into other
steps in the assembly of blasticidin S was evident from sequence
homology with proteins of known function and heterologous
expression of fragments of the cluster. Additionally, the gene that
directs the production of free cytosine, blsM, was subcloned and
expressed in Escherichia coli. Characterization of BlsM revealed
that cytidine monophosphate serves as the precursor to cytosine.

KEYWORDS:

antifungal agents - biosynthesis - heterologous expression -
peptidyl nucleoside

on the steps required for activation and incorporation of the -
lysine residues was recently reported.' Biochemical studies on
blasticidin S have included purification and characterization of a
unique glucuronosyltransferase that forms the cytosylglucuronic
acid intermediate.l™™ Work performed in crude cell-free systems
detected activities for an aminosugar tautomerase and acetyl
and methyltransferases and an unusual self-resistance mecha-
nism.l"® 71 Previously, we identified and cloned the blasticidin S
gene cluster from Streptomyces griseochromogenes and ex-
pressed the pathway in S. lividans.''®

Blasticidin S (1) was first identified from an extract of
S. griseochromogenes in 1958 in a screening effort to discover
nonmercurial fungicides." Specifically, 1 was effective at
protecting rice plants from infection by the fungus that causes
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the primary precursors as glucose, cytosine, L-
arginine, and methionine.?® Through the use of
both radioactive and stable isotope-labeled
compounds, -arginine, cytosylglucuronic acid
(CGA), and cytosinine were identified as ad-
vanced intermediates in the pathway.!'s 2% 28
Efforts to unravel the biochemical steps in the
assembly of 1 resulted in the purification and
characterization of CGA synthase, the enzyme
catalyzing the first committed step in the
pathway, the condensation of cytosine and
UDP-glucuronic acid (UDP, uridine diphosphate)

rice blast and was eventually produced on a large scale to
support commercial agricultural use.?? Blasticidin S exerts its
cytotoxic action primarily through binding to the 50S ribosomal
subunit, which results in inhibition of protein synthesis, and
exhibits competitive binding with puromycin (3), a well-studied
agent that affects the peptidyl transfer step on prokaryotic and
eukaryotic ribosomes.?" 22 Blasticidin S has recently found
widespread use as a selectable marker in cell-culture applica-
tions when coupled with an acetyl transferase- or deaminase-
resistance gene.l?>-2%

The commercial importance and novel structural features of 1
prompted biosynthesis studies that are summarized in
Scheme 1. Classical radiolabeled precursor studies established

to form CGA." To further our investigations into

the biosynthesis of 1, we identified a 36-kb DNA
fragment from an S. griseochromogenes genomic library in
pOJ446 that contains the blasticidin S gene cluster and
demonstrates heterologous production of CGA and other
intermediates in the biosynthetic pathway in S. lividans.'® We
later revised the biosynthetic pathway to include leucylblastici-
din S (LBS) as the penultimate compound in the pathway
(Scheme 1).'"2 Here we report the complete nucleotide sequence
and organization of the blasticidin S biosynthesis gene cluster
and describe the initial characterization of individual gene
products.

Results and Discussion

Sequence and organization of the

H NH, biosynthesis gene cluster

HNYN\/\/\[]/OH glucose — UDP-glucuronic acid + cytosine .
NHe L argnine © Several segments of S. griseochromogenes
chromosomal DNA cloned in the p0J446
l vector produced intermediates of blastici-
H HO.C din S biosynthesis when expressed in
HNYN\/\‘/\H/OH . z:0)< - S. lividans.l"” 18 One cosmid, cos9 (Figure 1A
NH, NH, O HNvQ_ =ot ~—— and B), produced late intermediates, in-
B-arginine cytosinine cytosylglucuronic acid cluding leucylblasticidin S (LBS), and was
- selected for DNA sequencing. Sequence

p-arginine L-leucyl-p-arginine : i H
ATF/ 2 analysis of the 36.7-kb cos9 insert with the
Frameplot program?” identified 28 open
HO:C o H02C o reading frames (ORFs) organized into three
H H Lleucine H G groups based on transcriptional direction
HNYNV\‘/\H/N Q—Cyt ATP N\/\A/Y o (Figure 1C). The first group consists of blsA
NH . NH2 NHO o to bisN. The second set of ORFs, blsO to bisS,
demethylblasticidin S Hy leucyldemethylblastcidin S is transcribed in the opposite direction. An
additional nine ORFs between blsS and the
5" end of the insert have mixed orientations
AdoMet . . . .
and are not believed to participate in
HO,GC Hozc blasticidin S formation.
CH, H o} CHo 0 The boundaries of the bls gene cluster
HN N\/Y\H/N'“ _ /o ~— \/\l/\ﬂ/ C— O \were defined by correlating metabolite
NH, NH, O l-leu HO NHz expression profiles with restriction analysis
L N of cosmids that directed blasticidin inter-
blasticidin S HN' leucylblasticidin S

Scheme 1. Overview of blasticidin S biosynthesis.
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mediate production in S.lividans. All cos-
mids lacking blsS, such as cos14, only
produced early intermediates like cytosine
and CGA (Figure 1A). Cosmid clones con-
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Figure 1. A) Overlapping cosmids that produced blasticidin-S-related metabo-
lites when expressed in S. lividans; B) partial restriction map of cos9 illustrating
BamHI cleavage sites and functions associated with particular fragments;

C) organization of the fully sequenced cos9 insert containing the bls gene cluster
(filled arrows).

taining an intact B6 BamHI fragment harboring blsS were able to
produce later intermediates like LBS. This result suggests the
entire blasticidin S cluster, with the possible exception of the
final peptidase that cleaves the leucyl-f-arginine bond of LBS, is
contained in an approximately 20-kb fragment of DNA.

Function of bls open reading frames deduced through
sequence homology

Predicted functions for all 28 gene products identified on the
cos9 insert (Figure 1C) were assigned by BLAST analysis and
exhibit varying degrees of sequence similarity to proteins in the
public databases.?® The proposed functions of each ORF and its
closest homologues are presented in Table 1. Many of the ORFs
encode products without significant sequence similarity to
proteins of known function. Open reading frames with clear or
demonstrated roles in the assembly of blasticidin S are detailed
below.

Assembly and modification of the amino dideoxynucleoside
core

Cytosylglucuronic acid (CGA) is the earliest committed inter-
mediate in blasticidin S formation (Scheme 1). CGA synthase
catalyzes the specific coupling of UDP-glucuronic acid and
cytosine, and has been purified and characterized from wild-type
S. griseochromogenes."™ The sequence of blsD exhibits some
similarity to glycosyltransferase genes and is predicted to
encode CGA synthase. During efforts to express the entire
blasticidin S pathway in S. lividans, we also expressed fragments
of cos9 to identify regions coding for the production of separate
precursor components. Cos9 BamHI fragments greater than 1 kb
were cloned into the Streptomyces expression vector plJ702 and
the resulting plasmids were used to transform S. lividans. When
cultures of the S.lividans transformant expressing the 6.5-kb
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BamHI fragment (B3) harboring blsD (Figure 1B) were supple-
mented with cytosine, CGA was produced, which supports the
assigned function of BlsD.!"8!

An intriguing feature of blasticidin S biosynthesis is that free
cytosine is incorporated at exceptionally high levels (around
95%)2 and the addition of exogenous cytosine can greatly
increase CGA levels (up to 70-fold) while having a modest effect
on blasticidin S production (1.6-fold).*? Hence, it appears that
the availability of free cytosine may be a limiting factor in
blasticidin S biosynthesis. The intracellular pyrimidine bases exist
almost exclusively at the nucleotide level and free cytosine is not
a precursor to cytidine or the cytidine nucleotides cytidine
monophosphate (CMP), diphosphate (CDP), and triphosphate
(CTP). Rather, CTP is synthesized at the triphosphate stage
directly from uridine triphosphate (UTP) by the action of CTP
synthetase.*”! Therefore, we anticipated an activity associated
with the bls cluster specifically for producing cytosine from
cytidine nucleotides. Such a system is found in Streptoverticillium
rimofaciens, the producer of mildiomycin, which contains
hydroxymethylcytosine (HMC). A purified nucleotide hydrolase
from this organism is specific for HMC monophosphate and does
not hydrolyze CMPM A nucleosidase acting on pyrimidine
nucleosides and 2’-deoxynucleoside monophosphates from
S. virginiae has been reported.””!

When the 2.1-kb cos9 BamHI fragment B7 (Figure 1B) was
expressed from plJ702 in S. lividans a 7-fold increase in cytosine
production was observed relative to the wild-type species.
Restricting B7 with Apal afforded an 826-bp fragment, AC3,
containing only the intact b/sM gene. Both B7 and AC3 were
cloned into the constitutive expression site of a new shuttle
expression vector pXY200 derived from elements of the
Streptomyces expression vector plJ4123%“8 and the Escherichia
coli vector pT7-7"%I. The resulting plasmids, pXY270 and
pXY280, respectively, and a control lacking an insert were
introduced into S. lividans by protoplast transformation and after
six days the cytosine levels in the broths were determined by
HPLC. Quantities of cytosine in the pXY270 and pXY280
transformants were 20 - 27-fold greater than in wild-type S. livid-
ans (Table 2).

The blsM gene encodes a 174 amino acid protein similar to
nucleoside 2'-deoxyribosyltransferase (Ndt), a nucleoside recy-
cling enzyme first found in lactobacilli, and its orthologues and
paralogues (COG 3613, NCBI). These enzymes catalyze cleavage
of the glycosidic bond of 2’-deoxyribonucleosides by way of a
covalent deoxyribosyl-enzyme intermediate. Most members of
COG 3613 are between 150 and 190 amino acids in length and
show little sequence homology except at key functional
residues. Studies of the crystal structure of the Lactobacillus
leichmannii enzyme and mutagenesis experiments implicate
Glu98 as the active site residue that undergoes deoxyribosyla-
tion and suggest that Asp92 and/or Asp72 function as general
acid catalysts, depending on the substrate.5® Genes for two
related enzymes, DRTasel and DRTasell, were recently cloned
from L. helveticus CNRZ32. DRTasel is specific for purine nucleo-
sides as donors, while DRTasell shows preference for pyrimidine
nucleosides as donors and purine bases as acceptors.”” In the
absence of an acceptor, DRTasell exhibits hydrolase activity and
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Table 1. Deduced functions of bls open reading frames.

Protein Amino acids Proposed function Sequence similarity Similarity, Accession number Ref.
(protein, origin) identity

Orf9 273 ATP-binding protein SCF43A.14, 60%, 42% CAB48901 [31]

partial Streptomyces coelicolor
Orf8 392 2-component system SCH10.32¢, 46 %, 34% CAB42041 [31]
sensor kinase S. coelicolor

Orf7 222 2-component system response regulator SCl41.37, 71%, 48% CAB59507 [31]
S. coelicolor

Orfé 522 secreted peptidase SlpD, 55%, 44% CAB38476 [32]
S. coelicolor

Orf5 328 hydrolase IpbD, 49%, 30% AAC03446 [33]
Psuedomona putida

Orf4 155 oxidoreductase MitO, 58%, 46 % AAD28457 [34]
S. lavendulae

Orf3 244 transcriptional regulator SC5A7.19¢ 43%, 33% CAA19948 [31]
S. coelicolor

Orf2 343 unknown; pggE/moaA family NirJ 50%, 30% NP633750 [35]
Methanosarcina mazei

Orf1 909 serine/threonine protein kinase SC7A12.07, 39%, 29% CAB94054 [31]
S. coelicolor

BIsS 610 oxidoreductase Rv0492c, 57 %, 46 % Q11157 [36]
M. tuberculosis H37Rv

BIsR 479 unknown Rv0493c, 50%, 40% Q11158 [36]
M. tuberculosis H37Rv

BlsQ 239 transcriptional regulator; GntR family Rv0494, 46 %, 32% Q11159 [36]
M. tuberculosis H37Rv

BlsP 159 3-helix membrane protein Putative plasmid transfer 60 %, 40% CAC36626 [31]
protein S. coelicolor

BlsO 156 2-helix membrane protein SCF56.03, 52%, 32% CAB62748 [31]
S. coelicolor

BIsA 246 methyltransferase Hypothetical protein, 53%, 36% ZP00063806 [37]
Leuconostoc mesenteroides

BlsB 513 carboxylesterase Putative carboxylesterase, 69%, 59 % BAB69209 [38]
S. avermitilis

BlsC 141 regulatory protein; yjgF family SC5F1.25, 57 %, 42 % CAC16451 [31]
S. coelicolor

BlsD 328 cytosylglucuronic acid synthase SCC75A.28¢, 42%, 28% CAB61728 [31]
S. coelicolor

BIsE 344 unknown MoaA, 42%, 31% CAB59437 [31]
S. coelicolor

BlsF 317 unknown SCJ11.24c, 43%, 31% CAB52909 [31]
S. coelicolor

BlsG 410 arginine 2,3-aminomutase KAM, 66 %, 48 % AADA43134 [39]
Clostridium subterminale

BlsH 392 aminotransferase RifK, 48%, 32% AAC01720 [40]
Amycolatopsis mediterranei

Blsl 398 ligase Niks, 40%, 28% CACI1141 [41]
Streptomyces tendae

BlsJ 414 self-resistance; transporter SC8F4.05, 37%, 26% CAB70631 [31]
S. coelicolor

BlsK 579 Unknown lysyl-tRNA synthetase, 42%, 30% CAD55312 [31]
S. coelicolor

BlsL 213 guanidino methyltransferase Guanidinoacetate methyltransferase, 45%, 27 % NP036925 [42]
Rattus norvegicus

BlsM 160 CMP hydrolase 2'-deoxyucleoside transferase, 63%, 42% ZP00063804 [43]
Leuconostoc mesenteroides

BIsN 264 unknown SCG11A.10c, 77 %, 71% CAB61591 [31]
S. coelicolor

releases 2'-deoxyribose. DRTasel and DRTasell share approxi-
mately 80% identity with Ndtl and Ndtll from L. helveticus ATCC
8018.152 53

Figure 2 illustrates the alignment of nucleoside 2’-deoxyribo-
syltransferase active sites with the corresponding region of BIsM.
A glutamate residue corresponding to position 98 of L. leich-

824 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mannii Ndt is strictly conserved, as is Asp72. Interestingly, a
serine residue replaces Asp92 in BIsM and Lmes1293, a hypo-
thetical protein from Leuconostoc mesenteroides and the closest
homologue to BIsM; a histidine residue occupies the same
position in Ndtll. Additional biochemical evidence will be
required to confirm if these changes affect substrate specificity
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Table 2. Levels of cytosine production in S. lividans transformants expressing amount when BIsM was incubated with CMP (Figure 4), while
blsM. dCMP and, to a lesser extent CDP, led to lower levels of cytosine.
Unlike the nucleoside 2'-deoxyribosyltransferases to which BlsM
Plasmid Cytosine [mgL~"] . . L -
shows active site similarity, BlsM does not accept cytidine as a
plJ702/87 48 substrate and the observed function is most similar to the
PXY220 (control 4 hydroxymethylcytosine nucleotidase activity reported in S. rimo-
pXY270 145-152 yaroxy yicy yrep
pXY280 177-190 faciens."*®
Expression of cosmids missing all or part of the B6 fragment
(for example, cos14, Figure1A) did not vyield detectable
LleiNdt 57 = = 85 DE R g N T I H 115
DRTasel 58 BIG r-.fm BTY %-IL‘-L. 118
DRETasell 58 -— IE’;’-IE%’I‘ Yisih D LHSIHD"-.-"MLG 116
LhelNdtI 58 BIGEH ;f-.h"—';’l"‘x‘*'-—lﬂl_. EASHNATOC 118
LhelNdtII 58 eY--I AT YIRINDLNG T KRS DY 116
Lmesl293 50 E-WGLE% h 108
BlsM 54 -WCAQUESTPEECTPLIE 112

Figure 2. Alignment of BIsM with known nucleoside 2'-deoxyribosyltransferase active sites. LleiNdt is from L. leichmannii; DRTasel and DRTasell are from L. helveticus
CNRZ32; LhelNdt! and Il are from L. helveticus ATCC 8018, and Lmes1293 is from L. mesenteroides.

and hydrolase versus transferase activity. A final notable feature
of the blsM gene is the presence of a TTA codon, which makes
the translation dependent on cellular levels of the bldA gene
product, a specific tRNA' that coordinates the events of
antibiotic biosynthesis with the development cycle in many
Streptomyces species.® A similar situation is found in the
puromycin pathway."%

To confirm the function of BIsM in vitro and explore the scope
of the reaction, blsM was amplified from cos9 and cloned into
the pET41a + vector to yield a construct encoding a glutathione-
S-transferase (GST)/BIsM fusion protein that possesses a C-ter-
minal Hisg tag. The GST/BIsM fusion protein was expressed in
E. coli, purified, GST was removed by thrombin cleavage, and
soluble BIsM was isolated by Co*" affinity chromatography
(Figure 3).

MW 4 5 6

1 2 3
50 - -"
40 -
30 - sy

2508
20 =

o —

W W BisM

Figure 3. SDS-PAGE analysis of GST/BIsM fusion protein overexpressed in E. coli,
and purification of BIsM. Lane 1, insoluble fraction; Lane 2, cleared cell lysate;
Lane 3, unretained fraction from GST-Bind (Novagen) affinity column; Lane 4,
fraction released from GST-Bind column after thrombin treatment; Lane 5,
unretained fraction from Co?" affinity column; Lane 6, BIsM eluted from the Co**
daffinity column.

To identify the natural substrate(s) of BlsM, various cytosine
nucleosides or nucleotides were incubated with BlsM in 50 mm
sodium phosphate buffer at pH70 and 37°C for 1hr. The
product and substrate were separated and quantified by
reverse-phase HPLC. Free cytosine was generated in the greatest
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intermediates beyond CGA. Partial and complete genes con-
tained on B6, bisR and blsS, are predicted to encode a protein of
unknown function and a glucose-methanol-choline (GMC)
oxidoreductase homologue, respectively, and are likely involved
in the elaboration of CGA to an amino deoxynucleoside such as
cytosinine (Scheme 1). Along with blsQ, these genes are highly
similar to, and occur in the same order as three uncharacterized
genes found in the Mycobacterium tuberculosis H37Rv genome
(Table 1).B81 Both Rv0494 and BlsQ are predicted to contain a
conserved domain that places them in the FadR subgroup of the
gntR family of DNA-binding transcriptional regulatory pro-
teins.ko

The product of blsH is also predicted to function in amino
deoxynucleoside formation. BlsH exhibits closest similarity to
aminotransferases such as the pyridoxyl phosphate-dependent
perosamine synthase®” and RifK from Amycolatopsis mediterra-
nei $699.4° The latter similarity is interesting because RifK was
shown to function as the 3-amino-5-hydroxybenzoic acid (AHBA)
synthase in rifamycin biosynthesis and more recently was found
to also operate in tandem with the NAD*-dependent dehydro-
genase RifL in the conversion of UDP-glucose to UDP-kanos-
amine_[s& 59]

Formation, attachment, and methylation of f-arginine

The S-arginine moiety found in blasticidin S was shown by Seto’s
group to originate from L-arginine.?¥ Stable isotope labeling
studies by Gould et al. established an intramolecular migration
of the a-nitrogen, as previously observed for 5-lysine formation
catalyzed by lysine-2,3-aminomutase from Clostridium subtermi-
nale SB4.1%% Extensive work by Frey's group revealed that native
lysine 2,3-aminomutase (KAM) is a hexamer of 48-kDa subunits
possessing three [4Fe-4S] centers and six molecules of pyr-
idoxal phosphate (PLP), requires AdoMet and is O,-sensitive.'?l
BLAST analysis reveals the predicted product of bisG is 48%
identical and 65 % similar to C. subterminale KAM, and includes
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Figure 4. Conversion of CMP to cytosine catalyzed by BIsM. A) Time-dependent
formation of cytosine and concomitant loss of CMP. B) Increased production of
CMP as a function of BIsM concentration.

the conserved lysine for PLP attachment. We have expressed and
purified BlsG from E. coli and S. lividans but have not detected
aminomutase activity®'®,

The process for attaching -arginine to the nucleoside core of
blasticidin S has been of considerable interest to us. Prior to
obtaining the DNA sequence of cos9, attempts to amplify
nonribosomal peptide synthetase (NRPS) gene fragments from
cos9 or detect S-arginine carboxy activation in cell-free extracts
failed. Similar efforts were fruitless when we attempted to
discern how leucine was incorporated into leucylblasticidin S.'”!
Mechanisms for amino acid incorporation by other peptidyl
nucleosides vary. Genes similar to NRPSs are present in the
streptothricin F cluster from S. rochei.> ¥ More detailed inves-
tigation of how f-lysine is incorporated into streptothricins (also
known as nourseothricins) in S. noursei identified a stand-alone
adenylating enzyme (NpsA) that specifically activates S-lysine for
transfer to an N-terminal peptidyl carrier protein (PCP) domain
on NpsB."¥ In the case of puromycin, attachment of the tyrosine
moiety to the nucleoside core is predicted to be mediated by
Pur6, a protein that shares little resemblance to NRPSs and lacks
an obvious AMP binding domain."” NikS is a ligase in the
nikkomycin pathway that activates 4-pyridyl-2-oxo-4-hydroxy-
isovaleric acid (POHIV) as the acylphosphate and belongs to the
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ATP-grasp-fold superfamily of enzymes.®® Members of this
superfamily are characterized by a unique ATP binding structure
and include p-Ala-p-Ala ligase, glutathione synthetase, and
several CoA ligases, all of which activate their substrate carboxy
groups as acylphosphates, rather than acyladenylates. The
product of bls/ shares the ATP-grasp fold and is predicted to
catalyze the coupling of peptidyl and nucleoside moieties in
blasticidin S. Possible roles for Blsl include activating -arginine
or leucyl-$-arginine for coupling with an amino deoxynucleo-
side, or activating leucine for attachment to S-arginine or
demethylblasticidin S to give the dipeptide or demethylleucyl-
blasticidin S, respectively (Scheme 1). Precedent for these ligases
activating a dipeptide carboxy group is found in the cases of the
p-Ala-p-Ala adding enzyme (MurF) in peptidoglycan biosyn-
thesis®® and glutathione synthetase.®® The intermediacy of
leucylblasticidin S in the pathway requires the involvement of
two amino acid activating enzymes; one to activate leucine and
one to activate S-arginine or leucyl-B-arginine. The best
candidate for the second sort of protein is BlsK, which exhibits
modest similarity to a putative lysyl-tRNA synthetase from
S. coelicolor.

The penultimate step in the biosynthesis of 1 is methylation of
the $-arginine guanidine residue.'” BlsL is similar to a number of
guanidoacetate methyltransferases and is the best candidate for
carrying out the final constructive step in the pathway.

Self-resistance

Cosmids harboring the blasticidin S gene cluster were originally
identified by hybridization with a 4.8-kb BamHI fragment of
S. griseochromogenes chromosomal DNA that conferred resist-
ance to the antibiotic on S. lividans."® This fragment is repre-
sented as B4 in Figure 1 and contains blsJ. BlsJ is predicted to
contain 11 membrane-spanning domains and is similar to a
number of S. coelicolor proteins thought to be involved in
metabolite efflux and transport. S. lividans resistance to blasti-
cidin S was increased when a plasmid carrying a gene for an ATP-
binding protein was coexpressed with the B4 fragment, which
indicates that BlsJ is probably a component of an ABC trans-
porter.[54

Experimental Section

General methods and materials: The cloning of the blasticidin S
gene cluster from S. griseochromogenes, conditions for heterologous
expression in S. lividans TK24, and conditions for HPLC analysis have
been previously reported.'® Vectors used in these studies include:
Streptomyces vectors plJ702 (obtained from Prof.D. A. Hopwood,
John Innes Institute) and plJ2925 (a gift from Dr.M.J. Virolle,
Université Paris-Sud), pBluescript Il KS(+) (Stratagene), and pGEM11zf
(Promega). E. coli strains DH5a (Life Technologies, Inc.) and JM109
(Promega) were routinely used as hosts for E.coli plasmids and
E. coli- Streptomyces shuttle vectors. The new E. coli- Streptomyces
shuttle expression vector pXY200 was constructed by replacing the
kanamycin resistance marker present in plJ41238 with the apra-
mycin selection marker accC4%”! and introducing an intact ColE1
origin and ampicillin resistance marker (bla) derived from the E. coli
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expression vector pT7 - 7.4 All E. coli manipulations were performed
according to standard protocols.® Standard media and methods of
culture for Streptomyces are described in Kieser et al.”! Restriction
endonucleases, DNA ligase, DNA polymerase, and alkaline phospha-
tase were purchased from various sources and used according to the
manufacturers’ recommendations.

DNA sequence analysis: A cosmid clone (cos9) carrying a 36.7-kb
insert of S. griseochromogenes genomic DNA in pOJ446 and able to
direct LBS production in S. lividans was selected for sequencing.!'®
Digestion with BamHI yielded 13 fragments, each of which was
subcloned in pBluescript Il KS (+). Smaller inserts, ranging from
0.15-4.88 kb, were sequenced by a combination of delta-subcloning
and primer walking at the Center for Gene Research and Biotechnol-
ogy at Oregon State University by using the Amplitag dye-terminator
sequencing system (Perkin Elmer) and Applied Biosystems auto-
mated DNA sequencers. The two largest BamHI fragments (B1,
13.3 kb and B3, 6.2 kb) were sequenced by MWG Biotech Inc. (High
Point, NC). Nucleotide sequences were determined for both strands.
Sequence analysis was carried out with MacVector (Oxford Molecular
Group), VectorNTI (Informax), and FramePlot??! software packages.
Nucleotide and amino acid sequence similarity comparisons were
carried out in public databases by using the BLAST (basic local
alignment search tool) program.2? The DNA sequence of cos9 has
been deposited in GenBank; accession number: AY196214.

Heterologous expression of cos9 subfragments: BamHI fragments
of cos9 cloned in pBluescript Il KS (+) that have more than 1 kb were
excised with BamHlI, gel purified, and ligated with Bglll restricted
plJ702. The resulting plasmids, and an empty vector control, were
individually introduced into S. lividans by protoplast transformation.
Transformants were cultured and analyzed for blasticidin S precur-
sors as previously described.'®!

The 2.1-kb BamHI fragment from cos9 (B7) was also cloned in
plJ2925 linearized with BamHIl. The B7 insert was removed by
restriction with Hindlll and EcoRl, gel purified, and ligated with
Hindlll - EcoRI-digested pXY200 to yield pXY270. The B7 fragment
was also restricted with Apal and the 0.83-kb fragment (AC3) was
cloned into pGEM11zf. The AC3 fragment was then excised by
treatment with Hindlll-EcoRl and cloned into similarly restricted
pXY200 to yield pXY280. Plasmids pXY270, pXY280, and the empty
vector control were introduced into S. lividans by protoplast trans-
formation. Transformants were cultured and analyzed for cytosine as
previously described.!"®

Preparation of a blsM expression construct: The blsM gene was
amplified from cos9 by PCR with the forward primer 5'-ctcgagg-
gaattcggtgcgcagcgtctttctcgccggt-3' (EcoRl site underlined) and the
reverse primer, 5’-acgatgcggtgcacggttcggctcgagceg-3’ (Xhol site
underlined). The PCR was carried out in a volume of 50 uL containing
approximately 10 ng cos9 as template, 1X Promega Thermophilic
Buffer, MgCl, (1.25 mm), dNTP Mix (0.4 mm, MBI) and dimethylsulf-
oxide (5%) and Taq DNA polymerase (5 units, MBI). PCR products
were purified, digested with EcoRl and Xhol, and inserted into a
similarly restricted pET41a+ vector. The resulting plasmid, pET41/
BIsM, was used to transform E. coli JM109 cells and then transferred
to Rosetta (DE3)pLysS competent E. coli cells (Novagen) for expres-
sion.

Overproduction and purification of BlsM: Transformants carrying
pET41/BIsM were grown overnight in Terrific broth supplemented
with chloramphenicol and kanamycin (50 ugmL-" each). This seed
culture (5 mL) was used to inoculate Terrific broth (1 L) supplement-
ed to a final concentration of 50 ugmL~" chloramphenicol and
50 pgmL-" kanamycin. The cells were grown at 37°C to an optical
density at 600 nm (ODg) of 0.55 and then induced with isopropyl-3-
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p-thiogalactopyranoside (final concentration, 0.4 mm). The culture
was then grown for an additional 8 h at 37 °C. After centrifugation,
the cells were resuspended in phosphate buffered saline (PBS;
50 mL, containing 140 mm NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 1.8 mm
KH,PO,), pH 7.3. Cells were lysed by sonication (7 x 60 sec at 10 watts,
with 1 min cooling on ice between bursts) and cellular debris was
pelleted by centrifugation (18000 x g, 40 min, 4°C). The soluble
GST-BIsM fusion protein was applied to a glutathione affinity
column (GST-Bind, Novagen) and the resin-bound complex was
treated with thrombin (10 U) for 18 h at room temperature. Free BlsM
was eluted from the column and further purified by Co?* affinity
chromatography (Talon resin, BD Biosciences). The BlsM was eluted
in imidazole (8 mL, 150 mm) in PBS at pH 7.3, followed by dialysis
against PBS (4L, pH73). The purified BIsM was diluted to
400 ug mL~" with PBS at pH 7.3 and glycerol (20%). The BIsM was
shown to retain equal activity when stored at either —80°C or 4°C
for 15 days.

Identification of the BlsM substrate: Enzyme assays were carried
out in a total volume of 100 uL containing sodium phosphate buffer
(50 mm, pH 7.0) and BIsM (1.2 ng) at 37°C for 1 hr. Various cytosine
nucleosides or nucleotides (100 mm) were evaluated as substrates.
The reactions were quenched by boiling for 5 min. After centrifuga-
tion (3 min at 18000 x g), the product and substrate were separated
and quantified by reverse-phase HPLC (Beckman Ultrasphere Cig
4.6 mm x 25 cm column; isocratic mobile phase containing 200 mm
sodium phosphate buffer (pH 5.3)/acetonitrile, 95:5) with UV detec-
tion at 260 nm. For each assay, 50 uL was loaded onto a 100-pL
injection coil for each run.

Assays to confirm the time-dependent formation of cytosine were
carried out in 650 pL total volume containing NaPO, (50 mwm, pH 7.0),
BIsM (7.8 ng) and CMP (100 pm). An aliquot (65 uL) was removed at
each time point and quenched and analyzed as described above.

We thank Prof. David Hopwood for plasmid plJ702, Prof. Jean-Luc
Pernodet for pHP45QaccC4, Dr. Marie-Joélle Virolle for plJ2925,
and Dr. Yukio Miyazaki of Kaken Chemical Company, Ltd. for the
culture of S.grisesochromogenes and generous samples of
blasticidin S. Dr. Steven J. Gould is thanked for his help and
interest in this work. Partial support came from the National
Institutes of Health (Grant n° GM32110) and the Northwest Health
Foundation.
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Synthetic DNA Aptamers to Detect Protein
Molecular Variants in a High-Throughput
Fluorescence Quenching Assay

Xiaohong Fang,® Arup Sen,! Marie Vicens,? and Weihong Tan*&!

Real-time protein detection in homogeneous solutions is necessary
in many biotechnology and biomedical studies. The recent
development of molecular aptamers, combined with fluorescence
techniques, may provide an easy and efficient approach to protein
elucidation. This report describes the development of a fluores-
cence-based assay with synthetic DNA aptamers that can detect
and distinguish molecular variants of proteins in biological
samples in a high-throughput process. We used an aptamer with
high dffinity for the B chain of platelet-derived growth factor
(PDGF), labeled it with a fluorophore and a quencher at the two
termini, and measured fluorescence quenching by PDGF. The
specific quenching can be used to detect PDGF at picomolar
concentrations even in the presence of serum and other cell-derived
proteins in cell culture media. This is the first successful application
of a synthetic aptamer for the detection of tumor-related proteins
directly from the tumor cells. We also show that three highly related
molecular variants of PDGF (AA, AB, and BB dimers) can be

Introduction

Proteins play very important roles in almost all functions of life.
Assays for specific and sensitive detection of proteins and their
molecular variants are necessary in many biotechnology appli-
cations and biomedical studies. Monoclonal antibody-based
competition immunoassays and specific bioassays have been
used during the past decades for these analyses. There have
been recent advances in the use of DNA aptamers for the
detection and analysis of proteins.' Translation of these
observations into practical, high-throughput assays to analyze
biological specimens will greatly facilitate molecular biology
studies on cells, drug discovery research, and disease diagnosis.
In this report, we describe a single-step assay for the detection of
protein variants by using high-affinity synthetic DNA aptamers.
There are several key features of our approach and these are
described in the sections below.

A single-step homogeneous solution assay for high-
throughput analyses

Most immunological methods and many nucleic-acid-based
methods involve multiple steps to achieve amplification of the
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distinguished from one another in this single-step assay, which can
be readily adapted to a microtiter plate assay for high-throughput
analysis. The use of fluorescence quenching as a measure of
binding between the DNA probe and the target protein eliminates
potential false signals that may arise in traditional fluorescence
enhancement assays as a result of degradation of the DNA
aptamer by contaminating nucleases in biological specimens. This
assay is applicable to proteins that are not naturally DNA binding.
The excellent specificity, ultrahigh sensitivity, and simplicity of this
one-step assay addresses a growing need for high-throughput
methods that detect changes in the expression of gene products
and their variants in cell cultures and biological specimens.

KEYWORDS:

aptamers - fluorescence - molecular beacon -

real-time assay

proteins -

specific signal produced by a target protein. By attaching a
fluorophore and a quencher to an aptamer with high affinity for
a target protein, we have combined the high degree of
sensitivity afforded by fluorescent signals (down to single
fluorophores)® with the specificity of binding of the DNA to
the target protein in its natural conformation in a homogeneous
solution. The result is a single-step assay that is suitable for high-
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throughput analyses and can be performed at different molar
ratios of the probe and the target for optimal results. The
specificity of the assay can be readily confirmed by the simple
addition of related proteins or DNA sequences without the need
for additional steps.

Fluorescence quenching reduces false signals in biological
samples

Fluorescence resonance energy transfer (FRET) has been an
effective tool for many biomedical mechanism studies and
biomedical diagnosis. One of the most recent successful
examples is a DNA probe molecular beacon.® The use of
fluorophores and quenchers to construct nucleic-acid-based
molecular beacons has to date been applied in measuring
fluorescence enhancement upon target binding.®® Although this
approach provides sensitivity, nucleases that are frequently
present in biological specimens can result in nonspecific
enhancement by cleaving the DNA probe. Fluorescence quench-
ing was used in our probe design in the development of an
aptamer probe for platelet-derived growth factor (PDGF) protein
studies. The decrease in fluorescence signal can only be caused
by specific structural changes that result from the interaction of
the DNA molecule with protein molecules and bring the
fluorophore and the quencher into close proximity. This is
especially important for target monitoring where a biological
specimen is concerned.

Ease of multiplexing

The assay relies on specific binding between a synthetic DNA
molecule and the protein target used to detect the ability of the
DNA molecule to bind and undergo conformational changes
resulting in close proximity of the two termini of the DNA
molecule. Distinct DNA molecules with desirable specificities for
chosen target proteins can be synthesized and coupled to
different fluorophore — quencher combinations to allow simulta-
neous detection of multiple target proteins in the same solution
at different excitation/emission wavelengths. In addition, the
multiple-well microtiter plates can be used for many DNA probes
in multiple protein monitoring. It is thus possible to use either
spectral differences or spatial location of the wells to differ-
entiate multiple target analytes without extensive instrumenta-
tion or difficulties.

PDGF is an important biological marker with several natural
molecular variants

PDGF is a dimeric protein for which several natural molecular
variants are known, and at least two natural variants of cell-
membrane receptors have been described with different
specificity for the PDGF variants." The expression of variants
of PDGF and the PDGF receptors have been implicated in
malignancy and developmental abnormalities."" 2 Our fluores-
cence quenching assay is able to distinguish between various
molar ratios of AA and BB dimeric forms of PDGF in solution in a
96-well microtiter plate assay, which makes possible high-
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throughput and ultrasensitive determinations of protein variants
in real biological samples by a single synthetic DNA probe with a
single-step homogeneous assay.

Dual labeling of a synthetic nucleic acid molecule with a
fluorophore and a quencher has been used to create molecular
beacon (MB) DNA probes as sensitive molecular tools to detect
specific nucleic acid sequences®® and study protein-DNA
interactions.””! The signal transduction mechanism for MBs is
based on fluorescence resonance energy transfer. The MB acts
like a switch that is normally closed, which brings the
fluorophore/quencher pair together to turn fluorescence “off”.
Upon binding to the target molecule, the MB undergoes a
conformational change that opens the stem structure and
separates the fluorophore and the quencher, thus turning the
fluorescence “on”. MBs have been designed for various molec-
ular biology applications, such as to detect single nucleotide
polymorphisms and real-time PCR processes, and for the
detection of mRNA in living cells.®! Using a principle similar
to that used in the creation of MBs for nucleic acid sequences, a
few recent reports describe the use of FRET that presumably
results from conformational changes in dually labeled DNA
molecules upon binding to selected proteins.®® The results
indicated that less than nanomolar concentrations of specific
proteins produce measurable changes in fluorescence signals
upon binding to specific dually labeled synthetic DNAs.

Green etal™® described the selection of a series of DNA
aptamer molecules from a synthetic library that display high
binding affinity for PDGF BB homodimers, and also showed by
using a binding assay that the affinities of these DNA molecules
for the three different homodimeric forms of PDGF are
distinguishable. The aptamer shown in Figure 1 was used to
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Figure 1. Structure of the PDGF aptamer: the stable conformation of the
aptamer under physiological conditions in the absence of PDGF. Upon PDGF
protein binding, the aptamer forms a close-packed tight structure, which reduces
the distance between the two termini of the aptamer and causes fluorescence
quenching. Different molecular variants of PDGF dimers will bind with the
aptamer with differences not only in binding affinity, but also in binding avidity.
The avidity can be easily determined in the signaling step based on FRET between
the fluorophore (F) and the quencher (Q).

construct a molecular beacon aptamer (MBA) for PDGF by
labeling it with a fluorophore and a quencher at opposite
termini. When the MBA is in a physiological buffer, the
fluorophore and the quencher are far apart and a fluorescence
signal is generated. The efficiency of FRET is dependent on the
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distance between the fluorophore and the quencher. We
hypothesized that binding of PDGF to the dually labeled
aptamer would reduce the distance between the two termini
of the aptamer and cause fluorescence quenching. We also
hypothesize that the differences in the affinity and the avidity of
the aptamer for the different molecular variants of PDGF dimers
(AA, AB, and BB) might be reflected in differences in the
quenching of the MBA fluorescence as a function of the
concentration of the PDGF variant in the test solution. The
avidity can be easily determined from signaling step based on
FRET between the fluorophore and the quencher. Therefore, a
single MBA might be able to detect and distinguish molecular
variants of a protein of interest in a simple single-step assay.
We used PDGF and a single DNA aptamer to build the
fluorescence quenching assay method platform and show herein
that conformational changes of a PDGF aptamer selected for
specific high-affinity binding to the target protein can be used to
design a high-throughput binding assay to not only specifically
detect the target protein but also distinguish between its
molecular variants. Fluorescent-signal-based detection offers
high sensitivity (down to single molecules™), while the specific
high-affinity binding by molecular aptamers forms the basis of a
system to detect subtle molecular changes in the protein that
affect the binding of molecular variants with the synthetic DNA.

Results and Discussion

Fluorescence quenching for specific and sensitive detection
of PDGF

We have created an MBA for PDGF from a 35-nucleotide-long
DNA sequence (shown in Figure 1) based on aptamer sequences
with a high affinity for PDGF-BB, with the labels DABCYL at the
3’- and fluorescein at the 5’-end. The aptamer is reported to have
about 700-fold higher affinity for PDGF than that observed with
other random DNA sequences.! We first examined the
specificity of the MBA. A fixed amount of the MBA was incubated
with either PDGF-BB or one of several extracellular proteins
(serum albumin, hemoglobin, lactate dehydrogenase, lysozyme,
myoglobin, and thrombin) or unrelated growth factors (such as
epidermal growth factor and insulin-like growth factor-1). The
results shown in Figure 2 A indicate that only pure human PDGF-
BB causes a marked reduction in fluorescence signal while all the
other proteins tested fail to cause any significant change in
fluorescence, even at 10-fold higher concentrations than that
used for PDGF-BB. The binding reaction is quick; it takes less
than 20 seconds (including the mixing time) to reach equilib-
rium. We achieved a detection limit of 110 pm PDGF without
optimization (data not shown). To further test the specificity of
binding between PDGF-BB and the MBA, we used an unlabeled
scrambled sequence designed to possess a predicted helix
structure essentially identical to that of the DNA sequence of the
MBA.I'3 In a competition binding assay, increasing amounts of
the scrambled sequence was added to a mixture containing
50nm MBA and 50 nm PDGF-BB. No measurable reduction in
quenching was observed even when 250 nmol scrambled
sequence was added. However, in a parallel experiment, a
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Figure 2. Binding specificity of the MBA. Top: fluorescence signals of incubation
mixtures containing MBA (20 nm) and one of the following proteins (100 nm):
bovine serum albumin (BSA), hemoglobin (HEM), lactate dehydrogenase (LDH),
lysozyme (LYZ), myoglobin (MYO), thrombin (THR), or one of the growth factors
(20 nm), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF),
insulin-like growth factor-1 (iGF1), or PDGF-BB. Bottom: fluorescence signals of
incubation mixtures of MBA (50 nm) with calf serum proteins without (Sb) or
supplemented with (Sa) PDGF-BB, as compared to the MBA alone.

synthetic DNA sequence identical to the one used in the MBA
effectively competed with the MBA and fluorescence quenching
was inhibited in a dose-dependent manner.

Fluorescense quenching allows specific detection of PDGF in
biological samples

We examined the specificity of the MBA and evaluated the
potential application of this one-step fluorescence-quenching
assay for PDGF-BB detection in biological samples. We used a
simulated biological specimen made by adding PDGF-BB to
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 0.5 % fetal bovine serum (FBS). The sample was lyophilized
and split in two equal portions, one of which (Sa) was
additionally supplemented with 100 nmol recombinant human
PDGF-BB. Each portion (Sa and Sb) was resuspended and the
protein components were collected through Sephedax G-10 gel
filtration. Fluorescence quenching activity of the two prepara-
tions was compared by adding 50nm MBA. As shown in
Figure 2 bottom, Sa caused a marked reduction in fluorescence,
comparable to that observed with pure human PDGF-BB, but Sb
did not cause a significant change. Analytical denaturing and
reducing polyacrylamide gel electrophoresis of Sa and Sb
showed that the protein compositions of these two samples
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were indistinguishable from each other. The results show that
this rapid one-step fluorescence-quenching assay can specifi-
cally detect nanomolar quantities of PDGF in complex biological
specimens, which is the basis for the application of this method
in real tumor sample PDGF detection.

Fluorescence quenching assay detects PDGF in human tumor
cell culture media

We next tested the application of this fluorescence quenching
assay to detect the expression of human PDGF-BB in cultured
tumor cells. A human breast carcinoma cell line, HTB-26, has
been reported to secrete PDGF-BB in culture medium.'? Serum-
free conditioned media were collected from human HTB cells
and normal murine BALB/3T3 fibroblast cells in culture. Serial
dilutions of protein preparations from each cell line were
incubated with a fixed amount of the MBA in a 96-well microtiter
plate to obtain a dose -response curve. Parallel sets of dose-
response curves were obtained by using different amounts of
the MBA for each such set. For each set, a control dose-res-
ponse curve for fluorescence quenching was obtained with serial
dilutions of a solution of pure human PDGF-BB. The results
obtained with 50 nmol MBA are presented in Figure 3. The assay
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Figure 3. Cancer cell sample dose - response curve: fluorescence signals of
mixtures of MBA (10 nm) with serial dilutions of protein preparations of
conditioned cell media from HTB cells (triangles) or BALB cells (squares). Serial
dilutions of a 500 nm solution of PDGF-BB (circles) were used as a control. Vd is the
dilution factor.

indeed detects the presence of human PDGF-BB in HTB-
conditioned media, as indicated by the similarity of the slope
and final extent of quenching to that obtained with pure PDGF-
BB. In contrast, the BALB/3T3-conditioned media appears to
contain one or more related protein(s), as indicated by the
different slope and less than maximal quenching. This experi-
ment is the first successful application of a synthetic aptamer for
the detection of tumor-related proteins directly from the tumor
cells. In view of the high specificity of the MBA to PDGF-BB,"*! the
difference between the dose curves of the HTB and BALB cell
culture media samples and that of the pure PDBF-BB indicated
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that, when used for detection in a biological sample, the MBA
probe also has the capability to respond differently to isoforms
of PDGF-BB or other possible structure/function-related proteins
or molecules. These results demonstrate a new application of
labeling aptamers for protein variant detection in a simple assay
with a single DNA probe.

Fluorescence quenching assay distinguishes molecular
variants of PDGF

Green etal. reported that the PDGF aptamers selected for
binding to PDGF-BB by using isotropic labeling bound to all
three molecular variants of PDGF, namely BB, AB, and AA, albeit
with different affinities,!"*! presumably because of the amino acid
sequence homology (60 %) between the A and the B chains. We
tested the three common PDGF variants for their effects on the
fluorescence quenching assay. Serial dilutions of each protein
were incubated with 10 nm MBA in triplicate in 96-well microtiter
plates and the dose -response curves for fluorescence quench-
ing were compared. Parallel sets of experiments were conducted
with varying amounts of the MBA. The dose -response curves
obtained with 10 nm MBA are shown in Figure 4. The results
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Figure 4. Dose - response curves of PDGF variants: fluorescence signals of MBA
for PDGF-AA (triangles), PDGF-AB (squares), PDGF-BB (circles), and denatured
PDGF-BB (diamonds). The concentration of the MBA was 10 nm.

show that the slopes and the concentration of protein required
to attain 50% of the maximum quenching are distinct for the
three molecular variants of PDGF. Although the response for
PDGF-AB is more similar to that for PDGF-BB than to that for
PDGF-AA, the difference between PDGF-AB and PDGF-BB is
much more easily distinguishable than that reported by the
isotropic method.''¥ When PDGF-BB is reduced by dithiothreitol
and denatured with sodium dodecyl sulfate, the resulting
protein fails to cause any fluorescence quenching. These results
indicate that the fluorescence quenching assay is not merely
dependent on the primary sequence of the protein chains, but is
capable of distinguishing conformational characteristics or the
folding of highly related protein molecules. Therefore, it may be
possible to use synthetic DNA molecules selected for high-
affinity binding to proteins in the design of rapid, high-
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throughput, and sensitive single-step homogeneous assays for
proteins and their functional variants in complex biological
materials.

High-throughput assay for protein molecular variants

Based on the above observations, we evaluated the potential of
adapting this fluorescence quenching assay to a high-through-
put format. We prepared PDGF samples that contained varying
molar ratios of PDGF-AA and PDGF-BB and determined the
extent of fluorescence quenching with three dilutions of each
mixture with a fixed amount of the MBA in a 96-well microtiter
plate. Since the Spectrafluor Plus instrument uses filters for
excitation (485 nm with a bandwidth of 20 nm) and emission
(535 nm with a bandwidth of 25 nm), the sensitivity of the assay
is considerably lower than the readings obtained with our
Fluorotag Tau-3 spectrofluorometer, which uses monochromatic
excitation (470 nm) and emission (520 nm) wavelengths. The
results obtained with 75 nm MBA are shown in Figure 5. The data
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Figure 5. Dose-response curves for a mixture of PDGF-AA (AA) and PDGF-BB
(BB) with MBA (75 nm). 100 % AA (m), 90 % AA/10 % BB (A), 50 % AA/50% BB (e),
25% AA/75 % BB (0), 10% AA/90% BB (x), and 100% BB (e).

show that at each of three concentrations of the PDGF
preparations, which ranged from a 0.5:1 to 2:1 molar ratio of
proteins to MBA, the extent of fluorescence quenching was
directly related to the relative abundance of PDGF-BB. Experi-
ments done with 40 nm and 100 nm concentrations of MBA and
an MBA created by labeling the same aptamer with another
fluorophore/quencher pair (black hole quencher and fluores-
cein) yielded similar results (data not shown).

Although the specific structural features of protein molecules
that affect fluorescence quenching of the MBA are not known at
this time, it may be possible to analyze the dose-response
curves obtained with mixtures of PDGF variants and to develop
an algorithm that enables the simultaneous quantitation of the
variants in a mixture. The fluorescence quenching assay can be
modified to fluorescence enhancement by using two fluoro-
phores to label the two termini of the synthetic DNA. As has
been demonstrated with MBs in nucleic acid detection,'"¥ FRET
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resulting from the conformational changes in an MBA with two
fluorophores enables ratiometric measurements and provides
enhanced sensitivity and larger dynamic range. The rapidly
growing options for fluorophores and quenchers will enable the
use of multiple MBAs in a single assay to monitor multiple gene
products and their variants. Backbone modifications and unusual
base substitutions in the synthetic DNA may be used to improve
the stability®™ of the MBAs in biological fluids and to alter the
affinity of a DNA molecule for its protein target. Although we
have only tested the assay system in 96-well microtiter plates, it
should be possible to adapt the assay to various higher-
throughput formats or fluorescence readers.

Conclusions

We have developed a single-step assay that can distinguish
molecular variants of proteins in biological samples by using a
molecular beacon aptamer. A fluorescence assay has been
designed to use the aptamer for ultrasensitive analysis of PDGF
protein in biological samples. The aptamer can be used to detect
PDGF at picomolar concentrations, even in the presence of
serum and other cell-derived proteins in cell culture media. This
aptamer probe has also been used with tumor cells in PDGF
determination. This is the first successful application of a
synthetic aptamer for the detection of tumor-related proteins
directly from the tumor cells. We also show that three highly
related molecular variants of PDGF (AA, AB, and BB dimers) can
be distinguished from one another in a single-step assay that can
be readily adapted to a microtiter plate assay for high-
throughput analysis. The use of fluorescence quenching as a
measure of binding between the aptamer probe and the target
protein eliminates the potential false signals that may arise in
traditional fluorescence enhancement assays as a result of
degradation of the aptamer by contaminating nucleases in
biological specimens. The method of taking advantage of the
conformational change of the dual-labeled aptamer itself to
signal protein binding affinity and avidity may be applied to
essentially all proteins, especially those that are not naturally
DNA binding.

Experimental Section

Reagents and Materials: The PDGF aptamer and the control
scrambled sequence were synthesized by standard phosphoramidite
chemistry on controlled pore glass matrix.® Labeling at the 3’ end
used the modifying moiety coupled to the controlled pore glass
matrix as the first residue. For 5'-labeling, the modifying moiety was
coupled by using its phosphoramidite derivative. The synthetic
oligonucleotides were released from the controlled pore glass by
mild deprotonation and then purified by reverse-phase high-
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performance liquid chromatography. The sequences used are as
follows:

PDGF aptamer:5'-CAG GCT ACG GCA CGT AGA GCATCA CCATGATCC
TG-3

Controls: 5'-CAG CGT ACG GCA CGT ACC GAT TCA CCATGA AGC TG
— 3’

Recombinant human PDGF-BB, PDGF-AB, and PDGF-AA were
purchased from R&D#38;D Systems (Minneapolis, MN). The proteins
were dissolved in HCI (4 mm) and then diluted in tris(hydroxymethy-
lJaminomethane (Tris) buffer (40 mm, pH 7.4) at the final experimental
concentrations before use. Other recombinant human growth
factors, epidermal growth factor (EGF), insulin-like growth factor-|
(IGF1), were bought from Roche (Indianapolis, IN). Human bovine
serum albumin (BSA), human hemoglobin (HEM), porcine lactic
dehydrogenase (LDH), horse myoglobin (MYO), chicken lysozyme
(LYS), and human gamma-thrombin (THR), and other chemicals were
purchased from Sigma (St. Louis, MO). Physiological buffer, which
simulated the ionic strength under physiological conditions, was
used in the experiments (20 mm Tris-HCI (pH 7.1), 140 mm NaCl, 5 mm
KCl, 1 mm CaCl,, and 1 mm MgCl,.

Cell culture and preparation of conditioned media: The cell lines
used in these studies, human breast carcinoma HTB-26, and murine
BALB/c-3T3 fibroblasts (American Type Culture Collection) were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Cellgro)
supplemented with 1% Gentamicin (Sigma) and either 10 % fetal calf
serum (Gibco) for HTB-26 or 10% calf serum (Gibco) for BALB/3T3.
The cells were incubated in humidified air containing 5% CO, at
37°C. For the collection of serum-free conditioned media (CM), the
culture medium was replaced with serum-free DMEM when the cell
monolayers reached 80-90% confluence. After approximately
60 minutes, the medium was replaced with fresh serum-free DMEM
and the cells were incubated for 24 h. The serum-free CM was
collected and clarified by centrifugation. Acetic acid was added to
the supernatant to a final concentration of 1m and the material was
lyophilized. The lyophilized powder was resuspended in acetic acid
(1m), clarified by centrifugation at high speed in a microfuge for
5 minutes, and the supernatant containing the soluble proteins was
subjected to Sephadex G-25 gel filtration in acetic acid (1m). The
excluded volume fractions with the highest absorbance at 280 nm
were collected and lyophilized again. The protein preparation was
resuspended in physiological buffer and used as the stock solution
from which dilutions were made for incubation in the fluorescence
assay.

Fluorescence assay development: Initial fluorescence measure-
ments were performed on a Fluorolog-Tau-3 spectrofluorometer
(Jobin Yvon Inc, NY) equipped with a thermostat accurate to 0.1°C.
All experiments were carried out at 37 °C. The sample cell was a 100-
uL cuvette. The fluorescence intensity of incubation mixtures was

W. Tan et al.

monitored by exciting the fluorophore (6-amino fluorescein) at
470 nm and measuring the emission at 520 nm. The relative standard
deviation is less than 2% for all measurements. In order to adapt the
assay method to a high-throughput system, a Tecan Spectrafluor Plus
(Tecan Instruments, North Carolina) was used with 96-well flat-
bottom microtiter plates (Nalge Nunc International). All incubations
were carried out in a final volume of 100 pL and fluorescence was
measured by using filters for excitation (485 nm with 20 nm
bandwidth) and emission (535 nm with 25 nm bandwidth) provided
by the manufacturer.

This work was partially supported by the National Institutes of
Health (grant n°s NCI CA92581 and NIGMS R01 GM66137-01) and
by a Packard Foundation Science and Technology Award.
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Synthesis of N-Acetyllactosamine Derivatives
with Variation in the Aglycon Moiety for the
Study of Inhibition of Sialyl Lewis x Expression
Tony K.-K. Mong,” Lac V. Lee, Jillian R. Brown, Jeffrey D. Esko,*!!

and Chi-Huey Wong*®!

Herein we describe an inhibition study of the sialyl Lewis x (sLe¥)
expression on a human monocytic cell line (U937), using a series of
peracetylated N-Acetyllactosamine (LacNAc) analogues with var-
iation at the aglycon moiety. It was found that the extent of
inhibition was related to the hydrophobicity and structure of the
aglycon. In general, peracetylated LacNAc analogues with a
naphthyl or biphenyl aglycon (3, 4, 6, and 7) were better in
suppression of sLe* expression than a benzyl derivative (2). Steady-
state kinetic experiments with human a-1,3-fucosyltransferases IV
and VI (FucT IV and VI, EC 2.4.1.65) revealed that the deacetylated
LacNAc-aglycons with naphthyl (18, 19, and 20) or biphenyl (17)

Introduction

The key step in inflammatory response is the recruitment of
vascular leukocytes from the flowing blood stream to the scene
of inflamed tissue, which is mediated by a cascade of molecular
interactions between the leukocyte and blood vessel endothelial
cells." Such interactions are initiated by the binding of the cell
surface glycoprotein ligands containing sialyl Lewis x (sLe*) to
selectin receptors displayed on the surface of leukocytes and the
blood vessel.? 3! Circulating tumor cells also take advantage of
similar ligand - receptor interaction during hematogenous meta-
stasis. Therefore, agents that abrogate the ligand -receptor
binding may prove useful for treating deleterious inflammation
and tumor cell metastasis. This can be achieved either by
saturating the binding capacity of selectin receptors or by down-
regulating the expression of sLe* ligand. For the former strategy,
exogenous sLe* oligosaccharides,”” sLe* glycomimetics,’® and
multivalent sLe* ligands” have been developed, while the latter
approach has been attempted with glycosyltransferase inhib-
itors® % or competing substrates,"'¥ which either inhibit or
divert the enzymatic assembly of sLe* ligand in the Golgi bodies.
However, most small molecules that inhibit the glycosyltrans-
ferases are not cell-permeable and can not reach the Golgi
bodies.!"?!

One tactic is to use an exogenous decoy acceptor (i.e., a
competing acceptor) which in principle resembles the acceptor
in the four-partner transition state complex that characterizes
fucosyltransferase reactions (a sugar donor, a nucleotide, a
divalent cation, and an acceptor). The decoy acceptor can act as

ChemBioChem 2003, 4, 835-840 DOI: 10.1002/cbic.200300650

moieties exhibited higher affinity to the fucosyltransferases than
aglycon moieties with smaller hydrophobic groups (14, 15, and 16).
These results are in agreement with the findings of the U937 cell-
based experiments, and suggest that the higher enzyme dffinity
LacNAc-aglycons make better acceptor decoys and, hence, the
observed differences in LacNAc-aglycon inhihitory effects on sLe
expression.

KEYWORDS:

carbohydrates -
ases - inhibitors

enzymes - glycoproteins - glycosyltransfer-

a substrate for the fucosyltransferase and interrupt the utiliza-
tion of endogenous acceptors to form the active natural ligand
(Scheme 1). The concept of a decoy acceptor was first realized in
1973 by Okayama et al.,""” who reported that (3-p-xyloside would
act as a substrate for the assembly of glycosaminoglycans and
thereby inhibit the biosynthesis of glycosaminoglycan chains on
endogenous proteoglycan core proteins. Benzyl-a-p-GalNAc was
later discovered to suppress the biosynthesis of O-linked
glycoproteins in HL-60 leukemia cells.""” A more recent demon-
stration of this concept was reported by Esko et al., who
prepared peracetylated forms of GalS31,3GIcNAc, Gal51,4GIcNAc,
GIcNAcS1,3Gal, and Galf1,3GalNAc with naphthyl or naphthyl-
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Scheme 1. Fucosyltransferase (FucT) catalyzes the transfer of the fucose moiety from GDP-fucose to LacNAc or sialyl LacNAc glycoconjugates of proteins or lipids. The
physiological fucose transfer reaction can be inhibited by introduction of a high affinity substrate, LacNAc-aglycon, which then diverts the fucose moiety from
endogenous glycoconjugates.

methene aglycons. These derivatives efficiently crossed the PhY 9 R-OH
. . . ) Ph Yo
hydrophobic barrier of the cell and Golgi membranes and down- A%;&&/sm \_ 2 Oﬁ/OR
regulated the expression of sLe* ligands, eventually leading to g NHTroc AcO 10 NHTroc
suppression of intercellular adhesion.['>4
Herein we describe the synthesis of a series of peracetyl b
LacNAc acceptor decoys and the effect of the various aglycons Aco OAC oTBS
(1-7) on the inhibition of sLe* expression. Feeding of the AcO O 0— CCl, HO&&/OR
compounds to U937 cells revealed differential inhibition of sLe* OAc \,[er AcO NHTroc
expression. Both the hydrophobicity and the structure of the 12 "
appended aglycon can modulate the extent of inhibition of sLe* ' lc '
expression. For comparison, these peracetylated LacNAc-agly- aco OAC OTBS
cons were deacetylated (16 to 20), and the kinetic constants of Acogo oéo&
these compounds were measured with FucT IV and VI. Steady- oac @ NHTrg’cR
state kinetic experiments with FucT IV and VI also indicated that 13
the LacNAc-aglycon affinity to the enzyme is dependent on the ‘ d
hydrophobicity of the aglycon moiety. Overall, the kinetic Ao OAC OAc
constants acquired from the enzyme kinetic study confirm the ACQ%& 3 or
cell-based results acquired with U937 cells. ond© NHAC
1-7
1 R' = —(CH,);CH,4
Results and Discussion f@
2 R =
The synthesis of peracetyl LacNAc acceptor decoys has been
accomplished by a chemical approach,' but this had poor or 3 R= O
moderate yields, probably because of the poor C-4 hydroxy
acceptor site on the glucosaminyl unit. A more convenient 4 R =
synthetic route for these peracetyl acceptors was therefore Br
developed. In the new synthetic route three building blocks 5 R = ;f
were used: a galactosyl donor, a glucosaminyl donor-acceptor,
and different aglycon alcohols (Scheme 2). The design of the 6 R = ;ﬁwo
glucosaminyl donor-acceptor is crucial, since it acts as a donor
for the aglycon alcohol and as an acceptor for the galactosyl unit. TR = g0
The C-3 and C-6 hydroxy groups must be selectively protected

with appropriate protecting groups such that the nucleophilicity
S . Scheme 2. Synthesis of peracetyl LacNAc acceptor decoys by using the three
of the free C-4 hydroxy function is preserved, and the protectin 4 peracety P Vs Oy using
4 y P P 9 building blocks galactosyl donor, glucosaminyl donor-acceptor, and different

groups have to survive the subsequent reaction conditions. aglycon alcohols. Reagents and conditions: a) NIS, TMSOTf, CH,Cl,, —23°C;
From our previous experience in the choice of hydroxy- and  b)(1) 80% aq. acetic acid, 80°C; (2) TBDMSCI, Im, THE, RT ¢) TMSOTf, CH,Cl,,
amino-protecting groups,!'™ the thio-p-glucopyranoside 8 was  —23°C d) (1) HF -py, THF, RT; (2) Zn, DMAF, Ac;O/CH,Cl,.
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prepared from glucosamine hydrogen chloride according to the
literature procedure,® and was then coupled with an aglycon
alcohol 9, in the presence of N-iodosuccinimide (NIS) and triflic
acid (TfOH), to give the O-glycosides 10.'7 Compounds 10 were
treated with 80 % acetic acid at 80 °C to remove the benzylidene
acetal, and subsequent selective C6-silylation with tert-butyldi-
methylsilyl chloride (TBSCI) furnished the glucosaminyl accept-
ors 11. These were glycosylated with the peracetyl galactosyl
trichloroacetimidate 12" in the presence of the trimethylsilyl
triflate (TMSQOTY) to give the disaccharides 13. The glycosylation
yields of 11 and 12 varied from 40% to 80% depending on the
chemical structure of the aglycon on 12. Poor yields were
observed with glucosaminyl acceptor 13 bearing an ethylene
glycol tether. The oxygen atom on the ethylene glycol spacer can
probably associate with the terminal hydroxy function and
hence decrease its nucleophilicity, leading to a poorer glyco-
sylation yield. Conversion of disaccharides 13 into the corre-
sponding peracetyl LacNAc decoys was accomplished by
removal of the C-6 TBS silyl ether with pyridinium hydrogen
fluoride (HF - py), followed by removal of the C-2 trichloroethoxy-
carbonyl (Troc) protection group and the acetylation of both the
C-2 amino and the C-6 hydroxy group with Zn dust reduction in
acetic anhydride. 2% With different aglycons, peracetyl LacNAc
decoys 1-7 were obtained.

Previously, Sarkar et al. had shown that cells take up per-O-
acetylated disaccharides similar to those described here and
rapidly deacetylate them.'>'¥ These compounds act as sub-
strates, leading to the formation of sialylated and fucosylated
oligosaccharides such as sLe*. Priming of oligosaccharides in this
way diverts their synthesis from endogenous glycoproteins. To
test how the aglycon affected the activity of LacNAc as an
inhibitor, the per-O-acetylated analogues 1 -7 were fed to U937
cells. A monoclonal antibody (CSLEX-1) was used to quantitate
the expression of sLe* on the surface of the cells, and the degree
of inhibition was compared to the control disaccharide 4.3
When fed to U937 cells at 10-50 um, compounds 1 and 5 were
toxic, causing acute cell lysis. In the case of 1, this was most
probably a result of the aglycon’s detergent-like properties after
the removal of the acetyl protecting groups inside the cell. In
contrast, treatment of U937 cells with 2 -4, 6, and 7 inhibited the
expression of sLe* to varying degrees, usually in a dose-
dependent manner (Figure 1). Interestingly, 2, with a small
benzyl aglycon structure, was less effective than 3, 4, 6, and 7,
which may be related to the hydrophobicity of the aglycon. The
enhanced efficacies of 3, 4, 6, and 7 could reflect enhanced
uptake or a preference of target enzymes for a more complex
aglycone. Similar results have been observed for S-p-xylo-
sides.?" 22 To explain the observed phenomenon, selected
peracetyl LacNAc decoys 2-4, 6, and 7 were deprotected to
give the LacNAc decoys 16,1 and 17 -20 (Scheme 3), and their
enzyme-binding kinetics were examined with a commercially
available human a-1,3-fucosyltransferase VI.

Table 1 illustrates the kinetic constants for the deacetylated
LacNAc-aglycons (16 - 20), also including 14 and 15,12¥ together
with the corresponding K, values for GDP-fucose. Arranged in
the order of decreasing K, values, it is evident that there is a
correlation between the hydrophobicity of the aglycon group
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Figure 1. Inhibition of sLe* biosynthesis by LacNAc-alycones. U937 cells were
treated with various per-O-acetylated LacNAc-aglycons for 4 days at the indicated
concentrations. Binding of mAb CSLEX-1 was measured by ELISA (see Exper-
imental Section). The two experiments shown in the top and bottom panels were
performed on different days. The values represent the average of triplicate
experiments, which varied by <10 %.
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Scheme 3. Synthesis of deactetyl LacNAc decoys. Reagents and conditions:
a) NaOMe, MeOH/CH,Cl,, RT.

and the K., value of the acceptor molecule. The K, for GDP-
fucose follows the same trend. The k., values are for the most
part very similar for all LacNAc-aglycons (14-20): from 2 to
4sec.

The aglycon contribution to LacNAc affinity is a phenomenon
previously observed for FucTIll, V, and V11242528 The hydro-
phobicity in the aglycon group in LacNAc affinity is also
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Table 1. LacNAc-aglycon specificity of human a-1,3-fucosyltransferase VI.

(@i\/ ok
0 k k
o)
HO ao/éﬁ/OR Kiacnacr Keop-fuc Keat L o
OH K cop-ruc Kiacnacr
NH
LacNAc-R O=< [mm] [mm] [sec™] M Tsec™] M~ Tsec]
14 R=H 46 55 3.7 670000 1100
(a,B-mixture) £0.2 +06 +0.1 +70000 +50
o)
15 . 039 55 33 600000 12000
. .Me
o +£0.02 +14 +£02 4100000 +1000
16 . /@ 0.41 5.0 22 440000 6300
¥, +0.03 405 +0.05 +40000 4500
17 O 0.28 5.3 22 410000 12000
¥ O +0.02 +04 +0.04 430000 4900
18 . 0.12 48 1.8 370000 21000
5 +0.02 +05 +0.03 +40000 +3000
19 R 0.064 45 2.8 620000 61000
o +0.008 403 4005 + 40000 48,000
3{/\0/\/0
20 QO 0.076 47 16 340000 34,000
£0.009 +08 +0.07 +60000 +4,000

[a] Values obtained from fits to Michaelis — Menten Eq. (1). All LacNAc-aglycons are of the form Galf31,4GlcNAcf-aglycon, except for compound 14.

important for FucT VI, as shown by the results in Table 1. It is not
clear if this aglycon binding site is a normal component for
substrate specificity of FucT VI, since no fucosyltransferase X-ray
crystal structure is available, or if the aglycon group simply binds
to a "secondary” binding site that enhances affinity. Replacement
of the hydrogen atom on the anomeric hydroxy group of 14 with
an alkyl ester (15) resulted in a reduction in the K, value of
greater than 11-fold for the acceptor molecule. Another sixfold
reduction in K, value is observed if the alkyl ester is replaced
with a suitably positioned naphthylene group as in 19.

Hydrophobicity may not be the single determinant for
acceptor - substrate binding affinity, as the results from Table 1
would suggest. Although the biphenyl group in 17 is slightly
more hydrophobic than the naphthyl group in 18, its K, is about
three times higher. If the naphthalene group is properly
positioned with a three-atom linker (as in 19) the K, value
becomes 0.064 mwm, the lowest value of the LacNAc-aglycons in
Table 1. A six-atom linker for the naphthalene group (as in 20)
increases the K, value to 0.076 mw, indicating that the preferred
linker length is around three atoms. Ideally, the experiment
would make use of linkers that increase in length by single
atoms. However, low solubilities of the LacNAc-aglycons became
a problem if alkyl linkers were used, so ethylene glycol linkages
were chosen to promote solubility.

One difference between the enzyme kinetics and the cell-
based experiments is that U937 cells express FucT IV and VI
enzymes,'¥ while the enzyme kinetics experiment made use of
FucT VI. We re-tested some of the deacetylated LacNAc-aglycons
(16, 18, and 19) on the more relevant FucT IV (gift from the
Consortium for Functional Glycomics and Neose Tech. Inc.)
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because it has been shown that LacNAc-aglycons are substrates
for FucT IV and not for FucT VILI' The K., values for 16, 18, and
19, as measured for FucT IV, are 0.65+0.08, 0.14+0.04, and
0.09 +0.02 mwm, respectively. In general, these values are some-
what higher than those measured for FucT VI. However, they
displayed the same trend, showing greater enzyme-binding
affinity with greater hydrophobicity of the aglycon moiety. These
results are in agreement with the findings that FucT IV and VI
share similar substrate specificity with the polymeric tri-LacNAc
substrate.2”!

Although not definitive, the high-affinity LacNAc aglycons
most probably inhibit cell-surface expression of sLe* by usurping
the cellular content of fucose substrates, since these acceptor
decoys target FucT IV instead of FucT VII. FucT VIl has a strong
preference for sialyl LacNAc substrates and is believed to play
the predominant role in synthesizing cell-surface sLe*?® The
enzyme kinetics experiments with FucT IV and VI show that
LacNAc aglycons with naphthyl moieties (18, 19, and 20) are
higher affinity substrates for the enzyme than substrates with
less hydrophobic aglycon groups (14, 15, and 16). The experi-
ment supports the observation made in the cell-based assay that
peracetylated LacNAc aglycons with naphthyl moieties were
better inhibitors of cell-surface expression of sLe*.

Experimental Section

Cell culture: U937 (human histiocytic lymphoma, CRL 1593) cells
were purchased from the American Type Culture Collection (Rock-
ville, MD) and grown in suspension in RPMI 1640 medium, supple-
mented with fetal bovine calf serum (FBS, 10% (v/v); Hyclone
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Laboratories, Logan, UT), glutamine (0.3 gL™"), streptomycin sulfate
(100 pg mL="), and penicillin (100 unitsmL™"). The cells were main-
tained at 37°C in a humidified incubator containing 5% CO, and
95% air and passaged by dilution every 3 -4 days.

Sialyl Lewis x expression: To measure the inhibition of slLe*
expression, the cells were treated with monoclonal antibody (mAb,
CSLEX-1). U937 cells (=5 x 10*) were grown in the presence and in
the absence of peracetylated LacNAc analogues 1 -7, respectively, (0
to 50 umol) for 4 days in 6-well plates. Cells were washed with PBS
and fixed with 1% p-formaldehyde in phosphate buffer saline (PBS,
5 min, RT). The fixed cells were rinsed and resuspended (1 x 10°) in
1% bovine serum albumine(BSA)/PBS (100 uL). CSLEX-1 (CD15s,
0.8 ugmL~"; Becton Dickinson) and anti-mouse IgM coupled to
horseradish peroxidase (1:100) were added to the cells and
incubated (1h, RT). A control incubation (1h, 37°C) contained
Arthrobacter ureafaciens neuraminidase (AUS, 20 mU/1 x 10° cells;
Calbiochem) in 0.05m Hepes (100 pL, pH 6.9). After incubation, the
cells were washed with 1% BSA/PBS and developed with 150 pL
developing buffer (19.5 g citric acid, 28.5g Na,HPO, pH5.5 in 1L
H,0) containing o-phenylenediamine (OPD) solution (20 mL citrate
phosphate for 1 tablet OPD (10 mg) and 50 puL of 30% H,0,). The
reaction was quenched by addition of 3m H,SO, (100 L, 5-10 min),
and the absorbance of solution was measured at 490 nm.

Chemical synthesis: All chemicals were purchased and used without
further purification. Dichloromethane (CH,Cl,) and acetonitrile
(CH5CN) were distilled over calcium hydride. Ether (Et,0) was treated
with sodium metal/benzophenone ketyl and distilled prior to use.
Anhydrous dimethylformamide (DMF) was bought from Aldrich.
Molecular sieves (MS) were AW 300 and flame-activated prior to use.
Reactions were monitored by analytical thin layer chromatography
(TLC) on EM silica gel 60 F254 plates and visualized under UV light
(254 nm) and/or by staining with acidic ceric ammonium molybdate.
Flash column chromatography was performed on Geduran silica
gel 60 (3575 um, EM Science). '"H NMR spectra were recorded on
Bruker DRX 500 (500 MHz) or 600 (600 MHz) spectrometers at 20 °C.
Chemical shifts (0, ppm) were assigned according to the internal
standard signal of tetramethylsilane in CDCl; (0 =0 ppm) or spiked
acetone in D,0 (0 =2.04 ppm). *C Attached Proton Test NMR (*C-
Apt) spectra were obtained on Bruker DRX 500 or 600 (125 MHz)
spectrometers and are reported in the 6 ppm scale with the signal of
CDCl; (0 =77.00 ppm) or spiked acetone in D,0 (0 =29.8 ppm) as
reference. Peracetylated LacNAc 4" and LacNAc 1479 were
prepared as previously described. 'H and 3C-Apt NMR spectra for
compounds 1-3, 5-7, and 17 -20 can be found in the supporting
information.

General procedure for the synthesis of peracetyl LacNAc ana-
logues 1-7: Glucosaminyl donor 8 (1 equiv.), aglycon alcohol 9
(1.5 equiv.), and MS were suspended in dry CH,Cl, and stirred under
argon at RT for 1 h. The reaction solution was cooled to —23°C, and
TMSOTf (0.1 equiv.) was added. The mixture was stirred at — 23 °C for
4h and quenched by the addition of triethylamine (TEA). After
removal of the molecular sieves by filtration, the reaction solution
was washed with sat. ag. NaHCO;, H,0, and brine, dried over MgSO,,
concentrated, and purified by column chromatography to yield 10
(60 to 80%).

The compound 10 (1 equiv.) was dissolved in 80 % ag. acetic acid and
the solution was stirred at 80°C for 3 h. The solvent was removed
under reduced pressure and the residue was dissolved in CH,Cl,,
which was washed with H,O, dried over MgSO,, and concentrated
for subsequent silylation.

The crude residue was dissolved in dry THF, and this was followed by
the addition of tert-butyldimethylsilyl chloride (TBDMSCI, 1 equiv.)
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and imidazole (Im, 1.2 equiv.). The mixture was stirred at RT for 3 h
and was then quenched with MeOH, followed by removal of solvent
under reduced pressure. The concentrated residue was dissolved in
CH,Cl, and was washed with 1n ag. HCl, H,O, and brine, dried over
MgSO,, concentrated, and purified by column chromatography to
give 11 in 60-80% yield.

The compound 11 (2 equiv.), 2,3,4,6-tetra-O-acetyl-galactopyranosyl
trichloroacetimidate (12, 1 equiv.), and MS were suspended in dry
CH,CIl, and stirred at RT under Ar for 1 h. The reaction mixture was
cooled to —23°C, and TMSOTf (0.1 equiv.) was added. The mixture
was stirred for 5 h at —23°C and was quenched by the addition of
triethylamine (TEA). The solution was filtered and washed with sat.
aq. NaHCO;, H,0, and brine, dried over MgSO,, concentrated, and
purified by flash column chromatography to give 13 (40 to 60%).

The compound 13 was dissolved in dry THF, and HF - py (10 equiv.)
was added. The reaction mixture was stirred at RT under Ar for 1 h
and quenched by the addition of sat. ag. NaHCO;. The desilylated
product was extracted with CH,Cl, (x 3) and the organic phase was
washed with H,O, dried over MgSO,, and concentrated. The
concentrated residue, together with a catalytic amount of DMAP,
was dissolved in CH,Cl,/Ac,O (1:1), and acid-washed zinc dust was
added. The mixture was stirred at RT for 4 h and filtered. The solvent
was removed under reduced pressure, and the residue was dissolved
in CH,Cl,. The solution was washed with 1n aq. HCl and H,O, dried
over MgSO,, and concentrated for flash column chromatography to
give the target peracetylated LacNAc analogues 1-7, respectively.
Spectra and spectral assignments of these compounds can be found
in the Supporting Information.

General procedure for the deprotection of peracetyl LacNAc
analogues: Peracetylated LacNAc analogues 2-4, 6, and 7 were
deprotected by standard transesterification with NaOMe in MeOH/
CH,Cl, (1:1) to give deprotected the LacNAc analogues 16-20,
respectively. Spectra and spectral assignments of these compounds
can be found in the Supporting Information.

Enzyme assay: The fucosyltransferase activity was assayed by use of
the coupling enzymes pyruvate kinase (PK) and lactate dehydrogen-
ase (LDH). The assay conditions are as follows: 50 mm KHepes pH 7.4,
150 mm KCl, 10 mm MgCl,, 0.5 mm PEP, 20 units mL~" PK, 20 unitsmL""
LDH, and 0.033 mm NADH. The concentrations of LacNAc and LacNAc
aglycons were varied from approximately 0.1 to 10 times the K,
value, while the GDP-fucose concentration was held constant at
100 um. GDP-fucose was varied between 0.5 to 10 times the K., value,
while the LacNAc aglycon was held constant at twice its K, value.
FucT was added last to start the reaction and the reaction was
monitored fluorometrically at 460 nm emission (340 nm excitation)
on a Hitachi F-2000 fluorescence spectrophotometer. One unit of
activity is equal to the conversion of 1 umol of substrate to product
per minute at 37°C. The assay mixture was held constant at 37°C
during the reaction, since fluorescence can be highly dependent on
changes in temperature. This assay was adapted from Murray
et al.?, The molecular weight of 42000 g mol~" for FucT VI was used
for rate calculations.B”

Data processing: All data fitting was performed by use either of
pro Fit (Quantum Soft) or of GraFit (Erithacus Software) software
packages. Initial velocity patterns were fitted to Eq.(1) or Eq.(2),
where v is the measured velocity, V is the maximum velocity, A (GDP-
Fucose) and B (LacNAc) are the substrate concentrations, K, and K,
are the respective Michaelis constants, and K;, is the dissociation
constant of A.

VA
v = (1)
K, +A
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Pyrenemethyl ara-Uridine-2'-carbamate:
A Strong Interstrand Excimer in the Major Groove

of a DNA Duplex

Natalia N. Dioubankova,? Andrei D. Malakhov,’®! Dmitry A. Stetsenko,®’
Michael J. Gait,”™ Pavel E. Volynsky,?’ Roman G. Efremov,? and

Vladimir A. Korshun*M!

In memory of Yuri A. Berlin

The synthesis of new nucleoside derivatives, ara-uridine-2'-carba-
mates, and their incorporation into synthetic DNA oligomers is
described. The modification directs ligands into the major groove of
duplex DNA and somewhat destabilizes the duplexes of modified
oligonucleotides with complementary DNA or RNA. In the case of
pyrenemethyl carbamate modification in DNA - DNA duplexes, the
destabilization is considerably reduced. The pyrenemethyl! deriva-
tive also shows remarkable spectral properties: a ‘reversed’

Introduction

Recently developed fluorescence techniques based on interact-
ing fluorophores, for example, fluorescence resonance energy
transfer (FRET),[" “molecular beacons”,” and combined fluoro-
phores,®! have revolutionized many fields of application of
labeled oligonucleotides: sequencing, hybridization analysis
(including DNA array-based methods and real-time PCR), and
studies of nucleic acid - nucleic acid and nucleic acid - protein
interactions.

A long lifetime of the excited state and the possibility of easy
excimer formation™ are distinctive features of the pyrene
fluorophore that allow its application for detection of nucleic
acid interactions both as a single label® and in excimer-forming
pairs or as multipyrene probes.’ Moreover, the flat structure of
the pyrene residue facilitates its stacking with nucleobases.”” A
pyrene fluorophore attached to the 2'-position of uracil nucleo-
sides in DNAF™ or 2’-0-Me RNAP¥ oligomers shows a consid-
erable increase in fluorescence intensity upon binding with
complementary RNA. To the best of our knowledge, excimer
emission from two pyrene fluorophores bound to different
complementary strands within an internal part of a DNA duplex
has previously only been observed with pyrene pseudonucleo-
sides® or by modification with (+)-anti-benzolalpyrene diol
epoxide of two guanine residues in N? positions within a (5')-CG
sequence.® In the latter case, a pyrene excimer is formed in the
minor groove of the DNA double helix.®!

We prepared a new pyrene nucleoside, pyrenemethyl ara-
uridine-2'-carbamate (UP), which is expected to direct the pyrene
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absorbance change for pyrene at 350nm in the course of
denaturation of the DNA duplex, as compared to the change seen
in the nucleotide absorbance at 260 nm. This derivatization also
causes pronounced sequence-dependent excimer formation in the
major groove.

KEYWORDS:

nucleosides - DNA - fluorescence -

excimer

major groove -

pyrene

residue into the major groove of a DNA duplex and which has a
rather rigid carbamate-based linker for pyrene attachment. For
comparison and for elucidation of the influence of pyrene on
duplex stability, butyl ara-uridine-2’-carbamate (U®) was pre-
pared in a similar manner.

Results and Discussion
Synthesis of phosphoramidites

Modified phosphoramidites were prepared as shown in
Scheme 1. The reaction of uracil-1-5-p-arabinofuranoside (1)
with 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane gave protected
derivative 2. Subsequent reaction of 2 with 1,1-carbonyldiimi-
dazole in dry DCM afforded 2'-O-(imidazol-1-ylcarbonyl)-3',5'-O-
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Scheme 1. Synthesis of UP: a) O(SiPr,Cl), (1.1 equiv), pyridine; b) 1,1-carbonyldiimidazole (2.5 equiv),
dichloromethane (DCM); c) 1-pyrenemethylamine (1.1 equiv), MeCN, tetrahydrofuran (THF); d) 1-butyl-
amine, (1.1 equiv), MeCN, THF; e) Et;N - 3HF (2.4 equiv), THF; f) 4,4'-dimethoxytrityl chloride (DmtCI;

1.1 equiv), pyridine; g) bis(N,N-diisopropylamino)-2-cyanoethoxyphosphine, diisopropylammonium tet-
razolide, DCM.

g ( ,
11: R" = Dmt, R% = P(OCH,CH2CN)NPr2

V. A. Korshun et al.

presence of diisopropylammonium tetrazolide
to give phosphoramidite 7, which was isolated
by column chromatography. Phosphoramidite
11 was synthesized in a similar way; 1-butyl-
amine was used as an aliphatic amine.

Thermal stability of modified duplexes

Phosphoramidite reagents 7 and 11 were
used to prepare a series of oligonucleotides
(Tables 1, 2), which were used for thermal
denaturation studies of their duplexes, formed
by annealing to complementary DNA and RNA
oligonucleotides. The sequence chosen was a
15-mer complementary to residues 22 -36 of
the trans-activation responsive region (TAR) of
the human immunodeficiency virus type 1
(HIV-1) RNA.®!

Table 1 shows that ara-2’-carbamate mod-
ification is destabilizing although the pyrene
residue somewhat neutralizes the negative
influence of the carbamate. The effective
destabilization, AT, per modification, is
—2.2°C for single and —1.7°C for double
pyrene modification in a DNA-DNA 15-mer
duplex. The butyl carbamate, however, con-
tributes a defined level of destabilization,
which is more than than additive for double
modification. The results correlate with those
obtained for ribo-2"-carbamates.”™ In contrast
to the results for DNA-DNA duplexes, when
hybridized to a DNA-RNA duplex, a single
pyrene modification leads to a pronounced
decrease in the T, value, which surprisingly
remains almost unchanged upon additional
modification with a second pyrene residue.

(tetraisopropyldisiloxan-1,3-diyl)uracil-1-3-p-arabinofuranoside (3)
in quantitative yield. Imidazolide 3 is stable during aqueous
extraction, but is prone to hydrolysis under acidic or alkaline
conditions. Some decomposition was also observed during silica
gel chromatography. The treatment of 3 with 10% excess
1-pyrenylmethylamine in
MeCN-THF (1:1 v/v) at 55°C
gave 2'-carbamate product 4

During ON09 x ONO2 duplex melting, the pyrene absorbance
at 350 nm undergoes the opposite change to that seen for the
nucleotide absorbance at 260 nm (Figure 1). The effect is similar
to our previous observations on 2'-ribo-carbamates."™ The
melting temperature values (determined as extremums for the

after Sevel:al days. We used Table 1. Thermal stabilities of modified duplexes.
Et;N-3HF in THF to remove
the Markiewicz 3',5-O-silyl pro- Oligo- Sequence, 5' —3' Duplex with complementary
. . nucleotide DNA (ON02) RNA (ONO03)
tection group. from ,4 This gave ATTTGAGCCTGGGAC AUUUGAGCCUGGGAC
only the desired 2’-carbamate T..°C AT, °Clél T..°C AT, °Ct
nucleoside 5 (UP) after over-
. . . ONO1 CTCCCAGGCTCAAAT 57.6 - 59.2 -
night deprotection. Crystalline | gyo4 CTCCCAGGCUPCAAAT 51.4 ~6.2 nd.® nd.
5 was treated with DmtC| to ONO5 CUBCCCAGGCTCAAAT 535 —4.1 n.d. n.d.
give 5'-O-protected nucleoside ONO06 CUBCCCAGGCUBCAAAT 45.8 —-11.8 n.d. n.d.
P _ —
6. This compound was then ONO07 CTCCCAGGCUPCAAAT 55.4 22 529 6.3
. . . ONO08 CUPCCCAGGCTCAAAT 555 —2.1 53.2 —6.0
phosphitylated  with bis(N.N- | onog CUPCCCAGGCUPCAAAT 543 ~33 523 ~69
diisopropylamino)-2-cyano-
. . . [a] The difference in T,, between the modified and corresponding unmodified duplexes; [b] n.d., not determined.
ethoxyphosphine in DCM in the
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Pyrenemethyl ara-Uridine-2'-carbamate

Table 2. Oligonucleotides used for fluorescence measurements.
Oligonucleotide Sequence, 5" —3’
ON10 CTCCCAGGCTCAAAUPCTGG
ONT AUPTTGAGCCTGGGAG
ON12 ATUPTGAGCCTGGGAG
ON13 ATTUPGAGCCTGGGAG
ON14 CCAGAUPTTGAGCCTGGGAG
ON15 CCAGATUPTGAGCCTGGGAG
ON16 CCAGATTUPGAGCCTGGGAG
0.25
1
020
0.08 2
A | e
0.06 e
T T T T T T T T T T T T T
20 30 40 50 60 70 80

TIrPC

Figure 1. Thermal denaturation curves of the duplex ON09 x ONO2 in hybrid-
ization buffer (see the Experimental Section for details) detected at 260 nm (1) and
350 nm (2).

first-order derivatives of both curves, data not shown) coincide,
which indicates that pyrene absorbance is a suitable parameter
to be used for T, measurements. This is the case only for
duplexes with oligonucleotide ON09; other duplexes with one
pyrene residue or duplexes with two pyrene residues in different
strands do not display the S-shaped pyrene hypochromism.!'%

Fluorescense measurements

The above-described vivid effect is in agreement with the
fluorescence spectra of conjugate ON09 and its DNA duplex
(Figure 2). The modified oligonucleotide shows a strong broad
fluorescence around 490 nm (an excitation wavelength, 4, of
330 nm, close to the second absorbance maximum, was used).
This result indicates the feasibility of bringing pyrene residues
close to each other to permit excimer formation to occur. The
excimer-to-monomer fluorescence intensity ratio for ONQ9 is
approximately one order of magnitude higher than that for the
corresponding oligonucleotide containing a pyrene ribo-2'-
carbamate.”™ In a duplex, the two pyrene residues are attached
to essentially a rigid, rod-like DNA double helix and are held at a
maximum distance from each other. This arrangement com-
pletely excludes the possibility of excimer formation and indeed
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Figure 2. Fluorescence spectra of single-stranded doubly pyrene-modified
oligonucleotide ON09 (1) and its duplex with complementary DNA ON09 x ONO2
(2); hey=330nm.

might increase the pyrene absorbance (see ref.[5m]). Thus,
conjugate ONO9 represents a “molecular-beacon-like” bis-pyrene
oligonucleotide probe with fluorescence at 490 nm and switch-
ing to 380 nm after hybridization. In sharp contrast to ribo-
analogues,®™ conjugates ONO7 -ON09 do not show any fluo-
rescence enhancement upon binding with complementary
RNA,[' which indicates that pyrene interacts effectively and is
also quenched in the major groove of the DNA -RNA duplex.

To find the most effective pyrene-pair layout for excimer
formation, several duplexes containing two pyrene residues
attached to different DNA strands were prepared and their
fluorescence spectra were recorded. Qualitative results are given
in Table 3. Only one structure shows strong excimer emission
accompanied by a nearly complete absence of “monomer”
fluorescence: the structure with the pyrene nucleosides posi-
tioned 3’ to each other and separated by one base pair (duplexes
ONO07 x ON13 and ONO7 x ON16). When UP residues are sepa-
rated by two or three base pairs, the broad band of long-
wavelength fluorescence disappears (Figure 3). The overlap of
the two pyrene residues in the favorable case is likely to be
somewhat preorganized. The “static” character of the excimer
(high value of excimer-to-monomer fluorescence intensity ratio)
indirectly supports this assumption. The location of the two
stacked pyrene residues parallel to the major groove might also
be stabilized by hydrogen bonding of the linker carbamate NH
groups with the 5’-phosphate group of one U” residue (Hb1) and
with the N7-position of the dG residue of the internal base pair
(Hb2).

Molecular dynamics studies

Molecular dynamics (MD) computational studies on duplexes
ONO7 x ON13 (Model 1), ONO7 x ON12 (Model 2), and ONO7 x
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Table 3. Fluorescence of pyrene-modified oligonucleotides and duplexes.

Oligonucleotide Schematic structure Pyrene fluorescence

or duplex monomer  excimer
ONO7 5 J + _
ONO09 g 4 i + +
ONO09 x ON02 & F i 4 _
g
ONO7 x ON11 g ! I + -
ONO7 xON12 & ! I + -
ONO7 xON13 % ! i - +
ONO7 x ON14 & ? T + -
¥
ONO7 xON15 & : ! + -
ON07 xON16  § ! - +
J
ONo9 xON11 57 o + -
L)
oNo9xONT2 51t ! i + -
ON09 xON13  § ! ] ] + +
ON10xON13 3 I 1 + -
ONT10xON12 % ! i + -
ON10xON11 5 r n +
L
ON10xON16 % ] ! + -
'
ON10 x ON15 4 _
/0 0 B I A n +
ON10xON14 % ,J + -
22 —
20 -
18
16
14 1
124 \
10 '
84 i
6 H
! j
4
2 =
0 e , : , . , : T —
350 400 450 500 550 600

A/nm

Figure 3. Fluorescence spectra of duplexes ONO7 x ON11 (1), ONO7 x ON12 (2),
and ONO7 x ON13 (3); A, =330 nm.

ON11(Model 3)" show that the degree of interaction between
chromophores depends critically on their sequential position.
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Pyrene residues are in contact practically all the time during MD
simulation (>80%) in Model 1, approximately half the MD time
in Model 2, and less then 5% of the MD time in Model 3. No
remarkable differences in interaction of pyrene residues for
structures with cis and trans amide bond conformation of the
linker were detected. The addition of constraints fixing the
hydrogen bond Hb2 has no significant effect on stabilization of
the state with chomophores in contact. Fixation of Hb1 leads to
a considerable decrease in the distance between chromophores
in Model 1 with a cis conformation of the amide bond.

The excimer fluorescence observed from 5'-to-5'-facing ad-
jacent fluorescent nucleosides (duplex ON10 x ON11) appears to
be due to some near-terminal duplex distortion. Four-base
duplex extension (duplexes ON10 x ON14), with the placement
of the two modified nucleosides maintained, leads to complete
elimination of excimer emission (Figure 4).

T
350 450
A/nm

Figure 4. Fluorescence spectra of duplexes ON10 x ONT1 (1), ONT0 x ON12 (2),
ON10 x ON13 (3), ON10 x ON14 (4); \ey =330 nm.

Conclusion

The new pyrenemethyl carbamate nucleoside U? derived from
ara-uridine shows remarkable fluorescence properties and is
able to form excimers within the major groove of a DNA duplex
when two UP residues in different strands are positioned 3’ to
each other and are separated by one base pair.

Experimental Section

Instrumentation: 500 MHz 'H and 202.4 MHz 3'P NMR spectra were
measured on a Bruker DRX 500 spectrometer at 303 K. 600 MHz
'HNMR spectra were obtained on a Varian Unity 600 NMR
spectrometer at 303 K. Chemical shifts (0) for '"H and 3P are
referenced to internal solvent resonances and reported relative to
SiMe, and 85% aq H;PO,, respectively. '"H NMR coupling constants
are refer to apparent multiplicities. MALDI-TOF mass spectra were
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measured on a Voyager-DE BioSpectrometry Workstation (PerSeptive
Biosystems) in positive ion mode. Elemental analysis was performed
on a CHNS-analyzer/EA1112 “Thermosinigan”.

Oligonucleotide synthesis was carried out on an ABI 380B DNA/RNA
synthesizer on a 1-umol scale with 2’-deoxynucleoside phosphor-
amidite reagents obtained from Cruachem (Scotland) and standard
synthetic procedures. For coupling of normal deoxyribonucleoside
phosphoramidites, the standard protocol (0.1m amidite in acetoni-
trile, 5 min) was used. For 2"-modified nucleoside phosphoramidites
7 and 11, amidite (0.1 m) in acetonitrile and a coupling time 10 min
were used. Under these conditions, the coupling efficiency based on
the Dmt cation assay was higher then 99 % for every step involving
modified phosphoramidites.

Thermal denaturation experiments with oligonucleotide duplexes
were carried out on a Perkin Elmer Lambda 40 UV/Vis Spectrometer
with a PTP 6 (Peltier Temperature Programmer) device in hybrid-
ization buffer (100 mm NaCl, 10 mm Na-phosphate, 0.1 mm ethyl-
enediaminetetraacetate (EDTA), adjusted to pH 7.0) with oligonu-
cleotides at a concentration of 3 x 10-°m. Duplex stability studies
were performed with an increase in temperature from 20 to 80°C at a
rate of 1°Cmin~". The solutions were heated to 96 °C, kept for 5 min,
and then gradually cooled before melting experiments.

Fluorescence spectra were obtained on a Perkin Elmer LS 50B
luminescence spectrometer with an excitation wavelength of
330 nm in hybridization buffer, and oligonucleotides at a concen-
tration of 3 x 10°m. No special efforts were made to remove oxygen
from the solution.

Molecular dynamics studies: The starting models of DNA duplexes
for MD studies were constructed in the program Insightll' as B-form
duplexes. Both cis and trans conformations of the amide bond in the
carbamate linker were considered. MD simulation in a vacuum was
carried out for 100 ps at constant temperature (300 K) with the
Discover™ program and cvffl'? force field. DNA strands were fixed to
prevent destruction of the double-helix structure during the MD
simulations because of the influence of the uncompensated charges
of phosphate groups and the absence of solvent.

Syntheses:

3’,5"-O-(tetraisopropyldisiloxan-1,3-diyl)uracil-1-f-p-arabinofura-
noside (2): Uracil-1-3-p-arabinofuranoside (3.67 g, 15 mmol) was
coevaporated with pyridine (3 x 20 mL), dissolved in dry pyridine
(15mL), cooled in an ice bath, and Markiewicz reagent (5.0g,
15.9 mmol) was added in one portion with stirring. After 2 h, the
cooling system was removed and the mixture was kept overnight at
ambient temperature. The mixture was evaporated, and the residue
was chromatographed on a silica gel column (step gradient 0 —50%
EtOAc in CHCL). Fractions containing product were combined,
evaporated, and the residue was dried in vacuo to afford pure 2
(6.709, 92%) as a white foam. R;: 0.65 (CHCI;/EtOAC 1:1 (v/v)).
"HNMR (600 MHz, [Dg]DMSO): 6 =11.29 (s, 1H, NH, exchangeable
with D,0), 7.45 (d, 1H, Jss=79Hz, H-6), 6.01 (d, 1H, J;, =6.4Hz,
H-1), 5.81 (d, 1H, J, 04=5.8, OH, exchangeable with D,0), 5.53 (d,
1H, Js6=79, H-5), 431 (m, 1H, H-2'), 4.10 (apparent t, 1H, J,3=
Jy4=76Hz, H-3), 401 (dd, 1H, Js,5p=12.8, J5, 4 =3.4, H-5), 3.93
(dd, TH, Js,5=12.8, Jsps = 2.7, H-5'b), 3.70 (m, 1H, H-4'), 1.08-0.98
(m, 28H, Pr) ppm. MS (matrix 2,4,6-trihydroxyacetophenone (2,4,6-
THAP)): calcd: 487.83; found: 487.71 [M+H]*.

2'-0-(Imidazol-1-ylcarbonyl)-3’,5’-O-(tetraisopropyldisiloxan-1,3-
diyl)uracil-1-f-p-arabinofuranoside (3): 1,1'-Carbonyldiimidazole
(2.50 g, 15.5 mmol) was added in one portion to a solution of 3',5'-
O-(tetraisopropyldisiloxan-1,3-diyl)uracil-1-3-p-arabinofuranoside
(3.00g, 6.2 mmol) in dry DCM (50 mL). TLC (CHCI;-EtOAc 1:1 v/v)
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showed that the conversion of the starting nucleoside (R;=0.65) into
an imidazolide with lower mobility on TLC plates is complete after
0.5-2h. The solution was washed with water (2 x 50 mL), dried
(Na,SO,), evaporated, coevaporated with dry DCM (50 mL), and the
residue was dried in vacuo to give the imidazole derivative 3 (3.58 g,
100%) as a white foam, pure according to TLC and NMR spectro-
scopy. Re: 0.5 (CHCI;/EtOAC 1:1 (v/v)). 'TH NMR (600 MHz, [D]DMSO):
0=11.38 (s, 1H, H-3, exchangeable with D,0), 8.17 (s, 1H, imidazole),
767 (d, 1H, Jss=8.2Hz, H-6), 745 (s, 1H, imidazole), 7.11 (s, 1H,
imidazole), 6.26 (d, 1H, J;, » =6.4 Hz, H-1'), 5.85 (apparent t, 1H, J, , =
Jyy=70Hz, H-2)), 5.63 (d, 1H, J;s=8.2 Hz, H-5), 4.58 (m, 1H, H-3),
4.15-4.10 (m, 1H, H-5'a), 4.03-3.96 (m, 2H, H-4', H-5'b), 1.11-0.81
(m, 28H, Pr) ppm. MS (matrix 2,4,6-THAP): calcd: 582.29; found:
581.79 [M+H]*.

2'-0-(Pyren-1-ylmethylaminocarbonyl)-3’,5’-O-(tetraisopropyldisi-
loxan-1,3-diyl)uracil-1-f-p-arabinofuranoside (4): The 1-pyreneme-
thylamine, prepared from hydrochloride (0.50g, 1.8 mmol), was
added to a solution of 2'-O-(imidazol-1-ylcarbonyl)-3’,5"-O-(tetraiso-
propyldisiloxan-1,3-diyl)uracil-1-3-p-arabinofuranoside (0.87 g,
1.5 mmol) in MeCN (20 mL) and the mixture was kept for one week
at ambient temperature. The conversion of the starting amine was
monitored by TLC (EtOAc). The reaction mixture was diluted with
DCM (50 mL), washed with water (100 mL), 5% citric acid (100 mL),
and water (100 mL), then dried (Na,SO,), evaporated, and the residue
was chromatographed on a silica gel column (step gradient 0 —10%
EtOAc in CHCl,). Fractions containing product were combined,
evaporated, and the residue was dried in vacuo to afford pure 4
(0.989, 88%) as a yellow foam. Ri: 0.51 (CHCI;/EtOAcC 2:1 (v/v)).
'HNMR (600 MHz, [Dg]DMSO): 6 =11.41 (s, 1H, H-3, exchangeable
with D,0), 8.36 (d, TH, Jy:1o-=9.5 Hz, pyrene H-10), 8.32-8.05 (m, 8H,
ArH (pyrene), OCONH), 7.88 (d, 1H, J=7.9 Hz, ArH (pyrene H-2)), 749
(d, TH, Jss=8.3 Hz, H-6), 6.18 (s, 1H, H-1'), 5.61 (d, 1H, J;s=8.3 Hz,
H-5), 5.46 (m, 1H, H-2'), 489 (m, 2H, CH,Pyr), 4.09-4.06 (m, 1H,
Ygusp=134Hz, Jys,=3.7Hz, H-52), 3.95-3.92 (M, 1H, Ys,sp=
13.4 Hz, Jy5,= 2.5 Hz, H-5'b), 3.87 (m, TH, H-3"), 3.60 (m, 1H, H-4),
1.08-0.83 (m, 28H, Pr) ppm. MS (matrix 2,4,6-THAP): calcd: 745.70;
found: 745.00 [M-+H]". Elemental analysis: calcd (%) for C3oH,N;Og.
Si,: € 62.96, H 6.64, N 5.65; found: C 62.57, H 6.62, N 5.77.

2'-0-(Butylaminocarbonyl)-3’,5’-O-(tetraisopropyldisiloxan-1,3-
diyl)uracil-1-f-p-arabinofuranoside  (8): Butylamine (0.9 mL,
8.5 mmol) was added to a solution of 2'-O-(imidazol-1-ylcarbonyl)-
3',5’-O-(tetraisopropyl-disiloxan-1,3-diyl)uracil-1--p-arabinofurano-
side (0.35 g, 0.6 mmol) in MeCN (4 mL) and the mixture was kept for
48 h (monitoring by TLC in CHCI;-EtOAc, 1:1 v/v). The reaction
mixture was evaporated, diluted with DCM (50 mL), washed with
water (40 mL), 5% citric acid (40 mL), and water (40 mL), then dried
(Na,SO,), evaporated, and the residue was chromatographed on a
silica gel column (step gradient 0 —15% EtOAc in CHCL;). Fractions
containing product were combined, evaporated, and the residue
was dried in vacuo to afford 8 (0.32 g, 91 %) as a white foam. R;: 0.37
(CHCI,/EtOAC 1:1 (v/v)). 'HNMR (600 MHz, [D;]DMSO): 6 =11.37 (s,
0.2H), 11.29 (s, 0.8H) (H-3), 748 (d, 0.2H), 741 (d, 0.8H) (J=79 Hz,
H-6), 7.22 (t, 0.8H), 7.03 (t, 0.2H) (J=5.8 Hz, OCONH), 6.10 (brs, 1H,
H-1'), 5.59 (d, 0.2H), 5.55 (d, 0.8H) (J=7.9 Hz, H-5), 5.43 (apparent t,
0.2H), 5.33 (apparent t, 0.8H) (J=7.0Hz, H-2'), 450-4.30 (m, 1H,
H-3'), 4.06 (dd, 1H, s, 5, = 12.8 Hz, J;5, = 3.7 Hz, H-5'a), 3.94 (dd, 1H,
2gasp =128 Hz, Jy5,=2.7 Hz, H-5'b), 3.88-3.82 (m, 1H, H-4), 2.89
(m, 1.6H), 2.80 (m, 0.4H) (NCH,), 1.35-1.13 (m, 4H, NCH,CH,CH,),
1.09-0.78 (m, 33H, Pr, NCH,CH,CH,CH;) ppm. MS (matrix 2,4,6-
THAP): calcd: 589.40, 611.52, 627.41; found: 586.85 [M+H]", 608.83
[M+Nal*, 624.94 [M+K]*. Elemental analysis: caled (%) for
CosHa7N;0,Si: C 53.30, H 8.09, N 7.38; found: C 53.74, H 8.27, N 7.38.
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2’-0-(Pyren-1-ylmethylaminocarbonyl)uracil-1-f-p-arabinofurano-
side (5, UP): Triethylamine trihydrofluoride (0.48 mL, 2.9 mmol) was
added to a solution of 2'-O-(pyren-1-ylmethylaminocarbonyl)-3',5-O-
(tetraisopropyldisiloxan-1,3-diyl)uracil-1-3-p-arabinofuranoside

(0.87 g, 1.2 mmol) in THF (5 mL) in a teflon flask (Nalgene, screw-top)
and the mixture was left for 6 h or overnight at room temperature
(the completion of deprotection was checked by TLC (10% MeOH in
CHCl;, v/v) then diluted with hexane (25 mL). The upper layer was
discarded and the residue (oil) was washed with toluene/hexane (1:1
(v/v), 3x25mL) by decantation, triturated in absolute ethanol
(5mL), and the crystalline product was filtered off, washed with
ethanol (5 mL), diethyl ether (10 mL), and dried in vacuo to afford
nucleoside 5 (0.57 g, 97 %) as yellow crystals. R: 0.17 (10% MeOH in
CHCI; (v/v)). M.p.: 225-226°C (ethanol). 'HNMR (600 MHz,
[DgIDMSO): 6 =11.36 (brs, 1H, H-3, exchangeable with D,0), 8.33 -
8.06 (m, 9H, ArH (pyrene) OCONH), 7.89 (d, 1H, J=7.6 Hz, ArH (pyrene
H-2)), 766 (d, 1H, Jss=79Hz, H-6), 6.20 (d, 1H, J; »=4.5Hz, H-1'),
5.74 (d, 1H, J; oy =4.6 Hz, CHOH, exchangeable with D,0), 5.62 (d,
1H, Js6 =79 Hz, H-5), 5.12 (t, 1 H, J5 0, = 4.3 Hz, CH,OH, exchangeable
with D,0), 4.98 (m, 1H, H-2), 4.88 (m, 2H, CH,Pyr), 4.13 (m, 1H, H-3'),
3.79 (m, 1H, H-4'), 3.69-3.58 (m, 2H, H-5') ppm. MS (matrix 2,4,6-
THAP): calcd: 503.73, 526.43; found: 502.50 [M+H]", 524.48 [M+
Nal*.

2’-0-(Butylaminocarbonyl)uracil-1-f-p-arabinofuranoside (9, UE):
Triethylamine trihydrofluoride (0.14 mL, 0.85 mmol) was added to a
solution of 2’-O-(butylaminocarbonyl)-3',5"-O-(tetraisopropyldisilox-
an-1,3-diyl)uracil-1-$-p-arabinofuranoside (0.19 g, 0.32 mmol) in THF
(3 mL) in a teflon flask (Nalgene, screw-top) and the mixture was left
for 6h or overnight at room temperature (the completion of
deprotection was checked by TLC (10% MeOH in CHCl;, v/v), then
diluted with hexane (25 mL). The upper layer was discarded, and the
residue (oil) was washed with toluene/hexane (1:1 (v/v), 3 x 25 mL)
by decantation to afford a viscous oil, which was used in the next
step without further purification. R;: 0.08 (10% MeOH in CHCl; (v/v)).
MS (matrix 2,4,6-THAP): calcd: 346.10; found: 344.34 [M+H]".

5’-0-(4,4'-Dimethoxytrityl)-2-O-(pyren-1-ylmethylaminocarbon-

yl)uracil-1-f-p-arabinofuranoside (6): 2'-O-(Pyren-1-ylmethylamino-
carbonyl)uracil-1-$-p-arabinofuranoside (400 mg, 0.8 mmol) was co-
evaporated with pyridine (3 x 20 mL), dissolved in dry pyridine
(15 mL), cooled in an ice bath, and DmtCl (370 mg, 1.0 mmol) was
added in one portion. After completion of the reaction (monitored
by TLC), the excess of DmtCl was quenched with MeOH (1 mL), and
after 10 min the mixture was diluted with CHCI; (100 mL), washed
with water (100 mL), 5% NaHCO; (100 mL), and water (100 mL), then
dried (Na,SO,), evaporated, and coevaporated with toluene (3 x
25 mL). The residue was chromatographed on a silica gel column
in a stepwise gradient (0.5 —1—1.5% MeOH in CHCI;/EtOAc (1:1) +
0.5% pyridine (v/v/v/v)). Fractions containing product were com-
bined, evaporated, and the residue was dried in vacuo to afford a
white foam (540 mg, 84 %). R;: 0.63 (CHCI;/MeOH 9:1+1% Et;N (v/v/
v)). '"HNMR (500 MHz, [DgIDMSO): 6 =11.44 (s, 1H, H-3) (exchange-
able with D,0), 8.34-8.06 (m, 8H, ArH (pyrene)), 8.01 (brt, TH, J=
6.7 Hz, OCONH), 7.87 (d, TH, J,.5.=9.2 Hz, ArH (pyrene H-2)), 7.54 (d,
1H, Jss=8.0 Hz, H-6), 740717 (m, 9H, ArH (Dmt)), 6.86 (d, 4H, J=
8.2 Hz, ArH (Dmt)), 6.23 (d, 1H, J;.» =5.5 Hz, H-1'), 5.80 (brs, 1H, 3"-
OH, exchangeable with D,0), 5.43 (d, 1H, J;s=8.0 Hz, H-5), 5.12 (m,
1H, H-2'), 4.88 (m, 2H, CH,Pyr), 4.17 (m, 1H, H-3'), 3.88 (m, 1H, H-4),
3.72 (s, 6H, CH,), 3.36-3.10 (m, 2H™, H-5') ppm. MS (matrix 2,4,6-
THAP): calcd: 805.91, 828.88, 844.78; found: 804.86 [M+H]", 826.84
[M+Nal*, 84295 [M+K]*. Elemental analysis: calcd (%) for

V. A. Korshun et al.

CigHuNsOo: C 7172, H 5.14, N 523; found: C 7135, H 5.17,
N 5.49.

5'-0-(4,4’-Dimethoxytrityl)-2’-O-(butylaminocarbonyl)uracil-1-4-p-
arabinofuranoside (10): The crude 2'-O-(butylaminocarbonyl)uracil-
1-3-p-arabinofuranoside was coevaporated with pyridine (3 x
20 mL), dissolved in dry pyridine (15 mL), cooled in an ice bath,
and DmtCl (0.16 mg, 0.48 mmol) was added in one portion. After
completion of the reaction (monitored by TLC), the excess DmtCl was
quenched with MeOH (1 mL), and after 10 min the mixture was
diluted with CHCI; (100 mL), washed with water (100 mL), 5%
NaHCO; (100 mL), and water (100 mL), then dried (Na,SO,), evapo-
rated, and coevaporated with toluene (3 x 25 mL). The residue was
chromatographed on silica gel column with a stepwise gradient
(0—0.5% MeOH in CHCI;/EtOAc (1:1) + 0.5% pyridine (v/v/v/v)).
Fractions containing product were combined, evaporated, and the
residue was dried in vacuo to afford a white foam (187 mg, 89 % yield
with reference to the starting material 2'-O-(butylaminocarbonyl)-
3',5'-O-(tetraisopropyldisiloxan-1,3-diyl)uracil-1-3-p-arabinofurano-

side). R¢: 0.44 (CHCl;/MeOH 9:1+1% Et5N (v/v/v)). 'H NMR (500 MHz,
[DgIDMSO): 6 =11.34 (s, 0.2 H), 11.26 (s, 0.8 H) (H-3, exchangeable with
D,0), 746 (d, 0.2H, Jss=8.0Hz), 742 (d, 0.8H, J;s=8.0Hz) (H-6),
741-722 (m, 9H, ArH (Dmt)), 7.11 (brt, 1H, J=5.5 Hz, OCONH), 6.89
(d, 4H, J=8.2 Hz, ArH (Dmt)), 6.15 (d, 1H, J;.,,=5.5 Hz, H-1'), 5.81 (d,
0.2H, Jou3=4.6 Hz), 5.74 (d, 0.8H, Jo,3 =5.5 Hz) (3-OH, exchange-
able with D,0), 5.43 (d, 0.2H, Js; = 8.0 Hz), 5.37 (d, 0.8 H, Jss = 8.0 Hz)
(H-5), 4.99 (m, 1H, H-2'), 4.08 (m, 1H, H-3'), 3.86 (m, 1H, H-4'), 3.74 (s,
6H, OCH,), 3.30 (m, 2H™, H-5'), 2.97 -2.79 (m, 2H, NCH,), 1.31-1.15
(m, 4H, NCH,CH,CH,), 0.82 (t, 2.4H, /=73 Hz), 0.78 (t, 0.6 H, /= 7.3 Hz2)
(CH,CH>). MS (matrix 2,4,6-THAP): calcd: 671.72, 687.83; found: 668.69
[M+Na]™, 684.80 [M+K]*. Elemental analysis: calcd (%) for
Cs5H3oN;0,: C 65.10, H 6.09, N 6.51; found: C 65.84, H 6.28, N 6.31.

3’-0-(N,N-Diisopropylamino-2-cyanoethoxyphosphinyl)-5'-O-
(4,4"-dimethoxytrityl)-2’-O-(pyren-1-ylmethylaminocarbonyl)-
uracil-1-f-p-arabinofuranoside (7): 5'-O-(4,4-Dimethoxytrityl)-2’-O-
(pyren-1-ylmethylamino-carbonyl)uracil-1-5-p-arabinofuranoside
(262 mg, 0.32 mmol) was coevaporated with dry DCM (2 x 20 mL)
and dissolved in dry DCM. Diisopropylammonium tetrazolide (56 mg,
0.32 mmol) and bis(N,N-diisopropylamino)-2-cyanoethoxyphosphine
(0.155 mL, 0.49 mmol) were added and the mixture was stirred under
argon for 2h. After conversion of the starting compound was
complete (monitoring by TLC), the mixture was diluted with CHCI;,
washed with 5% NaHCO; (100 mL) and 20% NacCl (100 mL), dried
over Na,SO,, evaporated to dryness, and the residue was chromato-
graphed on a silica gel column with a stepwise gradient
(5—10—20—25% acetone in CHCl; + 1% Et;N (v/v/v)). Fractions
containing product were combined, evaporated, and the residue
was dried in vacuo to afford a white amorphous solid (318 mg, 97 %).
Re: 0.24, 0.35 (CHCI5/EtOAC 1:14+1% Et;N (v/v/v)). 'TH NMR (500 MHz,
[D;IMeCN): 6 =8.97 (brs, 1H, H-3) (exchangeable with D,0), 8.30-
8.06 (m, 8H, ArH (pyrene)), 7.93 (m, 1H, ArH (pyrene H-2)), 7.51 (d,
0.55H, Jss=8.0 Hz), 7.47 (d, 0.45H, J5s=8.0 Hz) (H-6, diastereomers),
744-7.15 (m, 10H, ArH (Dmt), OCONH), 6.80 (m, 4H, ArH (Dmt)), 6.27
(m, TH, H-1") 5.36 (m, 2H, H-2', H-5), 4.94 (m, 2H, CH,Pyr), 4.57 (m,
0.55H), 4.47 (m, 0.45H) (H-3’, diastereomers), 4.07 (m, 1H, H-4'), 3.70
(m, 6H, OCH,), 3.66-3.50 (m, 4H, POCH,, PNCH), 3.43 (m, 1H), 3.36
(m, 1H), (H-5', diastereomers), 2.53 (t, 1.1H, J=5.9 Hz), 2.49 (t, 0.9H,
J=5.9 Hz) (CH,CN, diastereomers), 1.27 -0.94 (m, 12H, CHCH;) ppm.
3P NMR ([D;]MeCN): 6 = 150.71, 150.33 (diastereomers, = 10:9) ppm.
MS (matrix 2,4,6-THAP): calcd.: 1030.59, 1046.49; found: 1027.06
[M+Nal*, 1043.17 [M+K]*.

[*] Calculated value; the signal of water is also present in the region.
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[¥] Calculated value; the signal of water is also present in the region.
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Pyrenemethyl ara-Uridine-2'-carbamate

3’-0-(N,N-Diisopropylamino-2-cyanoethoxyphosphinyl)-5’-O-
(4,4'-dimethoxytrityl)-2"-O-(butylaminocarbonyl)uracil-1-f-p-ara-
binofuranoside (11): 5'-O-(4,4'-Dimethoxytrityl)-2’-O-(butylamino-
carbonyl)uracil-1-$-p-arabinofuranoside (154 mg, 0.24 mmol) was
coevaporated with dry DCM (2 x 20 mL) and then dissolved in dry
DCM (20 mL). Diisopropylammonium tetrazolide (61 mg, 0.36 mmol)
and bis(N,N-diisopropylamino)-2-cyanoethoxyphosphine (0.114 mL,
0.36 mmol) were added and the mixture was stirred under argon for
2 h. After conversion of the starting compound was complete
(monitoring by TLC) the mixture was diluted with CHCI;, washed
with 5% NaHCO; (100 mL) and 20% NaCl (100 mL), dried over
Na,SO,, evaporated to dryness, and the residue was chromato-
graphed on a silica gel column with a stepwise gradient
(5—10—20—25% acetone in CHCl; + 1% Et;N (v/v/v)). Fractions
containing product were combined, evaporated, and the residue
was dried in vacuo to afford 11 (184 mg, 91 %) as a white amorphous
solid. Rq: 0.33, 0.38 (CHCI,/EtOAC 1:14+1% Et;N (v/v/v)). 'H NMR
(500 MHz, [D5]MeCN): 6 =8.99 (brs, 1 H, H-3, exchangeable with D,0),
753-7.24 (m, 11 H, ArH (Dmt), OCONH, H-6), 6.89 (m, 4H, ArH (Dmt)),
6.23 (m, 1H, H-1), 540 (m, 1H, H-5), 5.25 (m, 1H, H-2'), 4.53 (m,
0.54H), 443 (m, 0.46H) (H-3', diastereomers), 4.07 (m, 1H, H-4'),
3.81-3.35 (m, 12H, OCH;,POCH,, PNCH, H-5), 3.10-2.92 (m, 2H,
NCH,), 2.64 (t, 1.1H, J=5.9Hz), 2.53 (t, 0.9H, J=5.9Hz) (CH,CN,
diastereomers), 1.36 (m, 2H, NCH,CH,), 1.32-1.03 (m 14H, CH,CH;,
CHCHs), 0.89 (m, 3H, CH,CH,) ppm. 3'P NMR ([D;]MeCN): & = 150.74,
150.19 (diastereomers, =~7:6) ppm. MS (matrix 2,4,6-THAP): calcd:
873.26, 889.30; found: 868.91 [M+Na]*, 885.02 [M-+K]*.
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Fluorescent Cellular Sensors of Steroid Receptor

Ligands

Smita S. Muddana and Blake R. Peterson*!

Steroid hormone receptors comprise a major class of therapeutic
drug targets that control gene expression by binding steroid
hormone ligands. These small molecule - protein interactions are
typically characterized in living cells by quantification of ligand-
mediated reporter gene expression. As an alternative, non-tran-
scriptional approach, we constructed fluorescent cellular sensors
by expressing yellow fluorescent protein (YFP) fused to the ligand
binding domains (LBDs) of estrogen receptor-alpha (ERa), estrogen
receptor-beta (ER[3), androgen receptor (AR), and the glucocorticoid
receptor (GR). These proteins were tethered through a short two
amino acid linker and expressed in S. cerevisiae yeast. Recombi-
nant yeast treated with cognate steroid receptor ligands exhibited
dose-dependent fluorescence enhancements that were correlated
with known relative receptor binding affinity values. These effects
generally paralleled ligand-mediated receptor dimerization quan-

Introduction

Specific interactions between small molecules and proteins
control numerous biological processes and provide a basis for
the pharmacological treatment of disease. A typical conse-
quence of molecular recognition between small molecules and
enzyme active sites or protein ligand binding domains (LBDs) is
alteration of protein conformational states. Conformational
effects resulting from binding of ligands to steroid hormone
receptors such as the estrogen, androgen, and glucocorticoid
receptors promote dissociation of bound heat shock proteins,
receptor homodimerization, and interactions with components
of the transcriptional machinery’® Ligand binding can also
affect the stability of cellular proteins. These effects can result
from alterations of the volume of the hydrophobic protein core
or from changes in secondary, tertiary, or quaternary protein
structure.

Protein structure and stability can be affected by small
molecules of diverse structure. These compounds include
enzyme substrates, enzyme inhibitors, receptor agonists, and
receptor antagonists.*-® Because ligand binding affects the
conformations of steroid receptor LBDs, the activity of proteins
fused to these LBDs can often be controlled by steroid receptor
ligands."” For example, ligand-mediated protein stabilization was
recently employed in yeast assays to couple cellular growth to
ligand binding of estrogen receptor proteins fused to the
essential metabolic enzyme dihydrofolate reductase.”™ Spectral
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tified with analogous yeast two-hybrid transcriptional assays,
suggesting that the majority of the observed fluorescence enhance-
ments were conferred by conformational changes coupled with
receptor dimerization, such as ligand-mediated stabilization of
protein folding. Remarkably, certain interactions such as the
binding of cortisol, progesterone, and dexamethasone to the GR
were undetectable with yeast two-hybrid assays. However, these
interactions were detected with the fluorescent cellular sensors,
indicating the sensitivity of this system to subtle ligand-induced
conformational effects. These sensors provide a novel, non-tran-
scriptional, and high-throughput method to identify and analyze
ligands of nuclear hormone receptors.

KEYWORDS:

biological activity - biosensors - green fluorescent protein -
high-throughput screening - medicinal chemistry

variants of the green fluorescent protein (GFP) from Aequorea
victoria® have also been fused to steroid hormone receptors in
order to detect ligand-mediated interactions with coactivator
proteins by use of fluorescence resonance energy transfer
(FRET).>-" Insertion of proteins into loops on the surface of GFP
has yielded related biosensors that detect protein oligomeriza-
tion and calcium -calmodulin interactions.">'¥ GFP can also
function as a fluorescent reporter that is sensitive to the folded
state of fusion partners.' Although only a few examples of
yeast-based biosensors have been reported, most yeast-derived
cellular sensors of small molecule-protein interactions are
based on the relatively complex yeast two-hybrid system,''® in
which ligand binding is used to trigger protein oligomerization
to activate expression of a reporter gene.l"’-°!

Here we report the construction of simple yeast-based
biosensors that detect interactions between steroid hormone
receptor LBDs and cell-permeable ligands. Steroid hormone
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University Park, PA 16802 (USA)
Fax: (1) 814-863-8403
E-mail: brpeters@chem.psu.edu

ChemBioChem 2003, 4, 848 -855





Fluorescent Cellular Sensors

receptors were chosen for investigation because these members
of the nuclear hormone receptor superfamily of proteins
represent major drug targets involved in the progression of
numerous diseases including breast cancer, prostate cancer, and
inflammation. As shown in Figure 1, our method involves
coupling of the fluorescence of the red-shifted mutant of GFP

Recombinant Yeast Cell

Cell-
Permeable
o -
Ligand 5 & Veiow © \ Ligand
glndmg Fluarascent >
e, kil g

Weakly Fluorescent
Apo-Fusion Pratein

Hole-Fusion Protein

Figure 1. Fluorescent cellular sensor design. Steroid hormone receptor ligand
binding domains (LBDs) were fused to yellow fluorescent protein (YFP) through a
short linker to detect ligands that affect protein conformation by influencing the
folding of the tightly coupled YFP.

known as yellow fluorescent protein (YFP)2% to fused steroid
hormone receptors expressed in living Saccharomyces cerevisiae
yeast cells. We hypothesized that, because the fluorescence of
GFP is sensitive to the folded state of proteins fused to its N
terminus,!'! the fluorescence of steroid hormone receptor LBDs
fused to YFP might be sensitive to changes in protein
conformation resulting from the binding of small molecules
such as compounds 1-13. We report here that yeast expressing
appropriately engineered LBD-YFP fusion proteins can be used
as a sensor for cell-permeable agonists and antagonists of
cognate receptors, and that these recombinant yeasts provide
novel non-transcriptional and high-throughput assays of small
molecule ligands.

Results

Fusion proteins were designed from X-ray crystal structures of
YFP (PDB 1YFP)?? and ligand-bound estrogen receptor-alpha
(ERa,, PDB 3ERT),12" estrogen receptor-beta (ER(, PDB 1HJ1),122
androgen receptor (AR, PDB 1137),/8! and glucocorticoid receptor
(GR)?¥ proteins. As shown in Figure 2, these fusion proteins
directly link the N terminus of YFP to the C terminus of the
steroid receptor LBD through a short two amino acid (Val-Glu)
linker to couple conformational effects resulting from ligand
binding closely to the fluorescence of YFP. This design approach
was based on the previously reported observation that GFP
expressed in E. coli is sensitive to the folded state of proteins
fused to its N terminus.l™™ The ER fusion proteins were designed
on the basis of the structure of the compact ERf} LBD bound to
the antiestrogen ICl 164384 (structurally similar to ligand 3).
Because helix-12 at the C terminus of ERP is unstructured when
bound to ICI 164 384,%2 the ER3 and ERa. LBDs were truncated at
the beginning of this helix and fused to YFP through a two
amino acid (Val-Glu) linker to couple this fluorescent protein
closely to the LBDs. In contrast, the C termini of the structurally
related AR and GR fusion proteins are close to their LBDs. These
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proteins were not truncated, and their C-terminal amino acids
were directly linked to YFP through the Val-Glu linker.

To assess the effects of ligands on LBD-YFP proteins expressed
in yeast qualitatively, cellular fluorescence and protein sub-
cellular localization was examined by epifluorescence micros-
copy. As shown in Figure 3, the LBD-YFP fusion proteins were co-
expressed in yeast with cyan fluorescent protein (CFP) fused to a
nuclear localization signal (NLS) simultaneously to label the yeast
cell nucleus with an orthogonal cyan fluorescent probe. Control
experiments with yeast expressing only YFP or CFP confirmed
that these fluorescent proteins were spectrally orthogonal with
the fluorescence filter sets employed (data not shown). In the
absence of ligand, the yellow fluorescence of the LBD-YFP
proteins was dim and localized adjacent to the nucleus, possibly
associated with part of the endoplasmic reticulum contiguous
with the nuclear membrane (Figure 3). In contrast, addition of
cognate steroidal ligands (1, 4, or 7) was found to enhance
cellular yellow fluorescence dramatically and to shift the sub-
cellular localization of these proteins to the yeast
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Figure 2. Models of LBD-YFP fusion proteins. A) ERa. LBD-YFP; B) ERf3 LBD-YFP;
C) AR LBD-YFP.
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Figure 3. Differential interference contrast (DIC) and epifluorescence micro-
graphs of recombinant yeast. Cyan fluorescent protein (CFP) was co-expressed
fused to the SV40 nuclear localization signal as a nuclear marker. All
epifluorescence micrographs were captured with identical exposure times. YFP:
Yellow fluorescent protein. ERa. LBD: residues 305-532. ER( LBD: residues 255 -
482. AR LBD: residues 668 - 919. GR LBD: residues 497 - 795. Cells were grown at
30°C for 16 h prior to analysis.

cytoplasm. The short linker between the ER proteins and YFP
was critical for this effect. No ligand-dependent fluorescence
enhancement was observed with longer linkers comprising
ERa(1 - 595)-YFP, ERa(305 - 552)-YFP, or ER(3(255 - 509)-YFP (data
not shown). The short linker between the LBD and YFP proteins
may disrupt protein folding in the absence of ligand, potentially
resulting in association with the endoplasmic reticulum.?!
Hence, the addition of ligand may promote folding of these
proteins, enabling the shift of protein localization to the
cytoplasm.

The fluorescence of YFP fusion proteins extracted from ligand-
treated cells was analyzed by fluorescence measurements on 96-
well microtiterplates. As shown in Figure 4, these experiments
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Figure 4. Quantification of LBD-YFP fluorescence on a 96-well microtiterplate.
YFP fusion proteins were extracted from cells that were grown in media
containing the ligand + DMSO (1%) or DMSO (1 %) alone for 16 h at 30°C. Fold
fluorescence = observed fluorescence/fluorescence without ligand.

confirmed that the ligand-mediated fluorescence enhancements
detected by microscopy could be quantified in a high-through-
put microtiterplate format. Although significant differences in
the fluorescence of protein extracts were observed when living
cells were treated with ligands, the addition of ligands to
proteins extracted from yeast did not substantially affect protein
fluorescence (data not shown). This difference presumably
resulted from instability of the apo-LBD-YFP proteins under the
protein extraction conditions.

To examine whether addition of ligand might have influenced
the expression or proteolytic stability of the LBD-YFP proteins,
cellular extracts were analyzed by immunoblotting against HA-
tag peptides fused to the N termini of these proteins. As shown
in Figure 5, no ligand-dependent effects on protein expression

ERu- YFPEEHB ‘r'F1P|AFt YF: TGR-YFP | pw.

A7 ] (KDa)

LBD-YFP—>

CFP
(control)

Figure 5. Analysis of protein expression by immunoblotting against fused HA
epitope tags. The concentration of added ligands was 10 um. The steroid receptor
LBD-YFP protein was co-expressed with cyan fluorescent protein (CFP) as a
control for differences in protein loading.

were observed. In these experiments, CFP was simultaneously
co-expressed with the LBD-YFP fusion proteins as a control for
variations in the amount of protein loaded on the SDS PAGE gel.
These results indicated that the observed ligand-mediated
fluorescence enhancements were not the result of significant
changes in protein expression or of protection of the protein
from intracellular proteolysis.

To investigate whether receptor dimerization might be
correlated with the observed ligand-mediated fluorescence
enhancements, yeast two-hybrid assays were constructed by
use of these short steroid hormone receptor LBD proteins. The
"interaction trap” yeast two-hybrid system was employed to
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measure ligand-mediated changes in reporter gene expression.
In this system, the bacterial LexA protein was fused to the N
terminus of the steroid receptor LBD to anchor this protein on
DNA sites that control expression of a -galactosidase (lac2)
reporter gene. The bacterial B42 activation domain (AD) was
similarly fused to the N terminus of the steroid receptor LBD to
activate gene expression upon dimerization of the B42-LBD with
LexA-LBD fusion protein. As shown in Figure 6, co-expression of
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Figure 6. Validation of yeast two-hybrid assays quantifying ligand-mediated
dimerization of steroid receptor LBDs and corresponding omission control
experiments. The LBDs are expressed as two fusion proteins: a LexA DNA-binding
domain (DBD) fusion and a B42 activation domain (AD) fusion. Ligand-induced
dimerization of the LBDs activates transcription of a lacZ reporter gene by
reconstituting a functional transcriptional activator. Concentration of ligands =
10 um. A) ERa assays; B) ERf3 assays; C) AR assays; D) GR assays.

these fusion proteins in yeast transformed with a lacZ reporter
plasmid activated gene expression only in the presence of the
cognate ligand (1, 4, or 7). Although some ligand-mediated
"one-hybrid” activity was observed with the short LexA-ERa and
LexA-AR LBDs in the absence of the corresponding B42 fusion
protein (Figure 6 A and C), expression of both B42-LBD and LexA-
LBD provided substantially higher levels of reporter gene
expression, consistent with protein dimerization conferring
maximal activity.

The specificity of ligands 1-9 was examined by flow
cytometry analysis of the effects of all of these compounds on
the fluorescence of each LBD-YFP protein expressed in living
yeast cells. These effects were directly compared with the
transcriptional yeast two-hybrid assays that measure ligand-
induced dimerization of receptor LBDs.”?” 281 As shown in Figure 7,
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Figure 7. Whole-cell dose response curves of ligands 1-9. Steroid receptor LBD-
YFP fluorescence measured by flow cytometry (left-hand panels) is compared with
transcriptional two-hybrid assays (right-hand panels). A) ERa. assays; B) ER
assays; C) AR assays; D) GR assays. Fold fluorescence = observed fluorescence/
fluorescence without ligand. Fold 3-Gal = observed [3-galactosidase activity/f3-
galactosidase activity in the absence of ligand. c = ligand concentration.

ligand-induced LBD-YFP fluorescence generally paralleled the
analogous yeast two-hybrid assays. In some cases, the fluores-
cent cellular sensors were significantly more sensitive in terms of
overall response to ligand than analogous two-hybrid assays,
even though the two-hybrid assays produce an enzymatic
product that provides an amplified signal. For example, the GR
ligands dexamethasone (6), progesterone (8), and cortisol (9)
provided significant four- to fivefold fluorescence enhancements
when tested against GR-YFP, but these ligands were not
detected (effects less than twofold) with the corresponding
transcriptional assay. The low activity of compounds in the GR
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two-hybrid assay is consistent with previous studies of the
relatively weak dimerization affinity of the GRLBD (K =~
1.5 um).24 Importantly, the fluorescent sensors could discriminate
between structurally highly similar molecules, such as detection
of the 17@-hydroxyl group of testosterone (5) but not the
analogous 17@-methyl ketone of progesterone (8, Figure 7C).
The estrogenic compounds 10- 13 exhibit selectivity for the
ERa or ERP isoforms. To examine the potential for selectivity in
yeast-based ER assays, these compounds were investigated with
fluorescent cellular sensors and analogous yeast two-hybrid
assays as shown in Figure 8. These experiments revealed that the
ERp-selective ligands coumesterol (10), 2,3-bis(4-hydroxyphen-
yl)propionitrile (DPN, 12), and genistein (13) were significantly

A)

[ERd]-[vFP] |Lexa-ERe S, B42-ERq| —>
5 po
§ ® 10— S40
@ 2 p
2 <20
g 2
o L]
20001 001 01 1 10 0.001 001 01 1 10
- clum ——> c/um ——
B) }
) ERpl-[vFP | LexA-ERp < B42-ERB| ';Z)

4
150

3 3 10 = T i
8 %100
Q2 12
8 & 50
5! 3
o L 0
20001001 01 1 10 0.001 0.01 01 1 10
g c/um —» ¢/ um —»

—m- Coumestrol (10) —— PPT (11) —%— DPN (12) —— Genistein (13)

Figure 8. Whole-cell dose response curves with the selective estrogen receptor
ligands 10— 13. ER-YFP fluorescence measured by flow cytometry (left panels) is
compared with ER LBD two-hybrid assays (right panels). A) ERa assays; B) ERS
assays. ¢ =ligand concentration.

more potent in yeast expressing ERB-YFP than ERa-YFP. In
general, these effects paralleled the yeast two-hybrid assays.
Surprisingly, the ERa-selective ligand 4,4',4"-(4-propyl-[1H]-pyr-
azole-1,3,5-triyl)trisphenol (PPT, 11) was only detected at high
concentrations in the ERa yeast two-hybrid assay. This result
illustrates the complementary nature of the fluorescent cellular
sensors and analogous yeast two-hybrid assays for identification
of steroid receptor ligands.

Cognate ligands were found to confer dose-dependent
enhancements of LBD-YFP fluorescence consistent with liter-
ature values for in vitro receptor binding affinities (RBA,
Table 1), particularly with structurally similar compounds
likely to be of similar cellular permeability. For example,
testosterone (5, RBA=19) binds the AR more weakly in vitro
than structurally similar dihydrotestosterone (4, RBA =100), and
these compounds are likely to exhibit very similar cellular
permeability characteristics in whole-cell assays. As shown in
Table 2, calculated ligand ECs, values were consistent with this
observation. Comparison of these EC;, values revealed that in
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Table 1. Reported literature values for relative binding affinities (RBAs) of
ligands for receptors in vitro.l”!

Ligand, RBA ERa ERPB AR GR
{-Estradiol (1) 100 100 Neg. 3
4-Hydroxytamoxifen (2)?% 149 62 N.A. N.A.
ICI 182,780 (3)*) 32 25 N.A. N.A.
Dihydrotestosterone (4)130. 33 40 411 Neg. Neg. 100 3
Testosterone (5)5% 31 331 Neg. Neg. 19 Neg.
Dexamethasone (6)30-32 35 36 Neg. Neg. Neg. 100
Mifepristone (7)B2 37. 601 Neg. Neg. 5 340
Progesterone (8)130-33 Neg. Neg. Neg. 15
Cortisol (9)B'- 35 36 38] Neg. Neg. Neg. 92
Coumestrol (10)12 34 100 N.A. N.A,
PPT (11)43 49 Neg. N.A. N.A.
DPN (12)44 Neg. 18 N.A. N.A.
Genistein(13)142 44 Neg. 13 N.A. N.A.
[a] These values are based on the ratio of the concentration of a high-affinity
ligand (RBA = 100) to the concentration of a competitor ligand required to
displace 50% of a specific radiolabeled probe. Neg.= Negligible affinity
(RBA < 1.0). N.A. = Data not available.

Table 2. Ligand ECs, values (nm) calculated from yeast LBD-YFP and yeast
two-hybrid (Y2H) assays.

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ligand, ECs, ERa-YFP ERa-Y2H ERB-YFP ERB-Y2H AR-YFP AR-Y2H
fB-Estradiol (1) 30 10 50 10 Neg. Neg.
4-Hydroxytamoxifen (2) 1050 540 N.C. N.C. Neg. Neg.
1C1 182780 (3) N.C. N.C. 760 420 Neg. Neg.
Dihydrotestosterone (4)Neg.  Neg. Neg.  Neg. 70 230
Testosterone (5) Neg. Neg. Neg.  Neg. 520 1850
Coumestrol (10) 880 510 60 30 N.D. N.D.
DPN (12) Neg.  Neg. 500 650 N.D. N.D.

[a] N.D.: Not determined. N.C.: Not calculated, due to insufficient data. Neg.:
Negligible affinity.

the AR-YFP assay, testosterone was =~14% as potent as
dihydrotestosterone. Similarly, in the AR two-hybrid assay,
testosterone was ~~12% as potent as dihydrotestosterone.
These results are similar to known RBA values from literature
sources, which report testosterone to be ~19% as potent as
dihydrotestosterone in vitro.B% 33 Surprisingly, comparison of
measured ECs, values revealed that these ligands were three to
four times more potent in the AR-YFP assays than in the AR two-
hybrid assays. This difference in potency may in part relate to the
formation of nonproductive homodimeric complexes compet-
ing with formation of the productive heterodimeric protein
complexes that provide the transcriptional response in the yeast
two-hybrid system. Alternatively, the AR-YFP assays may detect
ligand-mediated changes in protein conformation at ligand
concentrations below those required to promote protein
dimerization. Differences between in vitro RBA rankings and
intracellular potencies probably reflect differences in the cellular
permeabilities of the compounds under investigation. The
construction of analogous biosensors from more permeable
yeast strains such as those lacking the ERG6 gene®* 4l might
further enhance the sensitivity of these assays.

www.chembiochem.org ChemBioChem 2003, 4, 848 - 855





Fluorescent Cellular Sensors

Discussion

Binding of ligands to steroid hormone receptors alters the
conformations of these proteins and can affect receptor
stability.® As an alternative to transcriptional assays, one method
used to investigate these effects is analysis of the sensitivity of
proteins to proteases in the presence or absence of ligand. For
example, interactions of agonistic or antagonistic ligands of the
estrogen receptor alpha and beta isoforms have previously been
detected by analysis of trypsin digestion patterns.”¥ However,
this method is not generally amenable to high-throughput
screening for the identification of small molecule ligands. In an
effort to overcome this limitation, we fused yellow fluorescent
protein to nuclear hormone receptor fragments and expressed
these proteins in yeast in order to construct fluorescent cellular
sensors. To validate the generality of this approach, four steroid
hormone receptors (ERa, ERP, AR, and GR) were investigated.
The ligand-binding domains of these receptors were fused to
YFP through short two amino acid linkers to couple fluorescence
closely to conformational effects resulting from ligand binding.
To validate the effectiveness of these cellular sensors, the
fluorescence of cell extracts was quantified on 96-well plates to
establish that this assay could be executed in a high-throughput
format. Moreover, ligand-mediated effects on fluorescence in
living yeast cells were analyzed in more detail by epifluorescence
microscopy and flow cytometry and compared with analogous
transcriptional yeast two-hybrid assays that quantify ligand-
mediated protein dimerization.

The effects of ligands on the fluorescence of cells expressing
LBD-YFP proteins was generally found to parallel activation of
gene expression in analogous yeast two-hybrid assays. Hence,
changes in protein conformation that are coupled to protein
dimerization presumably contribute significantly to the en-
hanced protein fluorescence. However, simple intermolecular
association (dimerization) of the YFP moieties themselves is
presumably not responsible for this fluorescence enhancement,
because dimerization of GFP under these conditions should not
alter its intrinsic fluorescence properties.'*”!

Remarkably, the fluorescent cellular sensors could detect
therapeutically relevant compounds—such as the GR ligands
dexamethasone (6), progesterone (8), and cortisol (9)—that
were undetectable in the GR-based yeast two-hybrid assays.
Furthermore, the AR ligands dihydrotestosterone (4) and
testosterone (5) were three to four times more potent in the
AR-YFP assays than in the two-hybrid assays. These results
suggest that conformational effects not involved in protein
dimerization may also play an important role in influencing
protein fluorescence. Previous studies of GFP fusion proteins
have demonstrated that the folded state of proteins fused to the
GFP N terminus is directly related to the fluorescence of GFP.'%
Hence, ligand binding may stabilize folding of the LBD, which
may in turn be tightly coupled to folding of YFP protein,
resulting in enhanced fluorescence." ¢ ' Consistently with this
mechanism, a short two amino acid Val-Glu linker was required
for the ligand-mediated fluorescence enhancement. Further-
more, intracellular protein expression or proteolysis was not
significantly affected by cognate ligands.
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Addition of ligands resulted in a shift of the localization of
LBD-YFP proteins from a site near the nucleus (possibly
associated with part of the endoplasmic reticulum) to the
cytoplasm. This difference in localization could potentially
influence YFP fluorescence as a result of changes in protein
microenvironment. For example, YFP is sensitive to environ-
mental factors and exhibits enhanced fluorescence at elevated
pH values.“8! Furthermore, the pH values in certain organelles
such as the nucleus differ from that in the cytoplasm,*? so
changes in sub-cellular localization may have directly contrib-
uted to the enhanced protein fluorescence. Alternatively, we
propose that the apo-LBD-YFP proteins may become localized in
part of the endoplasmic reticulum contiguous with the nuclear
membrane as a consequence of protein misfolding. The
misfolding of other proteins is known to promote retention in
the endoplasmic reticulum.”® Addition of ligand may facilitate
folding of the LBD, enhance the fluorescence of the closely fused
YFP, and enable translocation of the LBD-YFP proteins to the
cytoplasm. Other mechanisms that might have contributed to
the effects of ligands on the fluorescence of these proteins could
include the recruitment or dissociation of other proteins such as
the heat shock protein chaperones known to associate with
steroid hormone receptors." 52 The approach described here
provides a novel high-throughput method for non-transcrip-
tional analysis of small molecule-protein interactions in living
cells.

Experimental Section

Reagents: (3-Estradiol, testosterone, and cortisol were purchased
from Steraloids (Newport, RI). Dexamethasone was obtained from
RBI (Natick, MA), and ICl 182780, DPN, and PPT were purchased from
Tocris (Ellisville, MO). Restriction enzymes were from New England
Biolabs (Beverly, MA). Other reagents were from Sigma (St. Louis,
MO).

Construction of steroid hormone receptor genes: The polymerase
chain reaction (PCR), with use of Pfu polymerase (Stratagene), was
employed to add in-frame 5'-EcoRI-Receptor LBD - Sall - Stop -
Xhol - 3' restriction sites to genes encoding ligand-binding domains
of human estrogen receptor-a (residues 305 -532), human estrogen
receptor-f (residues 255 -482), human androgen receptor residues
(668-919), and rat glucocorticoid receptor (residues 497 - 795). The
GR LBDs included the following known mutations: L600P/L602F (K.
Yamamoto, personal communication), F620S,%3 and C656G.5* The
last two mutations are known!'”! to improve the affinity of yeast-
expressed GR for dexamethasone. Plasmid pCMV5hER (a gift from
Prof. B. Katzenellenbogen, U. lllinois) provided the template for ERa.
The gene encoding ERB was amplified from pMT-hERf 530 (a gift
from Dr. S. Nilsson, KaroBio). The gene encoding AR was amplified
from pNLVP-hAR (a gift from Dr. E. Wilson, UNC Chapel Hill). The gene
encoding rat GR was amplified from pEGHBD? (a gift from Dr. J. Liu,
Johns Hopkins). Any internal EcoRl, Sall, or Xhol restriction sites
within the receptor genes were removed by introduction of silent
mutations by megaprimer PCR mutagenesis."”

Construction of plasmids for fluorescent cellular sensors: The
following in-frame restriction sites were added to the EYFP gene by
PCR: 5" - EcoRl - Xhol - EYFP - Sall - 3'. The commercial vector pEYFP-
C1 (Clontech) provided the gene template. This gene product was
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digested with EcoRlI/Sall and subcloned into the EcoRl/Xhol-digested
yeast vector pRF4-6 (a 2 um yeast shuttle vector with the TRP1
marker and GAL1 promoter from pJG4 - 5,2 but substituting the B42
activation domain/SV40 NLS with an HA epitope tag; R. Brent,
personal communication) to afford pRF4-6 EcoRI-Xhol-EYFP. This
vector added an HA epitope tag to the N terminus of expressed
genes. The ERa, ERB, AR, and GR receptor gene sequences flanked
with in-frame 5’ - EcoRI - Receptor LBD - Sall - Stop — Xhol — 3 restric-
tion sites were digested with EcoRI/Sall and subcloned into EcoRl/
Xhol-digested pRF4 -6 EcoRI-Xhol-EYFP. Nuclear-localized cyan fluo-
rescent protein (ECFP, Clontech) was expressed in yeast from the
vector pAM423.58 All new constructs were confirmed by automated
dideoxynucleotide sequencing at the Penn State University Bio-
technology Institute.

Construction of plasmids for yeast two-hybrid assays: The
receptor genes sequences flanked with in-frame 5’ - EcoRI-Recep-
tor LBD - Sall - Stop — Xhol - 3’ restriction sites were digested with
EcoRI/Xhol and inserted into vector pJG4-5 (digested with EcoRI/
Xhol, Invitrogen), which fused the B42 activation domain to the
receptor N terminus. These genes were similarly subcloned into
vector pAM423-LexA (digested with EcoRI/Xhol, HIS3 marker, 2 um
origin, essentially identical to pEG202 (Clontech),*” but containing a
GAL1 promoter), which fused the bacterial LexA protein to the
receptor N terminus. Plasmid pSH18-34 (Invitrogen), containing
four dimeric LexA DNA sites driving lacZ (3-galactosidase) expres-
sion, was employed as the reporter gene.

Microtiterplate f-galactosidase reporter gene assays: S. cerevisiae
FY250 (MATa, ura3 - 52, his34200, leu2A1, trp1463) was used to assay
LexA-driven [-galactosidase reporter gene expression. Yeasts were
transformed by the lithium acetate method,*® and yeast trans-
formants, which were derived from multiple combined colonies,
were grown to saturation at 30 °C in selection media (yeast nitrogen
base without amino acids (Difco), appropriate dropout powder
(QBiogene), penicillin (Gibco, 100 unitsmL~"), streptomycin (Gibco,
100 mgmL~"), 2% galactose (Sigma), and 1% raffinose (Sigma)).
Aliquots (50 pL) of saturated yeast cultures were diluted in selection
media (175 pL) on a sterile 96-well plate. A solution of the compound
under investigation in DMSO/selection medium (1:10, 25 ul) was
then added to afford a final well volume of 250 L (1% DMSO). The
plate was shaken at 30°C for 16 h and centrifuged (4300 rpm,
10 min), and the supernatant was removed by aspiration. Z-Lysis
buffer (Z-buffer® containing 2% EtOH, 1% CHCl;, and 0.3% f3-
mercaptoethanol, 200 pL) was added, and the plate was shaken for
5 min. Aliquots of suspended cells (10 puL or 50 pL for high or low
levels of 3-galactosidase activity) were transferred to wells contain-
ing sufficient Z-lysis buffer to provide a final volume of 150 L. The
absorbance at 590 nm (ODsy,) was measured to determine cell
density, followed by addition of the substrate chlorophenol red-f3-o-
galactopyranoside (Calbiochem, 15 mm, 30 pL) in sodium phosphate
buffer (0.1m, pH 7.5). The plate was shaken at 23 °C with periodic (5,
10, 15, 30, 60, and 120 min) absorbance measurements at 570 nm
(ODs;,). P-Galactosidase activity was calculated as follows: activity =
1000%(0ODs5,4-BLANK-OD,,,)/(TIME*(ODsq5)). The BLANK value corre-
sponded to the absorbance (570 nm) of wells containing substrate
(30 pL) and Z-lysis buffer (150 uL) only. The TIME value was expressed
in minutes. Values typically represent the mean of two independent
experiments. Error bars represent standard errors of the mean. Dose-
response curves and ECs, values were calculated by nonlinear
regression with a one-site competition model (GraphPad Prism 3.0
software).

Fluorescent cellular sensor assays: S. cerevisiae FY250 was used for
fluorescence measurements by flow cytometry. Yeasts were trans-
formed with the LBD-YFP expression vector by the lithium acetate
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method, and yeast transformants derived from multiple combined
colonies were grown to saturation at 30°C in selection media.
Aliquots (50 pL) of saturated yeast cultures were diluted in selection
media (175 pL) on a sterile 96-well plate. Ligands in DMSO/selection
media (1:10, 25 pL) were added to afford a final well volume of
250 uL (1% DMSO). The plate was shaken at 30°C for 16 h, and
aliquots of suspended cells (250 ul) were transferred to tubes
containing sufficient sterile deionized water to provide a final
volume of 500 pL for analysis by flow cytometry. Flow cytometry
measurements employed an XL-MCL bench top cytometer (Beckman
Coulter, Miami, FL) equipped with a 15 mW, air-cooled argon ion
laser. Fluorescence was quantified by excitation at 488 nm and
optical filtering of fluorescence emission through a 530+30 nm
band-pass filter. Forward-scatter (FS) and side-scatter (SC) dot plots
afforded cellular physical properties of size and granularity that
allowed gating of live cells. After cell gating, 10000 events (cells)
were counted, and median fluorescence intensity was quantified.
Values typically represent the mean of two independent experi-
ments. Error bars represent standard errors of the mean.

Microscopy: Epifluorescence and Differential interference contrast
(DIC) micrographs were obtained with a 100X Zeiss Fluar objective
on a Zeiss Axiovert S100TV microscope fitted with a Zeiss Axiocam
digital camera. Fluorescence filter sets for YFP (Yellow GFP BP) and
CFP (Cyan GFP) were obtained from Chroma. Images were processed
with Adobe Photoshop 5.0.

Fluorescence measurements of cell extracts on 96-well micro-
titerplates: Recombinant FY250 yeast expressing LBD-YFP fusion
proteins (2mL cultures) was grown at 30°C in the presence or
absence of ligand for 16 h. Cell pellets were isolated by centrifuga-
tion (4300 rpm, 10 min), 100 uL of Y-PER (Yeast Protein Extraction
Reagent, Pierce) was added, and samples were shaken for 30 min.
Cellular debris was removed by centrifugation (14000 rpm, 2 min)
and the fluorescence of the supernatant was analyzed on a 96-well
black plate (Corning). Fluorescence measurements employed a
Perkin —Elmer HTS-7000 microtiterplate reader (band pass filter
excitation: 485 420 nm; emission: 535+ 25 nm). Fluorescence val-
ues represent the mean of two independent experiments. Error bars
represent standard errors of the mean.

Immunoblotting: The immunoblotting experiments employed yeast
expressing LBD-YFP fusion proteins grown in selection media (2 mL
cultures) containing ligands (10 pm, 1% final DMSO concentration) or
DMSO (1 % final concentration) alone for 16 h at 30 °C. These cultures
were centrifuged (4300 rpm, 10 min), 2X SDS loading buffer (20 mL)
was added to the pellet, and these samples were boiled at 100 °C for
10 min. Cellular debris was removed by centrifugation (14000 rpm,
2 min) and the supernatant was analyzed on a 15 % Tris-Glycine-SDS
polyacrylamide gel. Proteins were transferred to a nitrocellulose
membrane, followed by immunoblotting with monoclonal rabbit
anti-HA 1gG, which was probed with an alkaline phosphatase(AP)-
conjugated goat anti-rabbit antibody. This bound AP conjugate was
visualized by treatment with Western Blue stabilized substrate
(Promega).
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Optimization of Triple-Helix-Directed DNA
Cleavage by Benzoquinoquinoxaline - Ethylene-
diaminetetraacetic Acid Conjugates

Rula Zain,®! David Polverari,®! Chi-Hung Nguyen,¥ Yves Blouquit,'” Emile Bisagni,'
Thérese Garestier,®! David S. Grierson,'¥ and Jian-Sheng Sun*!

In memory of Claude Héléne.

The formation of triple-helical structures of DNA is based on
sequence-specific recognition of oligopyrimidine - oligopurine
stretches of double-helical DNA. Triple-helical structures can be
stabilized by DNA-binding ligands. Benzoquinoquinoxaline (BQQ)
derivatives are among the most potent intercalating-type agents
known to stabilize DNA triple-helical structures. We previously
reported the conversion of BQQ into a triplex-directed DNA
cleaving agent, namely BQQ - ethylenediaminetetraacetic acid
(EDTA), by coupling of 6-(3-aminopropylamino)BQQ to a suitable
ethylenediaminetetraacetic acid derivative, and we demonstrated
the ability of this conjugate to cause double-stranded cleavage of
DNA at the triplex site. However, this prototype derivative BQQ -
EDTA conjugate showed lower dffinity towards triplex DNA than
BQQ itself. In the light of this observation, and guided by molecular

Introduction

Sequence-specific recognition of double-stranded DNA by an
oligonucleotide can lead to the formation of a triple-helical
structure.!” 2 The triplex-forming oligonucleotide (TFO) binds to
the major groove of the double helix and base triplets are then
formed. Base composition of both the TFO and the oligopyr-
imidine - oligopurine target sequence dictate the configuration
of hydrogen bonding (Hoogsteen or reverse Hoogsteen hydro-
gen bonds) and the orientation of the third strand oligonucleo-
tide with respect to the oligopurine strand of the double helix.?

Considerable efforts have been devoted to increasing the
thermal stability of DNA triple-helical structures under physio-
logical conditions. For this purpose, two major strategies have
been explored. One strategy involves chemical modification of
one or more of the components in the third-strand oligonucleo-
tide,®* and the other centers on the design of triplex-specific
stabilizing ligands of DNA. Several different families of triplex-
stabilizing ligands have been described. Certain ligands bind to
the minor groove of double-helical DNA and others stabilize the
triple-helical complex by intercalation between the base trip-
lets.>-81 One of the most effective triplex-stabilizing agents is the
benzoquinoquinoxaline (BQQ) derivative 2 (Scheme 1). This
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modeling studies, we synthesized a second generation of BQQ -
EDTA conjugates based on 6-[bis(2-aminoethyl)amino]- and 6-(3,3'-
diamino-N-methyldipropylamino) - BQQ derivatives. We confirmed
by DNA melting experiments that the new conjugates displayed an
increased specific affinity towards triple helices when compared to
the previously synthesized BQQ - EDTA. In addition, the efficiency of
these new agents in triplex-specific binding and cleavage was
demonstrated by triplex-directed double-stranded cleavage of
plasmid DNA.

KEYWORDS:

molecular

DNA cleavage -
modeling - oligonucleotides -

DNA-intercalating compounds -
triple helix

compound discriminates efficiently between triplex and duplex
DNA, with a much stronger affinity for triple helices.”” We have

[a] Dr. R. Zain
Department of Molecular Biology & Functional Genomics
Stockholm University, 10691 Stockholm (Sweden)

Prof. J.-S. Sun, D. Polverari, Prof. T. Garestier
USM0503 “Régulations et Dynamique des Génomes”
Muséum National d’Histoire Naturelle

UMR8646 CNRS-MNHN, U565 INSERM

43 rue Cuvier, 75231 Paris Cedex 05 (France)

Fax: (4 33) 140-793705

E-mail: sun@mnhn.fr

=

[c] Dr. C.-H. Nguyen, Dr. E. Bisagni, Dr. D. S. Grierson
UMR176 CNRS

Institut Curie Laboratoire de pharmacochimie

Bdtiment 110, Centre Universitaire, 91405 Orsay (France)
Dr. Y. Blouquit

U350 INSERM

Institut Curie Section de recherche

Bdtiment 112, Centre Universitaire, 91405 Orsay (France)

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

[d

ChemBioChem 2003, 4, 856 - 862





Triple-Helix-Directed DNA Cleavage

cl HN™ NH,
O N XN " O N | SN
‘ Ny N T > N =
CH,O CH,O
2R = (CHy),
1 3:R = (CH,),NH(CH,),
) 4R = (CH,);N(CHz)(CHy)s
o)
0 Hko/\
HN’R\HJ\/N\/\NWO\/
O AN OY o
saas s
CH,0

Scheme 1. Synthesis of BQQ - EDTA triethyl ester derivatives. i) Large excess of
polyamine, 100°C, 2 h. ii) EDTA - TEE (1 equiv), DCC (2.3 equiv), and HOBT

(1.8 equiv) in DMF overnight. TEE, triethyl ester; DCC, dicyclohexylcarbodiimide;
HOBT, 1-hydroxybenzotriazole; DMF, dimethylformamide.

previously reported the synthesis of a BQQ - ethylenediamine-
tetraacetic acid (EDTA) conjugate, and the use of this triplex-
specific cleaving agent to provide evidence of the formation of
different DNA triple-helical structures.'”

We observed that the covalent attachment of BQQ 2 to
ethylenediaminetetraacetic acid (EDTA) through its aminopropyl
side chain resulted in a reduction of the triplex-stabilizing
capacity of BQQ 2. This effect was demonstrated by thermal
denaturation experiments and DNA cleavage assays. As descri-
bed herein, we synthesized two new BQQ-EDTA conjugates 8
and 9 (Scheme 2), which are optimally designed to retain a
strong specific affinity towards DNA triple-helical structures. We
have examined the triplex-specific stabilizing capacity of these
new conjugates as well as their efficiency in triplex-directed
cleavage of DNA at low concentrations.

Results and Discussion

In our initial effort to design a BQQ-based cleaving agent for
triple-helical DNA, we chose to covalently link the intercalator by
its 6-(3-aminopropylamino) side chain (as in 2, Scheme 1), to
ethylenediaminetetraacetic acid through the formation of an
amide bond. However, although the derived BQQ-EDTA con-
jugate 7 (Scheme 2) is of fundamental interest, thermal denatu-
ration studies showed that it is less potent at stabilizing triple-
helical structures of DNA than the nonconjugated BQQ deriva-
tive 2 itself (T,,=45°C versus 69 °C, respectively; see below). In
addition, quantification of the extent of double-stranded
cleavage of DNA triplex by this BQQ - EDTA conjugate 7 showed
that a high concentration of the compound (50 um) is required in
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Scheme 2. Chemical structures of the three different BQQ - EDTA derivatives.

order to attain 50% cleavage. A large excess of the ligand led to
undesired nonspecific cleavage outside the triple-helix site. We
suspected that the reduced stabilizing efficiency of BQQ in its
EDTA-conjugated form might have been caused partly by the
loss of the positive charge of the aminoalkyl side chain. Indeed,
whereas in BQQ 2 the free amino function is most likely
protonated in the pH range used for the formation of a triple
helix (pH 6 -7), the amide bond in BQQ - EDTA 7 is not prone to
protonation at these pH values. In addition, the relatively short
length of the linking side chain in 7 could lead to a situation
where the presence of the bulky EDTA component perturbs the
ability of BQQ to bind and stabilize triple helices.

In the light of these results, we considered several chemical
modifications of BQQ - EDTA that might restore the ability of the
intercalator to efficiently stabilize triple-helical structures and
direct double-stranded cleavage of DNA specifically to the
triplex site. Thus, we began to examine the effect of a positively
charged linker as well as that of a longer aliphatic chain on the
stabilizing efficiency of BQQ. Accordingly, we synthesized two
new BQQ-EDTA conjugates 8 and 9 (Scheme 2), which have
different side chains. We were able to confirm by thermal
denaturation experiments that these molecules exhibit in-
creased specific affinity towards triple helices in comparison to
the previous BQQ-EDTA 7. These results align well with
molecular modeling studies of the interaction of each of the
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three triplex-intercalating compounds with DNA. In addition, we
showed the high efficiency of the new compounds in achieving
triplex-specific double-stranded cleavage of plasmid DNA by
using an in vitro cleavage assay in the presence of TFO.

Molecular modeling

Two aliphatic triamine linkers were considered in the design of
the new BQQ-EDTA conjugates. As shown in Scheme 2, the
aminoalkyl linkers in BQQ - EDTA conjugates 8 and 9 are longer
than that present in compound 7, and each of them contains an
additional central amino group available for protonation.
These BQQ - EDTA conjugates were first manually docked into
a triplex with the polyaromatic rings of BQQ intercalated
between two base triplets, while the side chain bearing EDTA-
Fe was located either in the minor or the major groove. An

Table 1. Analyses of the conformational energy-minimized models of the
triple helix or the double helix complexed with BQQ or BQQ-EDTA
conjugates.

Ligands DNA L Elec AEpna  AE ¢ Ec AE.

BQQ 2 triplex —552 —493 +30.0 +20 —725 —122
duplex —466 —443 +223 +84 —-603

BQQ-EDTA 7 triplex —66.8 —23.7 +290 +39 —-576 -—6.1
duplex —484 —-239 +168 +40 —515

BQQ-EDTA 8 triplex —703 —498 +27.7 +66 —858 —20.7
duplex —53.0 —459 +306 +32 —65.1

BQQ-EDTA 9 triplex —752 —549 +381 +129 -791 -—183
duplex —47.1 —496 +30.1 +58 —60.8

[a] Complexation energy (Ec) is decomposed into Leonard-Jones (LJ) and
electrostatic (Elec) interactions, as well as the deformation energies of
nulceic acids and ligands (AEp, and AE, o). The relative complexation
energy (AEo) is calculated as the difference between the complexation
energies for the triplex and that for the duplex (see the Materials and
Methods section for details). Energies are given in kcal.

adiabatic mapping was performed to search for the minimal
energy complex from several starting points. In all cases, a
minimal conformational energy was found in the complex in
which the EDTA - Fe moiety was located in the minor groove. The
same calculations were performed for double-helical DNA
structures and similar results were obtained. Table 1 shows the
contributions made by various energy components to the
energies of these complexes as well as their relative complex-
ation energies (defined as the difference between triplex
complexation energy and duplex complexation energy). It
should be kept in mind that these energy calculations are
purely indicative of trends, since ionic and hydration effects were
not explicitly treated by molecular mechanics calculations in this
work. However the results provide an important qualitative
impression of the general energetic contribution of the systems.

The relative complexation energies (AE¢) of all the complexes
are negative, which indicates that triplex-specific binding occurs
for all the BQQ-EDTA conjugates. As expected, the prototype
conjugate, BQQ-EDTA 7 has a significantly reduced AE. value
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compared to 2 which can be ascribed to the reduction in
electrostatic interaction. The use of a longer aliphatic triamine
linker, which allows protonation at the central amine group and
thereby creates a positive charge in the side chain, restored
favorable electrostatic interactions and relative complexation
energy. Figure 1 shows an energy-minimized model of BQQ-
EDTA 8 complexed with a triple helix.

Figure 1. Conformational energy-minimized complex of a triple helix with

BQQ - EDTA 8. The oligopyrimidine and oligopurine strands are shown in blue and
red. The triple helix-forming oligonucleotide is in yellow. BQQ-EDTA 8 is in
conventional atom colors and the linker and EDTA moiety are in the minor
groove. Hydrogen atoms are omitted for clarity.

Synthesis of BQQ - EDTA conjugates

Nonconjugated BQQ derivatives 3 and 4 (Scheme 1), which have
N-(2-aminoethyl)ethane-1,2-diamine and N-(3-aminopropyl)-N-
methylpropane-1,3-diamine side chains respectively, were ob-
tained from 1 by using a standard protocol.”” BQQ 3 and 4 were
each coupled to ethylendiaminetetraacetic acid triethyl ester
(EDTA-TEE) under DCC/HOBT conditions. The reaction of EDTA-
TEE with the terminal amino group in BQQ derivatives 3 and 4
afforded the BQQ-EDTA triester intermediates 5 and 6
(Scheme 1) in 60 and 76% yields, respectively. The lower yield
obtained for 5 was ascribed to the presence of a secondary
amino group in the starting compound 3. After purification by
silica gel column chromatography, the triethyl esters 5 and 6
were hydrolyzed under alkaline conditions, and the derived

www.chembiochem.org ChemBioChem 2003, 4, 856 - 862
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triacid products were purified by reversed-phase column
chromatography. The BQQ - EDTA conjugates 8 and 9 were thus
obtained either as an ammonium trifluoroacetate salt of the
triacid (8) or as a trilithium salt of the corresponding carboxylates
(9; see the Materials and Methods section).

DNA melting experiments

It was observed that the BQQ-EDTA conjugates 8 and 9
themselves exhibited a reversible thermal transition associated
with a pronounced hypochromicity in the absorbance of the
BQQ moiety, with a red shift in wavelength (see the figures in the
Supporting Information). These observations indicate that self-
association of these BQQ - EDTA conjugates takes place. As the
triplex melting experiments were performed with an excess of
BQQ-EDTA (10 pum) over the DNA triple helices (1 uwm), differential
melting experiments were subsequently carried out as described
below. The mixture of double helix and BQQ-EDTA was first
prepared then separated into two samples. TFO or buffer (4.5 pl)
was then added to these samples. Figure 2 shows the melting
curves of triplex and duplex in the presence of BQQ -EDTA 7, and

0.1%

1.4 |o.16} s
0.14f

0.1zt . ] a

Ahsorbance @260 mm -

(=
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Figure 2. Melting curves of triplex/BQQ-EDTA 7 (filled circles) and of duplex/
BQQ-EDTA 7 (open circles). The differential melting curve is shown in the insert.
DNA melting experiments were carried out in 10 mm sodium cacodylate buffer,
100 mm sodium chloride, pH 6.0.

the differential melting curve of triplex + BQQ-EDTA 7, where
transitions ascribed to BQQ - EDTA 7 self-association and double
helix < single strands were subtracted. Only the transition triple
helix < double helix + third strand oligonucleotide was clearly
observed in the differential melting curve. A differential melting
curve was also recorded by placing the triplex + BQQ-EDTA 7
and duplex + BQQ-EDTA 7 samples in the sample and
reference beams of the spectrophotometer, respectively. The
same procedure was used for characterizing the triplex-stabiliz-
ing property of all the BQQ-EDTA conjugates. The melting
temperatures of the triplex —duplex transition (T,3~2) in the
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presence of the new BQQ-EDTA conjugates (8 and 9) were
about 61°C and 59°C, respectively. Accordingly, these new
conjugates stabilize the triple-helical structure of DNA by 42°C
and 40°C, respectively, as compared to the 7,372 value of the
triple helix itself. These compounds are, thus, considerably more
efficient than BQQ-EDTA conjugate 7 at stabilizing the triple
helix, as judged by the increased T,3~? values (+16°C and
+14°C, respectively, Table 2).

Table 2. Melting temperatures of the triple-to-double helix transition in the
presence of various BQQ derivatives.”!

Samples T.3720°C
(£1)

Triple helix 19

Triple helix + BQQ 2 69

Triple helix + BQQ-EDTA 7 45

Triple helix + BQQ-EDTA 8 61

Triple helix + BQQ-EDTA 9 59

[a] DNA melting experiments were carried out in 10 mm sodium cacodylate
buffer, 100 mm sodium chloride, at pH 6.0.

Triplex-directed cleavage of plasmid DNA

The plasmid (pTLX) used in this assay is a construct derived from
a pUC12 vector plasmid in which a 27-bp oligopyrimidine - oli-
gopurine sequence has been cloned.™ This plasmid was first
digested by Xmnl, a unique-site restriction enzyme, and purified
by precipitation. The linearized plasmid was then used to
quantify the extent of triplex-directed cleavage of the new
BQQ-EDTA conjugates. The resulting linear fragment of DNA
formed a triple-helical structure upon incubation with a third-
strand oligonucleotide complementary to the 27-bp oligopyr-
imidine - oligopurine sequence (10 mm sodium cacodylate buffer,
50 mm NaCl, pH 7.0). BQQ - EDTA (7, 8, or 9) was added, together
with Fe?* and the cleavage reaction was initiated by the addition
of 2 mwm dithiothreitol (DTT). As reported previously, this kind of
triple-helix-directed cleavage of DNA would occur in the triplex
site if the cleaving agent bound highly specifically to this
structure, and the cleavage would consequently produce two
DNA fragments of defined lengths. In our case, the size of these
fragments would be 1901 and 817 bp if one reasons the
cleavage would occur approximately in the middle of the 27-bp
triplex site (Figure 3). For the three conjugates 7, 8, and 9, the
cleavage reactions were conducted in parallel to quantify and
compare the yields of all three reactions in the presence of a
triplex-forming third-strand oligonucleotide (TFO). Cleavage at
both pH6.0 and pH70 were examined. It was found, in
agreement with the results of others,'? that EDTA-Fe com-
pounds were less efficient at cleaving DNA at pH values lower
than 7.0. Cleavage reactions were performed at either 4 or 37 °C.
Under all examined conditions, quantitative gel analysis showed
that the BQQ - EDTAs 8 and 9 had greater potency with regard to
triplex-directed cleavage of DNA compared to the conjugate 7.
When a final concentration of 5 um BQQ - EDTA conjugate 8 or 9
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was chelated with 10 um Fe?* at 4°C and pH 7, the yields of
double-stranded cleavage at the site of formation of a triple helix
were 66% and 72%, respectively (Figure 3). Under the same
experimental conditions, conjugate 7 showed only 34% cleav-
age. In addition, it was possible to achieve reasonably good
cleavage with a concentration of 1 um BQQ - EDTA conjugate for

BgQEDTA
FO
A B
1901 B17
Xmnl

BOQQEDTA 7 8 9 =

Figure 3. Triplex-directed cleavage of a 2718-bp DNA fragment in the presence
of 5 um BQQ - EDTA derivative 7 (Lanes 1 and 2), 8 (Lanes 3 and 4), or 9 (Lanes 5
and 6), and a specific triplex-forming (Lanes 2, 4, 6, and 8) or a nonspecific
oligonucleotide (Lanes 1, 3, 5, and 7) (20 um), Fe(NH,),(SO,), (10 um), and DTT
(5 mwm) (see the Materials and Methods section for details). Lanes 7 and 8 show
controls not treated with any BQQ — EDTA conjugate while Lanes 9, 10, and 11 are
linear pTLX and molecular size markers, respectively.

8 and 9 at pH7.0 and 37°C (54% and 60%, respectively) as
compared to that achieved with BQQ-EDTA 7 (30%; data not
shown). Cleavage reactions were analyzed after 18-22 h and no
further attempt was made to drive the reactions to completion.
In the presence of a control non-triplex-forming oligonucleotide,
no notable cleavage of DNA was observed, which confirmed the
triplex-specific character of these DNA cleavage reactions.
Previous work showed that the chemical attachment of a
triplex-specific DNA ligand (BQQ 2) to an EDTA:Fe conjugate
leads to the formation of a new class of triplex-specific binding
and cleaving compounds.''” The weakness of Compound 7 lies
in the fact that it does not retain the high triplex-stabilizing
capacity of the parent compound, BQQ 2, because of the
noncharged aminopropyl side chain linking the BQQ to the EDTA
component. In the work described herein, rational design of the
linker by molecular modeling followed by experimental verifi-
cation clearly demonstrate that the new longer and positively
charged linkers are able to restore the triplex-stabilizing
efficiency of the triplex-specific intercalator to the new BQQ-
EDTA conjugates. The higher T, values of triplex DNA in the
presence of Compound 8 or 9 (Table 2) were consistent with the
modeling study, which predicted an improved interaction
between triple-helical structures and these new BQQ-EDTA
conjugates (Table 1) as compared to that seen with 7. Biochem-
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ical assays also confirmed that the efficiency of triple-helix-
directed DNA cleavage by the newly synthesized BQQ-EDTA
conjugates (8 and 9) is significantly improved. These new
molecules can thus be used in micromolar concentrations either
as artificial endonucleases for specific cleavage of double-
stranded DNA fragments at triplex-forming sites, or as chemical
probes to prove the formation of inter- as well as intramolecular
triple helical structures, such as H-DNA.I'3 14

Materials and Methods

Oligonucleotides (OligoGold grade) were synthesized and purified
by Eurogentec (Seraing, Belgium) or by Genosys. The length of the
oligonucleotides was controlled by electrophoresis. The syntheses of
6-chloro-11-methoxy-benzo[flquino[3,4-b] quinoxaline (1) and
BQQ-EDTA 7 were described elsewhere.'® All other chemical
reagents, including dithiothreitol (DTT), were purchased from Sigma
or Aldrich. DNA markers were Roche Molecular Biochemicals
products. BQQ-EDTA conjugates were dissolved in dimethylsulf-
oxide (DMSO).

Synthesis of N-(2-aminoethyl)-N'-(11-methoxybenzo[flquino[3,4-
blquinoxalin-6-yl)ethane-1,2-diamine (BQQ 3) and N-(11-methoxy-
benzolflquino[3,4-b]quinoxalin)-6-yl-N’-(3-aminopropyl)-N’-meth-
ylpropane-1,3-diamine (BQQ 4): In separate experiments, Com-
pound 1 (0.25 g) was heated for 2 h at 100°C in the presence of a
large excess (8 mL) of di(2-aminoethyl)amine or 3,3'-diamino-N-
methyldipropylamine, respectively. The excess amine was then
evaporated under reduced pressure. Water (30 mL) followed by
28% aqueous ammonia (2 mL) was added to the residue. BQQ 3 was
isolated by filtration and recrystallized from toluene (70% yield). In
the case of BQQ 4, the resultant mixture was extracted from
dichloromethane and the combined organic phases were dried with
MgSO, and concentrated. The obtained BQQ 4 was converted into its
maleate salt and recrystallized from ethanol (yield, 80 %).

BQQ 3: 'H NMR (CDCl;), 6 =9.32-7.14 (9H, Ar-H), 3.90 (s, 3H, OCH,),
3.81 (m, 2H, CHy-a), 2.99 (t, 2H, CH,-f), 2.73 (m, 4H, CH,-y + CH,-
d) ppm; FAB MS: calcd. for C,,H,sNgO: 413.2090 [M+H]*; found:
413.2079. BQQ 4: 'H NMR (DMSO-d,), 6 =9.38-7.38 (10H, Ar-H), 6.08
(s, 6H, CH=CH-maleate), 3.97 (s, 3H, OCH,), 3.75 (m, 2H, CH,-a), 3.18
(m, 4H, CH,-B + CH,y), 2.86 (m, 2H, CH,-3), 2.79 (s, 3H, CH;-N), 2.13,
19 2xm, 2x2H, CH,-¢e + CHy,-¢) ppm; FAB MS: calcd. for
C,7Hs,N;O: 455.2559 [M+H]*; found: 455.2558.

Synthesis of BQQ-EDTA triethyl esters 5 and 6: DCC (2.3 equiv)
and HOBT (1.8 equiv) were added to a solution of EDTA-TEE (0.10 g)
in dimethylformamide (7 mL) and the mixture was stirred for 30 min
at room temperature under an N, atmosphere. BQQ 3 or 4 (free base,
1.1 equiv) was then added and the mixture was stirred overnight at
room temperature. The reaction was stopped by the addition of
saturated aqueous sodium bicarbonate and the crude product was
extracted with dichloromethane. The combined organic layers were
washed with diluted aqueous sodium bicarbonate, dried with
MgSO,, and concentrated. The BQQ-EDTA triethyl ester conjugates
5 and 6 were each purified by neutral alumina (7% water) column
chromatography (2% EtOH in dichloromethane for 5; yield, 60%;
pure dichloromethane for 6; yield, 76 %). BQQ —EDTA triethyl ester 5:
"HNMR (CDCly), 6 =9.33 (d, 1H, Ar-H, J=9.1 Hz), 9.02 (d, 1H, Ar-H,
J=78Hz), 8.21 (t, 1H, CO-NH), 791 (q, 2H, Ar-H, J=3.6 Hz), 767 (m,
2H, Ar-H), 7.39 (t, 2H, Ar-H, J=73 Hz), 7.20 (m, 1H, Ar-H), 4.09 (q, 6 H,
CHy-ethyl, J= 7.0 Hz), 3.98 (s, 3H, OCH,), 3.90 (m, 2H, CH,-a), 3.49 (s,
4H, CH,-CO), 3.46 (m, 2H, CH,-d), 3.35 (s, 2H, CH,-CO), 3.29 (s, 2H,
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CH,-CO0), 3.10 (t, 2H, CH,-B, J=>5.5 Hz), 2.91 (t, 2H, CH,-y, J=5.7 Hz),
2.75 (s, 4H, N-CH,-CH,-N), 1.18 (t, 6H, CHs-ethyl, J=7.1 Hz), 1.17 (&,
3H, CH;-ethyl, J=7.0 Hz) ppm. BQQ - EDTA triethyl ester 6: 'H NMR
(CDCLy), 6=9.25 (d, 1H, Ar-H, J=8.97), 8.95 (dd, 1H, Ar-H, J=79,
1.3 Hz), 8.05 (t, 1H, CO-NH, J=6.0Hz), 7.82 (d, 1H, Ar-H, /=19 Hz),
7.65 (m, 3H, Ar-H), 7.33 (m, 2H, Ar-H), 712 (d, 1H, Ar-H, J=2.5 Hz),
4.06 (q, 6H, CH,-ethyl, J=7.1 Hz), 3.93 (s, 3H, OCH;), 3.82 (m, 2H, CH,-
a), 3.44 (s, 4H, CH,-CO), 3.31 (m, 4H, CH,-CO + CH,-¢), 3.24 (s, 2H,
CH,-C0), 2.73 (s, 4H, N-CH,-CH,-N), 2.62 (t, 2H, CH,-y, J=6.7 Hz), 2.51
(t, 2H, CH,-0, J=73 Hz), 2.34 (s, 3H, N-CH,), 1.99 (m, 2H, CH,-6, J=
6.6 Hz), 1.81 (m, 2H, CH,-¢, J=73Hz); 1.17 (t, 9H, CH,-ethyl, J=
7.1 Hz) ppm.

Synthesis of BQQ - EDTA conjugates 8 and 9: A solution of triethyl
ester 5 (0.11 g) in EtOH (5 mL) was treated with LiOH (6 equiv, 0.2m) in
water/ethanol (4:1, 10 mL) overnight at 4°C. Purification of com-
pound 8 was achieved by reversed-phase (25 x 170 mm Partisil 10
OD53 column; Whatman) high-pressure liquid chromatography
(20-80% gradient of 70% aqueous acetonitrile/0.1 % trifluoroacetic
acid; 100 min; 40% yield). BQQ -EDTA 8: 'H NMR (CDCl;), 6 =8.60
(m, 2H, Ar-H), 7.57 (m, 4H, Ar-H), 7.27 (m, 1H, Ar-H), 7.02 (m, 1 H, Ar-H),
6.82 (m, 1H, Ar-H), 3.82 (m, 5H, OCH, + CH,-a), 3.43 (t, 2H, CH,-5),
3.21 (s, 2H, CH,-CO), 3.16 (s, 2H, CH,-CO), 3.11 (s, 4H, CH,-CO), 3.04
(m, 2H, CH,-B), 2.88 (t, 2H, CH,7y), 2.61 (M, 4H, N-CH,-CH,-N) ppm.
MALDI-TOF MS: calcd. for Cs,H;oNsOq: 68729 [M-+H]; found: 687.22.

In a similar experiment, a solution of triethyl ester 6 (0.11 g) in MeOH
(5 mL) was treated with LiIOH (6 equiv, 0.2m) in water/MeOH (4:1,
10 mL) overnight at 4 °C. Compound 9 was purified by silanized silica
gel column chromatography (gradient, 0—20% MeOH in water; 78 %
yield). BQQ-EDTA 9: 'H NMR (CDCls), 6 =8.59 (m, 2H, Ar-H), 7.57 (m,
4H, Ar-H), 728 (m, 1H, Ar-H), 703 (dd, 1H, Ar-H), 6.85 (d, 1H, Ar-H),
3.82(s,3H, OCH,), 3.79 (m, 2H, CH,-a), 3.34 (m, 4H, CH,-CO + CH,-¢),
3.30 (m, 10H, 3 x CH,-CO + N-CH,-CH,-N), 3.15 (m, 2H, CH,y), 3.02
(m, 2H, CH,-0), 2.89 (s, 3H, N-CH5), 2.26 (m, 2H, CH,-6), 2.0 (m, 2H,
CH,-¢) ppm. MALDI-TOF MS: calcd. for C;;H,sNgOg: 729.34 [M+H];
found: 729.17.

Molecular modeling by energy minimization: The molecular
mechanics calculations were carried out by using the JUMNA
software (version 10) and Nchem program package.!™” Neither water
nor positively charged counterions were explicitly included in the
energy minimization. However, their effects were simulated by a
sigmoidal, distance-dependent, dielectric function,"'® and by assign-
ing half a negative charge to each phosphate group. Computations
were carried out on a Silicon Graphics Indigo2 workstation. The
EDTA-Fe*** moiety was constructed with the Insightll program
(Accelerys). As our aim was to compare the complexation energy of
BQQ-EDTA conjugates which differ in the nature of the linker
between the BQQ and the EDTA - Fe?*** moieties, an approximation
was made to neglect the changes in the metalloorganic EDTA - Fe?/3+
complex upon complexation: we used a fixed moiety without net
charge.

The coordinates of triple helices were derived from the previously
published B-like triple helix stucture'”'® which is now widely
supported by many NMR and vibration spectroscopic studies.
Typically, the triple helices were 10 base triplets in length. The two
last base triplets at both ends were restrained to a mononucleotide
symmetry in order to decrease end effects and to focus on the
binding of BQQ-EDTA at the centre of the triplex, where an
intercalation site was created by doubling the rise to 6.8 A and
subsequently reducing the twist by 20°. The BQQ-EDTA-Fe
conjugates were first manually docked into the triplex with the
polyaromatic plane of BQQ intercalated between two central base
triplets, while the side chain bearing EDTA - Fe was located either in
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the minor or major groove. Care was taken to avoid strong steric
clashes between EDTA-Fe and the triple helix. The same protocols
were used for BQQ-EDTA-Fe intercalated into a canonical B-like
double helix.

The complexation energy (E.) was calculated by the addition of the
Leonard -Jones (LJ) and electrostatic (Elec) interaction energies
between the BQQ-EDTA-Fe conjugate and the nucleic acids. The
deformation energy of the nucleic acids (double or triple helix) was
evaluated approximately by finding the difference in conformation
energy between complexed and uncomplexed nucleic acids (AEpya);
the deformation energy of BQQ - EDTA - Fe (AE, ) was calculated in a
similar way. Finally, the relative complexation energies (AE.),
calculated as the difference between the complexation energy with
triplex and that with duplex DNA, were used to assess the specific
binding of BQQ-EDTA - Fe to the triple helix.

Thermal denaturation experiments: Triple-helix stability was meas-
ured by using a dual-beam UV/Vis spectrophotometer. All thermal
denaturation studies were carried out on a Uvikon 940 spectropho-
tometer interfaced with an IBM-AT personal computer for data
collection and analysis. Temperature control of the cell holder was
achieved by a Haake D8 circulating water bath. The temperature of
the water bath was decreased from 80 to 0°C and then increased
again to 80°C at a rate of 0.1°Cmin~' with the Haake PG 20
thermoprogrammer. The absorbance at 260 nm was recorded every
10 minutes (every 1°C). Melting points were measured on a 36-bp
duplex [5'-d(CTATCAGCTCAATCTTTTTTCTTCTTAACTCGTATC)-3'/3'-
d(GATAGTCGAGTTAGAAAAAAGAAGAATTGAGCATAG)-57 in the pres-
ence of a third strand oligonucleotide with the sequence 5'-
d(TTCTTCTTTTTTCT)-3" and a BQQ-EDTA conjugate (7, 8, or 9). This
system represents approximately half the oligopyrimidine-oligo-
purine sequence used in the cleavage assay.

Cleavage assay on plasmid DNA: A 2718-bp linear fragment of DNA
was obtained upon cleavage of pTLX" with a unique-site restriction
enzyme, Xmnl, followed by repeated precipitations (0.3m NaOAc and
ethanol). The DNA fragment was incubated (overnight at 4°C) in
sodium cacodylate buffer (10 mm), pH 6 or 7, containing NaCl (50 mm),
and in the presence of a specific triplex-forming or a nonspecific
third-strand oligonucleotide (20 uv). The sequences of the specific
and nonspecific oligonucleotides were 5-d(TTCTTCTTTTTTCTT-
CTTCTTTTTTCT)-3' and 5-d(TCTCTCTCTCTCTCTCTCTCTCTCTCT)-3/,
respectively. BQQ-EDTA 7, 8, or 9 (1-5um) was added to the
above-mentioned samples and the reactions were left for 30 min at
room temperature. Fe(NH,),(SO,), (10 pm, 5 min) was added to each
sample and the cleavage mixtures were initiated by the addition of
DTT (5 mm). Cleavage reactions were left overnight at either 4° or
37°C. Reaction mixtures were analyzed by 1% agarose-gel electro-
phoresis in the presence of ethidium bromide and the products were
quantified by using ImageQuant software.
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The Structural Plasticity of the C Terminus of
p21©P! is a Determinant for Target Protein

Recognition

Vicent Esteve,”™ 9 Nuria Canela,® Aina Rodriguez-Vilarrupla,® Rosa Aligué,®!
Neus Agell,®™ Ismael Mingarro,? Oriol Bachs,™ and Enrique Pérez-Paya*!

The cyclin-dependent kinase inhibitory protein p21°P" might play
multiple roles in cell-cycle regulation through interaction of its
C-terminal domain with a defined set of cellular proteins such as
proliferating cell nuclear antigen (PCNA), calmodulin (CaM), and
the oncoprotein SET. p21°°" could be described as an intrinsically
unstructured protein in solution although the C-terminal domain
adopts a well-defined extended conformation when bound to
PCNA. However, the molecular mechanism of the interaction with
CaM and the oncoprotein SET is not well understood, partly
because of the lack of structural information. In this work, a peptide
derived from the C-terminal domain of p21°°! that covers the
binding domain of the three above-mentioned proteins was used

Introduction

Cell-cycle progression is driven by a family of serine-threonine
kinases named cyclin-dependent kinases (CDKs). CDK activity is
regulated by a variety of mechanisms, including association with
regulatory subunits named cyclins, phosphorylation of positive
and negative regulatory sites, and binding to a number of
proteins called CDK inhibitors."" One of these kinase inhibitors,
the p21°°! (p21) protein, was originally identified as a CDK and
proliferating cell nuclear antigen (PCNA)-binding protein and as
a gene product whose expression is induced by the tumor
suppressor protein p53.24 |Initially, p21 was considered a
general inhibitor of most cyclin-CDK complexes and, when
bound to PCNA, an inhibitor of DNA synthesis.

More recently, it has become clear that p21 might play
multiple roles in cell-cycle regulation. These include mediation of
negative regulatory signals, differentiation and senescence,
modulation of apoptosis, and activation of certain cyclin - CDK
complexes.> ¢ Whereas p21 is a potent inhibitor of CDK2-
containing complexes, it stimulates the assembly of active cyclin
D1-CDK4 complexes and targets their nuclear localization.”
These functions are performed by the N-terminal half of the
molecule, which contains a cyclin-binding motif (aa 16 -24) and
a CDK interaction site (aa 45-65).®

The whole p21 protein and its kinase inhibitory N-terminal
domain are soluble and stable in solution but no evidence has
been found by nuclear magnetic resonance (NMR) or circular
dichroism (CD) spectroscopies of the presence of secondary or
tertiary structure® However, it has been shown by NMR

ChemBioChem 2003, 4, 863 - 869

DOI: 10.1002/cbic.200300649 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

to demonstrate that the C-terminal domain of p21 recognizes
multiple ligands through its ability to adopt multiple conforma-
tions. The conformation is dictated by tertiary contacts rather than
by the primary sequence of the protein. Our results suggest that the
C-terminal domain of p21°°" adopts an extended structure when
bound to PCNA and probably when bound to the oncoprotein SET,
but an a helix when bound to CaM.
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molecular recognition -
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peptides -

spectroscopy that the kinase inhibitory domain adopts an
ordered conformation when bound to CDK2.!

The Cterminus of p21 contains a domain that interacts with
PCNA (aa 144 -151), and a putative nuclear localization signal (aa
140-143).59 More recently, it has been reported that cal-
modulin (CaM) and the oncoprotein SET are also target proteins
that bind to the C terminus of p21 (aa 145-164)."" "2 Whereas
CaM binds to this domain in a Ca*'-dependent manner, the
binding of SET and PCNA does not depend on Ca?* concen-
tration.
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The crystal structure of human PCNA complexed with a
peptide corresponding to the 22 C-terminal residues of p21 has
been reported.' p21 binds to PCNA in a 1:1 stoichiometry with
interactions that include the formation of an extended 3 sheet
with the interdomain connector loop of PCNA. In contrast, there
is no structural information on the putative complexes that p21
forms with CaM and SET. However, it is recognized that when
CaM binds to CaM-binding proteins, the binding domain of
these proteins is induced to fold into an amphipathic a
helix.'"*'® |n this sense, the ability of the C-terminal domain of
p21 to recognize different proteins could be derived not only
from the complementarity of preformed protein surfaces, but
rather from the ability of p21 to adopt multiple conformations
that mediate diverse binding events.

Different macromolecule binding pockets may dictate distinct
conformations of the same polypeptide. There are now many
known examples of proteins that have the ability to associate
with multiple ligands by using essentially the same set of surface
residues, which allows a single molecular surface to interact with
different structurally distinct binding partners.'21 In this
context, we questioned whether a peptide (p21'%-'%%) that lacks
stable secondary structure in free solution® and adopts an
extended structure when bound to one protein (PCNA'), could
adapt its conformation when bound to a different protein
(CaMM)) that recognizes only a-helical structures in its target
proteins.'*7) It can be anticipated that the folding of a given
peptide from an initial random coil in solution into a low-energy,
highly ordered bound conformation would be dependent on the
target protein environment and on intrinsic peptide plasticity. In
the absence of high-resolution structural data for the peptide -
target protein complex, the peptide conformational plasticity
can be studied by means of CD and NMR spectroscopies in the
presence of solvents with well-known properties that induce
secondary structure in peptides.

We report herein the results of biophysical studies aimed at
understanding the role of the induced conformational changes
on the C-terminal domain of p21 upon binding to the target
protein interface. The conformational plasticity of this domain
confers to p21 the ability to bind to multiple proteins by using
essentially the same set of surface residues. The versatility of the
C-terminal domain of p21 appears to stem from the flexible use
of an amino acid sequence that does not have any clear
secondary structure propensity in isolation and will adopt a
secondary structure determined by the characteristics of the
target proteins. Our results, in fact, suggest that the C-terminal
domain of p21 adopts an extended structure when bound to
PCNA and probably when bound to the SET protein, but an a
helix when bound to CaM.

Results

Identification of p21'45-'%4 as the p21 domain responsible for
binding to PCNA, to CaM, and to the oncoprotein SET

In our previous studies on the binding of p21 to CaM and to the
oncoprotein SET!" 222 we performed pull-down experiments
by using three peptides corresponding to different regions of
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the p21 molecule. The peptide p21'*-'%* (p21 sequence
numbering) was shown to define the domain of p21 that binds
to both CaM and to the SET protein. The PCNA-binding
functionality of p21 was defined early-on as residing in the
C-terminal 22 residues of the protein, which also suffice to block
PCNA-mediated DNA replication.!'¥ The peptide p21'3°-'% was
found to bind to human PCNA with high affinity and inhibits
DNA synthesis in vitro.1?* 24

The peptide p21'#-1%4, derived from the CaM-, PCNA-, and SET-
binding domain of p21, was synthesized with the extrinsic
fluorescent probe dansyl (DNS) attached to the N terminus
(DNS - p21'%5-1%4) to allow us to examine its affinity for the three
different proteins in a fluorescence study. Extrinsic fluorescent
probes are well-suited for this purpose because their excitation
wavelength is different from those of intrinsic aromatic amino
acids and their emission wavelengths are sensitive to the
environment. The relative binding affinity of DNS - p21'4>-1% for
CaM, PCNA, and SET was determined by titration of peptide
solutions with increasing concentrations of each protein in the
presence and in the absence of Ca2*. When the dansyl group of
free DNS —p21'5-164 js selectively excited at 330 nm, an emission
maximum (4,,,,) is observed at 518 nm. The fluorescence of the
DNS - p21'45-16* peptide is sensitive to protein binding. The
binding curves to each protein (Figure 1) are monophasic, very
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Figure 1. Binding of the proteins CaM (triangles), PCNA (circles), and SET
(squares) to DNS —p21'#-1%* over a range of protein concentrations in the
presence (full symbols) and in the absence (empty symbols) of 5 mm CaCl,, as
measured by the relative fluorescence intensity (see the Materials and Methods
Section) of the dansyl fluorescent probe.

similar in shape, and they reach a plateau at different protein/
peptide concentration ratios. We obtained different values for
Amax @and for the relative increase in fluorescence intensity (Fp—
see the Materials and Methods Section) for each protein in the
bound state (Table 1). These results suggest that the fluorescent
probe is more exposed to solvent when bound to PCNA and SET
than when bound to CaM. The binding of DNS - p21'5-1%4 to CaM
is Ca2* dependent (Figure 1), however the peptide binds to
PCNA and SET protein in the presence or absence of Ca?* with
identical binding affinity constants. By analysis of the binding
curves,’?® it could be derived that DNS - p21'#-'%* binds to CaM,
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Table 1. Fluorescence parameters of DNS—p21'#-'5 in the free and bound
states.[

Free in solution CaM PCNA SET
Do [NM]®! 518 492 502 508
FR 1 5.8 2.9 4.2

[a] The fluorescence parameters were obtained from the fluorescence
emission spectra of DNS-p21''%* in the absence (free) and in the
presence of a saturating concentration of each protein (bound state, see
text and Figure 1). [b] The wavelength maximum for each spectrum was
estimated by measuring the wavelength of the mid-point at two-thirds the
height of the spectral band.” [c] Relative fluorescence intensity (Fg) values
were calculated as the ratio between the fluorescence emission maximum
of the spectrum for the bound state and the same value of the spectrum
obtained for the peptide in the absence of protein.

PCNA, and SET with stoichiometry (peptide:protein) and appa-
rent dissociation constants (Ky,,p) of 1:1, Ky a0, = 1.7 x 1076m; 2:1,
Kgapp =24 x107%m; and 10:1, Ky,,,=1.6 x 107 m, respectively.
The data obtained for the interaction between DNS - p21™5-164
and PCNA are consistent with data reported previously on the
interaction p21-PCNA,"* 24 within the error boundaries of the
experiments. In these previous works, the dissociation constant
for the peptide p21'1-1° was accurately determined by means of
isothermal titration calorimetry to be 8.8 x 108w with a
stoichiometry of 1:1, which is confirmed by the crystal structure
of the complex.

Structural characterization of the p21'4>-'% peptide in
different environments

The ability of a polypeptide sequence to populate different
conformational spaces when bound to different proteins,
structural changes which in vivo should be triggered by the
target protein, can be analyzed in vitro by means of conforma-
tional analysis in the presence of secondary structure inducers.

We determined the solution structure of the p21'*-1% peptide
in plain buffered solutions and in the presence of 2,2,2-
trifluoroethanol (TFE) and sodium dodecyl sulfate (SDS). The
CD spectra of the peptide show an unordered structure
(Figure 2 A). Similar results have been obtained for a synthetic
peptide that covers the 39 C-terminal amino acids of p21.12% In
order to assay the propensity of the peptide to be induced to
form a defined secondary structure, the CD spectra were also
recorded in the presence of TFE, a solvent known to induce
helicity in single-stranded potentially o-helical polypeptides,?”
or in submicellar concentrations of SDS, which is considered a
template that would stabilize 3-sheet conformations depending
on the polypeptide microenvironment.”?” 281 At TFE concentra-
tions as low as 20%, p21'*-'%* was induced to form an a helix
(Figure 2 A). In the presence of 1.5 mm SDS, however, the peptide
was induced to fold into a B-sheet conformation (Figure 2A).
Increased concentrations of TFE further stabilized the a-helical
conformation and the presence of an isodichroic point at 204 nm
suggests that no significant portion of the peptide molecules
present in the solution populate conformations other than the
random coil and a helix. In contrast, the conformational behavior
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Figure 2. Structural characterization of the p21'#-%* peptide in different
environments. A) Far-UV CD spectra of the peptide at a concentration of 50 um in
5 mm MOPS/NaOH, 120 mm NaCl, pH 7.0 (light grey line); in the presence of 20 %
TFE (medium grey line); 40 % TFE (black line); and in the presence of 1.5 mm SDS
(thin black line). B) NMR analysis of the peptide in the presence of 20% TFE.
Observed conformational chemical shift increments for 'H (A8'Ha) and for 3C
(A8"3Ca) relative to the chemical shifts of random peptides. The one-letter code
for the amino acids is used for the peptide sequence on the x axis.

in the presence of increasing concentrations of SDS is more
complex. When SDS is present in the solution as a monomer
(SDS concentrations below the critical micellar concentration,
cmc) the peptide is stabilized in a f-sheet conformation
(Figure 2A). However, when SDS is in a micellar form (SDS
concentrations above the cmc) the energetically stabilized
conformation is an a helix (data not shown).

The NMR spectra for the peptide p21'45-'%* were recorded in
aqueous solution and in 20% TFE. Unfortunately, at the high
peptide concentrations required for NMR spectroscopy, the
presence of low concentrations of SDS induced unspecific
aggregation that precluded NMR analysis under these condi-
tions. Sequential assignments were obtained from the “finger-
print” region of the two-dimensional TOCSY, ROESY, and NOESY
spectra as previously described.? The adoption of a defined
preferential secondary structure by a peptide induces significant
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and specific chemical shift changes in both 'H and '*C nuclei that
can be used to quantify secondary structure populations. In
particular, an a-helical conformation is characterized by upfield
and downfield shifts of the H, and C, nuclei, respectively.
Therefore, one can measure the deviation of the experimental
chemical shifts from those attributed to random coil conforma-
tion for each residue to analyse the conformation of the
peptide.B% The peptide adopts a random structure (data not
shown) in buffered solution. However, the polypeptide appeared
to populate an a-helical conformation in 20% TFE solution, as
defined by the analysis of the conformational chemical shifts of
'H, and C, (Figure 2B) and by the presence of H,-NH NOE
connectivities between the residues Ser146 - Asp149, Ser146 -
Phe150, Met147 —Phe150, Thr148-Tyr151, Ser153 - Arg156, and
Arg155-Phe159.

An extended structure at the C terminus of p21 is required for
binding to PCNA and SET but not to CaM

We have seen that the C-terminal peptide of p21, p21'%-1%4, can
adopt different conformations depending on the environment.
The peptide, disordered in aqueous solution, folds into an
amphipathic a helix in the presence of TFE (Figures 2 and 3 A)
and into an extended B-sheet conformation in the presence of
monomeric SDS (Figure 2A). It has been reported that the
extended conformation is also induced when the peptide is
bound to PCNA. Residues His152 to Ser160 form a [} sheet with
the interdomain connector loop of PCNA and residues Ser146 to
Tyr151 are folded into a short 3,4 helix (Figure 3B) that adapts to
fit a hydrophobic pocket present in PCNA.'3!

To further corroborate the importance of the structural
plasticity of the p21 C-terminal sequence upon binding to the

A
K P164
K R KP164
TI45SMTDF YHIS2SKRRLIF S160
3, helix
KR KP164
c

TI4SPKTPKY|/HI52SKRRLIF S160

Figure 3. A) Helical wheel representation of p21'%-'%. The proposed hydro-
phobic face of the helix is circled. B) Schematic depiction of the conformation
adopted by p21'#-1%* when bound to PCNA, adapted from ref. [13] C) Schematic
representation of the mutant peptide (PK),p21'%7'%* in a putative extended
conformation.
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target proteins, we designed a p21'*-'%* mutant peptide with
restricted structural plasticity. Thus, peptide (PK),p21'%-1%* (Fig-
ure 3C) has a four amino acid replacement at the N terminus
(Ser146Pro, Met147Lys, Asp149Pro, and Phe150Lys) that pre-
cludes induction of an amphipathic a-helical conformation but
can still be induced to fold into an extended {3-sheet conforma-
tion from residue His152 to Ser160. The peptide was used in pull-
down experiments to determine whether or not it is able to bind
to the p21 target proteins analyzed in this work. The results
suggested that PCNA and SET were able to bind to the mutant
peptide (Figure 4A). In contrast, as expected from its binding

A p21145-1 (P, p21 145184
B NB B NB

5ET| [ |
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B p21Ms-164  (PK),p2q14s-tes
Ca? EGTA Ca* EGTA
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Figure 4. A) Binding of SET and PCNA to peptide (PK),p21. The binding of purified
SETor PCNA to p21'5-1% or (PK),p21'%-15 peptides coupled to sepharose 4B beads
was analyzed by pull-down experiments. The amount of SET and PCNA bound (B)
or not bound (NB) to the beads was analyzed by gel electrophoresis. B) Binding of
CaM to peptide (PK),p21'%-%%. The binding of purified CaM to p21'%-'% or
(PK),p21'%5-16% beads was analyzed by pull-down experiments in the presence of
Ca*" or the Ca?* chelator ethylenediaminetetraacetic acid. The amount of CaM
bound (B) or not bound (NB) to the beads was analyzed by gel electrophoresis.
C) Far-UV CD spectra of the mutant peptide (PK),p21'%-'%* in different environ-
ments. The spectra were recorded at a peptide concentration of 50 um in 5 mm
4-morpholinepropanesulfonic acid (MOPS)/NaOH, 120 mm NaCl, pH 7.0 (light grey
line); in the presence of 20 % TFE (medium grey line); 40 % TFE (black line); and in
the presence of 1.5 mm SDS (thin black line).

requisites, CaM did not bind to this peptide (Figure 4B), probably
because (PK),p21'*-'%* cannot be induced to fold into the
required amphipathic a helix. In fact, when the mutant peptide
was analyzed by CD spectroscopy (Figure 4 C) the results showed
that the peptide has a random conformation in buffer and a
highly diminished ability, when compared to the original
p21'4-164 peptide, to fold into an a helix in the presence of
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TFE. Interestingly enough, the peptide showed the finger-print
CD spectra of a B-sheet conformation in the presence of 1.5 mm
SDS.

Discussion

The cell cycle receives and integrates signals from diverse
growth regulatory pathways ensuring that the cell grows only in
the presence of the appropriate signals. Cell-cycle progression is
driven by CDKs that in addition receive and integrate the growth
regulatory signals that are targeted to the cell cycle. The CDK
inhibitor p21 negatively regulates cell-cycle progression and
enforces a cell-cycle arrest when over-expressed in a cell.? 3" |n
addition, p21 has long been known to bind to PCNA and more
recently it was found to bind many other regulatory proteins,©?
in particular CaM and SET.M"" '@ Given the increasing number of
proteins reported to bind to p21 and the fact that the protein is
highly disordered in the absence of a defined target protein, 33!
it is plausible that binding to the target proteins relies on the
structural plasticity of p21, which confers upon it the ability to
adapt to different recognition motifs.

The N-terminal domain of p21 contains the kinase inhibitory
domain and undergoes a disorder-to-order transition upon
binding to CDK2."! Furthermore, we have shown here that a 20-
mer peptide (p21'-'%%) from the C-terminal domain of p21 is
disordered in solution although the peptide can be easily
induced to fold into different secondary structures depending
on the environment. Low TFE concentrations induced an a-
helical conformation while monomeric SDS induced a (3-sheet
conformation. The ability of the p21'%-% peptide to be
stabilized in different conformations could explain how this
peptide is able to bind to PCNA in an extended structure
(Figure 5A)1"3 as well as to CaM, which only binds to a-helical
peptides.'*'8 Although the detailed structure of the p21'45-164—
CaM complex is not available at the moment, a model structure
was obtained by using the CHARMM molecular modeling
program. Initially, the p21'%-'®* peptide was modeled to fold
into a canonical a-helical conformation (see the Materials and
Methods section). Figure 5B shows the superposition of the a-
helical conformations obtained for modeled p21'%-'%* and the
myosin light chain kinase (MLCK) peptide (see the Materials and
Methods section). The p21'45-1%*—CaM complex (Figure 5C) was
generated by superimposing the a-helical conformations of the
constructed p21''%* model and the MLCK peptide to form the
complex MLCK - CaM in such a way that the two Phe residues,
present and equidistant in the two peptides, are aligned. The
output of the model suggests that the p21'*>-%4 peptide could fit
into the CaM binding groove in a similar way to other CaM-
binding peptides.*® The interaction between CaM and p21
could be related to the nuclear translocation of p21. It has been
shown that CaM is essential to induce translocation of p21 to the
cell nucleus" and we are currently exploring the hypothesis that
the binding of CaM to p21'*-'* could be used to expose the
nuclear localization sequence necessary for translocation.!%

The cellular role of the oncoprotein SET is still an open
question. SET interacts specifically with B-type cyclins but not
with cyclin AB% and we recently reported that this binding of SET
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Figure 5. A) Ribbon diagram of the PCNA monomer (grey) with bound p21
peptide (blue), adapted from ref. [13] B) Superposition of the backbone a-helical
conformations obtained for p21'#-15 (black) and for the conformation of the 26-
residue synthetic MLCK peptide (blue) when bound to CaM (see the text for
details). The side chains of Trp4, Phe8, and Phe17 from MLCK that fit into
hydrophobic pockets of CaM,?¥ and Phe150 and Phe159 from p21'4-1%4 are
depicted. C) Cartoon of the modeled p21'%-'%(blue) — CaM (grey) complex.

to cyclin B inhibits cyclin B— CDK1 activity.?? SET has been found
to be identical to template-activating factor I (TAF-I), a host
protein necessary for DNA replication of the adenovirus
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genome.B® The structure of TAF-I has not been solved at atomic
resolution although it has been shown that the protein isolated
from Hela cells exists as a dimer.5” It has been proposed that the
dimerization motif resides in the N-terminal region of the
protein, which shows a high probability for formation of a-
helical coiled-coil structure.®” The C-terminal domain of SET/
TAF-I is characterized by the presence of a long acidic tail
predicted to adopt a random structure under physiological
conditions. We have recently found that this acidic C-terminal
domain of SET binds to p21'*-'%4; however, another binding
domain is also present in the central region of SET (aa 81-
180).22 Complex formation would induce the stabilization of a
[-sheet conformation in the C-terminal domain of p21. Two lines
of evidence support such a hypothesis. First, the fluorescence
spectrum of DNS-p21'-1% bound to SET shows a A,,,, value
(Table 1) that suggests a partially solvent-exposed location
similar to that obtained for the peptide bound to PCNA, which
has been shown to bind to the surface of the protein.'¥ Second,
the SET protein binds to the mutant peptide (PK),p21'4-164
(Figure 4 A), which has been demonstrated to retain the ability
of the original p21'-1%* peptide to be induced to fold into a f3-
sheet conformation but not into an a-helical conformation
(Figure 4B).

In conclusion, our data suggest that the C-terminal domain of
p21 recognizes multiple ligands through its ability to adopt
multiple conformations dictated by tertiary contacts rather than
by its primary sequence. This may allow p21 to interact with a
diverse set of proteins during the process of cell-cycle pro-
gression. Our study provides insights into how this flexible
module may control multiple molecular events leading to the
control of cell growth and replication. These results reinforce the
view that the lack of a regular backbone fold in intrinsically
unstructured proteins can allow the backbone to serve as a
molecular scaffold for a broad range of intermolecular inter-
actions.

Materials and Methods

Materials: Deuterium oxide (°H,0) and d;-TFE were obtained from
Cambridge Isotopes Labs (Cambridge, UK). All other chemicals were
purchased from standard suppliers. The peptides used in the study
described herein were synthesized at the peptide synthesis facility of
the University of Barcelona.

Expression and purification of recombinant proteins: A pGEX-KG
vector containing SET, and the PET vector containing the PCNA-His
tag were transformed into BL21(DE3)-strain Escherichia coli carrying
the pLysS plasmid. Expression and purification of the proteins were
performed as previously described by using glutathione-affinity"? or
Ni-affinity chromatography according to the manufacturer recom-
mendations (Novagen). Glutathione-S transferase (GST) was cut off
from SET by digestion with thrombin protease according to the
manufacturer recommendations (Sigma). Human recombinant CaM
was also expressed in Escherichia coli and purified as previously
described.®®

Pull-down experiments: Pull-down experiments were performed as
previously described.""! Peptides p21'45-'%* and (PK),p21'4>-'%* were
coupled to BrCN-activated sepharose 4B (Amersham Pharmacia
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Biotech), as indicated by the manufacturer. Samples (1 -4 pg protein)
were incubated with immobilized peptides (2 ng) in the binding
buffer (50 mm tris(hydroxymethyl)laminomethane (Tris)-HCI, pH 7.4,
150 mm NaCl, 1 mm dithiothreitol, 1% Triton X-100) for 2 h at room
temperature. The beads were then extensively washed with binding
buffer. The unbound fraction was the supernatant of the first wash.
The bound fraction was extracted from the beads with Laemmli
sample buffer. Unbound and bound proteins were analyzed by SDS-
polyacrylamide gel electrophoresis followed by Coomassie Blue
staining.

Fluorescence spectroscopy: Peptide concentration was determined
by UV spectrophotometry with &5;,=4640m~'cm™' for the dansyl
group.B¥ Steady-state fluorescence measurements were carried out
at 20°C on a Perkin — EImer (Beaconsfield, UK) LS-5B spectrofluorim-
eter. The buffer contained MOPS-NaOH (5 mm), NaCl (120 mm), pH 7.0.
The peptide - protein binding experiments were carried out in the
presence of CaCl, (5 mw) or in the presence of ethylenediaminetetra-
acetic acid (1 mwm) for those experiments that required a Ca**-free
buffer. Fluorescence emission spectra of the dansyl group were
obtained by excitation at 330 nm. The wavelength shifts were
estimated as changes of the wavelength of the mid-point at two-
thirds the height of the spectral band. The binding of DNS — p21'4>-164
to CaM, PCNA, and SET was quantitatively analyzed by using the two-
state model® and assuming that the peptide is either free in
solution or bound to the protein in a unique state. This model allows
the estimation of the apparent dissociation constant, Kj,,,. The
fluorescence intensity increases in the presence of the target protein
and allows an experimental estimate to be made of the characteristic
change in intensity for the peptide when it is totally bound (/,,,,,) from
a double-reciprocal plot of (/—/y)/l, versus [protein], where / is the
fluorescence intensity upon binding to the target protein, and /, is
the intensity of fluorescence of the free peptide at the same
wavelength. The expression (I —Iy)/(l..x — I,) defines the fraction of
peptide bound.

Circular dichroism spectroscopy: All measurements were carried
out on a Jasco J-810 CD spectropolarimeter, in conjunction with a
Neslab RTE 110 waterbath and temperature controller. CD spectra
were the average of a series of ten scans made at 0.2-nm intervals.
CD spectra of the same buffer (or in the presence of TFE or SDS, as
described in the figure legends) without peptide were used as the
baseline in all the experiments. The peptide concentration was
obtained by quantitative amino acid analysis.

NMR spectroscopy: NMR spectra were recorded on a Bruker Avance
spectrometer operating at 500 MHz. Samples were prepared at a
peptide concentration of 2.5 mm in two solvents: neat water and
water containing 20% TFE. The spectra were acquired at 288 K.
Water-signal suppression was achieved by using the WATERGATE
sequence.* Phase-sensitive DQF-COSY,*" TOCSY,*? and ROESY*3!
were used for sequence-specific assignments. HSQCH*4 and HMQC™*!
experiments were performed to assign C, chemical shifts. TOCSY and
ROESY spectra were recorded by using the MLEV-17 spin-lock
sequence. Mixing times for TOCSY spectra were 15 and 80 ms. Mixing
times for ROESY experiments were 250 and 300 ms. The number of
scans varied between 32 and 64, the number of t; increments
between 512 and 1024; the number of points in the t, dimension was
2048. 'H resonances were assigned by using standard procedures.”

Generation of structure models: The structure of the complex
p21'45-164_ CaM was constructed with the CHARMM program.! The
starting structure of p21'#-'% was modeled as a canonical a helix
and subjected to energy minimization. Superimposition of the a-
helical conformation obtained for p21'%-%* on the bound-to-CaM
conformation of a 26-residue synthetic peptide comprising the CaM
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binding domain of skeletal MLCK peptide (Protein Data Bank
accession number 2BBM)34 yielded a preliminary model of the
complex. After replacement of the original peptide by p21'45-'%4 the
coordinates of the C, atoms of the complex were fixed in the original
positions and minimized by 1000 steps of Steepest Descents
algorithm. Then 1000 additional steps of Steepest Descents and
10000 steps of the Adopted Basis Newton — Raphson algorithm were
applied with the C, atoms free. The p21'-'%—-CaM complex
rendered an energy convergence similar to that obtained when
the same procedures were applied to the original MLCK-CaM
complex. The figures were produced by using the program
MOLMOL.%7
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NMR Chemical Shift Perturbation Study of the
N-Terminal Domain of Hsp90 upon Binding of
ADP, AMP-PNP, Geldanamycin, and Radicicol**

Alexander Dehner, Julien Furrer, Klaus Richter, loana Schuster, Johannes Buchner,

and Horst Kessler*!

Hsp90 is one of the most abundant chaperone proteins in the
cytosol. In an ATP-dependent manner it plays an essential role in
the folding and activation of a range of client proteins involved in
signal transduction and cell cycle regulation. We used NMR shift
perturbation experiments to obtain information on the structural
implications of the binding of AMP-PNP (adenylyl-imidodiphos-
phate—a non-hydrolysable ATP analogue), ADP and the inhibitors
radicicol and geldanamycin. Analysis of "H,">N correlation spectra
showed a specific pattern of chemical shift perturbations at N210
(ATP binding domain of Hsp90, residues 1-210) upon ligand
binding. This can be interpreted qualitatively either as a conse-
quence of direct ligand interactions or of ligand-induced con-
formational changes within the protein. All ligands show specific
interactions in the binding site, which is known from the crystal

Introduction

The molecular chaperone Hsp90 is known to assist a specific set
of substrates, such as steroid hormone receptors and tyrosine
kinases, in achieving suitable conformations."* The mechanism
of this reaction is poorly understood, but recent studies have
indicated that the hydrolysis of ATP by the N-terminal domain of
Hsp90 is necessary to perform this task in vivo.>”) Hsp90
functions as a dimeric protein with a dimerization domain
localized at the very C-terminal end of the C-terminal domain. It
has been shown that N-terminal fragments of Hsp90 are
monomeric and that ATP does not alter the oligomerization
behaviour of these fragments.® In contrast, ATP binding to full-
length Hsp90 leads to a transient dimerization of the N-terminal
domains and their association with the middle domain, followed
by stimulation of ATPase activity.® % This N-terminal dimerization
is achieved by a “strand swapping” mechanism, involving the
first 24 amino acids of the N-terminal domain.'® The N-terminal
ATP-binding domain was subsequently found to have homology
to other related ATPases such as Gyrase B and MutL" and thus
these proteins were grouped into the superclass of GHKL-
ATPases (Gyrase, Hsp 90, Kinase, MutL, histidine kinase CheA).l'?
The ATPase activity of Hsp90 can be inhibited by natural
substances such as geldanamycin and radicicol, which bind to
the nucleotide binding site with high affinity. Binding of these
inhibitors to Hsp90 has been shown to revert the tumour

870

structure of the N-terminal domain of Hsp90. For AMP-PNP and
ADP, additional shift perturbations of residues outside the binding
pocket were observed and can be regarded as a result of
conformational rearrangement upon binding. According to the
crystal structures, these regions are the first a-helix and the “ATP-
lid” ranging from amino acids 85 to 110. The N-terminal domain is
therefore not a passive nucleotide-binding site, as suggested by
X-ray crystallography, but responds to the binding of ATP in a
dynamic way with specific structural changes required for the
progression of the ATPase cycle.

KEYWORDS:

ATPase - chaperone proteins - inhibitors - NMR spectroscopy

- protein - ligand interactions - protein structures

phenotype of src- and ras-related oncogenic growth.!'> ' This is
accomplished by the release of substrates from the inhibited
Hsp90 and subsequent degradation of at least some of these
proteins.['5-17]

Hsp90 is known to undergo large conformational changes
during the ATPase cycle, involving the C-terminal regions of the
ATP-binding site,"® ' which are also required for efficient
progress of the ATPase reaction. The movements undergone
during the ATPase cycle of Hsp90 seem to be important for the
interaction of partner proteins and the chaperoning of substrate
proteins.

At present, X-ray crystallographic structures of the N-terminal
nucleotide-binding domain from yeast and human Hsp90 in
complexation with ADP, ATP, radicicol, and geldanamycin are
known."” 20211 Al ligands have been shown to bind in a deep

[a] Prof. Dr. H. Kessler, Dipl. Chem. A. Dehner, Dr. J. Furrer, Dr. K. Richter,
I. Schuster, Prof. Dr. J. Buchner
Technische Universitdt Miinchen
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E-mail: Kessler@ch.tum.de

[**] AMP-PNE, adenylyl-imidodiphosphate.
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Implications to the Structure of Hsp 90 upon Ligand Binding

pocket made up of two a-helices with the central -sheet as its
base. For ATP and ADP, the nucleotide adopts a unique kinked
conformation not observed for any other type of ATP-binding
protein. In this conformation, the y-phosphate points outside
the protein, and is the only solvent-accessible part of the
nucleotide. Unexpectedly, in crystal structures of the N-terminal
domains, ligand binding did not result in detectable conforma-
tional changes.” 2021

To gain insight into the different effects of ligand binding to
the N-terminal domain of Hsp90 (N210, residues 1-210), we
compared the chemical shift perturbation patterns of the
N-terminal domain in complexation with ADP, adenylyl-imidodi-
phosphate (AMP-PNP, a non-hydrolysable ATP analogue), ©
radicicol, and geldanamycin by NMR spectroscopy. Our results
show that ligand binding results in specific chemical shift
patterns of the residues within the binding pocket and in
surrounding regions, which can be assigned to distinct direct
interactions or conformational rearrangements.

Results

To analyse the consequences of ligand binding of the N-terminal
domain of Hsp90 we initially assigned the 'H, *C, and N
backbone resonances of the free 2H/'*C/"N-labelled N210
protein by a set of triple resonance experiments (see Exper-
imental Section). All assignments have been confirmed by a
recently published backbone signal assignment of a Hsp90
construct comprising amino acids 1 to 207.22 This provided the

FULL PAPERS

basis for analysis of the interaction of ATP, ADP and the
competitive inhibitors geldanamycin and radicicol with N210.
The 'H,°N-correlation spectrum of a protein and its specific
pattern can be regarded as a fingerprint of its structure. Changes
in resonance frequencies of individual nuclei are due to different
electronic and/or conformational environments. Perturbations of
>N and HN chemical shifts of a protein upon complexation with a
ligand are a qualitative tool for mapping of residues involved in
binding sites and/or identifying conformational rearrange-
ments.1?>-2%1 However, there is no quantitative correlation of the
size of the induced shift with the strength of binding or the
conformational rearrangement. In addition, complete disappear-
ance of peaks can occur upon complexation, and this has to be
taken into account when analysing the data. Since these effects
can extend beyond the binding site, a comparison of the
chemical shifts of all cross-peaks in the presence and in the
absence of ligands is required for correct definition of the area of
the protein directly involved in binding and those only indirectly
perturbed as a result of conformational rearrangements.

In Figure 1 we show a superposition of the 'H,">N HSQC™?"! of
free N210 (red contours) and ADP-bound N210 (blue contours).
Titration of N210 with ADP (also with AMP-PNP, radicicol, and
geldanamycin; data not shown) produced severe shifts in several
cross-peaks in the 'H,””N HSQC spectrum, while the large
majority of peaks were rather slightly affected. Because of the
strong binding constants of the nucleotides and the inhibitors,
the complexes are long-lived on the NMR chemical shift
timescale (r>10ms), which resulted in the production of a
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Figure 1. Superposition of the 'H,”>N HSQC spectra of free N210 (red contours) and N210/ADP complex (blue contours) with an expanded view recorded on a Bruker
spectrometer (750 MHz 'H frequency). Cross-peaks are labelled at their position in the free N210 (red). Both samples contained approximately 550 um Hsp90 in 40 mm
phosphate buffer (pH 7.5) in 90% H,0/10% D,0. Spectra were recorded at 298K.
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second signal set, instead of a progressive signal shifting during
the titration experiments. It is therefore not possible to trace the
signals from the free state to the complexed state as is feasible
for binders of lower affinity. A classical assignment would have
required a set of triple resonance experiments and triple-labelled
N210 for each ligand complex. Because of the low sample
stability, we decided to use a different strategy,?® in which
chemical shift perturbations of the N210 complexes were
determined through the minimum deviation between each
position of the free and the complexed peak in the ™H,”>N HSQC
spectra.”® Using the disappearance of a signal and by identifying
the next neighbour we determine the minimal induced shift due
to complexation of each residue.

To prevent chemical shift changes because of fast hydrolysis of
ATP to ADP in the 'H,"*N correlation spectra we used the non-
hydrolysable AMP-PNP for the perturbation experiments.””) In
Figure 2, changes in chemical shifts are displayed through the
use of the normalised weighted chemical shift average® A,,
between the free N210 and its complex with AMP-PNP, ADP,
radicicol, and geldanamycin. Titration of all four ligands to ">N-
labelled Hsp90 caused significant chemical shift perturbations
and disappearance of individual resonances in the 'H,”>°N HSQC
spectra, while the chemical shifts of the remaining signals were
affected only slightly or not at all.

The results for the AMP-PNP ligand are depicted in Figure 2a.
Three defined regions show severe chemical shift changes. The
first is situated in the so-called binding pocket of Hsp90
(Figure 3), which, according to the crystal structure determined
for the N210/ATP compilex, is the main interaction surface of the
protein.”? The largest chemical shift perturbations can be found
for residues Gly81, Gly83, Asn92, Leu93, Gly94, lle117, Gly118,
Gly121, Val122, and Gly123, as well as the peaks of lle77 and
lle96, which could not be followed upon complexation. The
second region perturbed as a result of AMP-PNP binding is the
very N-terminal part encompassing the first (Ala10-Thr22) and
the second (Glu28 - Leu50) a-helices, which surround the central
binding pocket. In these helices, Ala12, Leul5, Ser17, lle20,
Arg32, Glu33, Ala38, Ser29, Ala41, and Lys44 show significant
shift changes, whereas the signal for Asn21 could not be
followed. The third region is situated in the (3-sheets forming the
C-terminal part (150-210) of N210 and the base of the binding
pocket (residues lle77, Asp79, Val136, Ser138, Thr171, and lle173;
Figure 3). In particular, residues Glu144, Asn151, Ser155, lle172,
Leu173, Lys178, and Lys191 show significant shift perturbations,
whereas the signal for lle167 completely disappears.

The results for the ADP-N210 complex are presented in
Figure 2b. Despite localised differences, the overall chemical
shift perturbation pattern is similar to that described above for
the AMP-PNP complex, not unexpected in view of the very
similar chemical structures of the nucleotides. The largest
chemical shift changes due to complexation are localized in
the binding pocket and in the surrounding N-terminal a-helices
(Ala10-Thr22, Glu28 - Leu50) and C-terminal 3-sheets (Arg133 -
Lys139, Tyr146 - Pro150, Ser155-Leu160, and Gly170-Leu177).
The signals for residues Asn21, Glu28, and Ser36 in the first o-
helix and for Glu144 and Thr157 in the C-terminal part could not
be followed upon ligand binding. Significant differences be-
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Figure 2. Average chemical shift perturbation of 'H and >N chemical shifts of
N210 given by A,, = [(483 + A83%/25)/2]'2 [ppm] against residue number upon
titration with: a) AMP-PNP, b) ADF, ¢) radicicol, and d) geldanamycin. Negative
bars indicate amino acids that could not be unambiguously assigned in the
ligand complex. The secondary structure is given by bars indicating a -strand
and circles indicating a helix. Dotted lines represent the lower boundary for colour
coding in Figure 5.

tween AMP-PNP and ADP binding occur for residue Gly121,
which is strongly affected upon AMP-PNP binding, and residues
Asn21, Thr85, and Leu93, which are more perturbed upon ADP
binding.

The results for the radicicol-N210 complex are shown in
Figure 2c. The overall chemical shift perturbation map is differ-
ent from that described above for AMP-PNP and ADP, which
indicates that radicicol binding leads to different effects within
the ATP binding domain of Hsp90. While some residues—

www.chembiochem.org ChemBioChem 2003, 4, 870-877
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namely, lle77, Gly81, 1le82, Gly83, Asn92, and Gly93—show
strong chemical shift perturbations, the overall binding pocket is
less affected by radicicol binding than in the cases of AMP-PNP
and ADP. In addition, the shift changes observed within the two
surrounding o-helices (Ala10-Thr22, Glu28-Leu50) remain
rather weak. In contrast, the residues belonging to the
Ser126-Asp132 loop region and the four (3-sheets (Arg133-
Lys139, Tyr146-Pro150, Ser155-Leu160, and Gly170-Leul177)
forming the base of the binding pocket are more strongly
affected.

Of the four discussed ligands, the strongest chemical shift
perturbations overall were induced by geldanamycin (Fig-
ure 2d). The shift changes within the binding pocket are large,
the signals of residues Gly94, Gly121, and Val122 being especially
strongly affected. In addition, the signals of lle82 and Asn92
could not be followed, which is not the case for AMP-PNP, ADP,
and radicicol binding. Similarly to AMP-PNP and ADP complex-
ation, the shift differences for the residues within the two
surrounding a-helices (Ala10 - Thr22, Glu28 — Leu50) are strongly
affected and the signal for Ala39 is completely absent. The
residues in the (3-sheet belonging to the base of the binding
pocket (Arg133-Lys139, Tyr146-Pro150, Ser155-Leul160, and
Gly170-Leu177), however, are perturbed in a manner similar to
that produced by radicicol binding.

Discussion

The binding of ATP to the N-terminal domain of Hsp90 marks the
beginning of the ATPase cycle, which results in the hydrolysis of
the nucleotide through a coordinated series of conformational
changes."™ These changes involve as a critical transient state a
conformation in which the N-terminal domains dimerize in the
presence of ATP—and also in that of AMP-PNP.2 8930 |n this
state, it is speculated that at least a part of the N-terminal a-helix
is swapped from one N-terminal domain to the other!®
Furthermore, the ATP molecule becomes trapped inside the
protein, possibly by interactions of the

N-terminal with the central domain."”

these sites onto the three-dimensional structure of N210
determined by X-ray crystallography (Figure 3) provides the
structural basis for the described chemical shift perturbations.
Significant shift deviations of signals belonging to residues not
coincident with the binding site can be interpreted as conforma-

Leus0 ~

\ 23 Gly121

Figure 3. Ribbon representation of the binding pocket of Hsp90. Residues in
orange represent the helices 28 - 50 and 85 — 94, and the loops 117 - 124 and 81 -
85. Residues in blue are residues 77, 79, 136, 138, 171, and 173 in the base-forming
B-sheet.”)

tional flexibility induced by ligand binding (Figure 4). Even
though all four ligands are known to bind to the same site of the
protein in competition with each other, the effects on the
N-terminal domain of Hsp90 are different. The front and back
views of N210 displayed in Figure 5 use colour-coding to denote
amino acids significantly affected upon binding of AMP-PNP,
ADP, radicicol, and geldanamycin. As expected, the strongest
induced chemical shift changes for all four ligand complexes
occur within and around the binding pocket. In particular, the
loop 81 -85, the helix 85-94 and the loop 117-124 are most
strongly affected, being in direct contact with the ligands. In

These conformational changes require 2 mommm b prp— - - geldanamycin
ligand-specific behaviour of the ATP-bind-

ing domain that cannot be explained on man LRI L == radicicol

the basis of the crystal structures in the

complexed state, since no differences in | — . — - " mme ADP

the conformation relative to the free state S — . mm s = = |AvP-PNP
were observed./ 20!

The purpose of the NMR data present- — — binding pocket
ed here is to explore the ligand-binding (X-ray)
site and additional conformational effects
of the N-terminal domain of Hsp90 due to ) Ohelix
binding of AMP-PNP, ADP, radicicol, and @ --%ﬁf% -—— i shoot

geldanamycin. Chemical shift perturba- R R

1 1 1 1 | 1 1 I L 1 | | | | 1

tions are a qualitative tool with whichto 0 20 40
detect changes in the electronic environ-
ments of specific nuclei that could result
either from a direct ligand interaction or
from a conformational rearrangement
around the observed nuclei. Mapping of
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Figure 4. Comparative representation of relative chemical shift perturbations (normalised as A,/A .= 1.0
for each ligand) larger than 4,, > 0.2 for AMP-PNP, ADF, and radicicol and 4,,> 0.11 for geldanamycin upon
ligand binding versus residue number. Chemical shift perturbations within the binding pocket are indicated by
a box. The secondary structure is given by bars indicating a 3-strand and circles indicating a helix.

873





BIO

addition, it is likely that these flexible loops undergo a
conformational rearrangement and thus experience stronger
chemical shift changes upon ligand binding. Located just

Wal130

Figure 5. Residues affected by chemical shift perturbation, mapped onto the
crystal structure of Hsp90 by use of a Connolly surface with a probe radius of 1 A.
a) Titration with AMP-PNF, b) with ADP, c) with radicicol, and d) with geldana-
mycin. The relative orientation of the protein is identical to the ribbon diagram
shown in Figure 3. The residues are coloured according to the following scheme:
residues with a relative chemical shift perturbation (normalised as A,,/A . = 1.0
for each ligand) smaller than twice the overall average (0.11 in the case of
geldanamycin and 0.20 for AMP-PNP, ADP, and radicicol) are not significantly
shifted, and are colour-coded in grey. Residues with relative chemical shift
perturbations larger than 0.60 are shown in red. Residues with relative chemical
shift perturbations between 0.20 and 0.60 are given from blue to red. Residues
which are missing in the complexed spectrum or which could not be
unambiguously assigned are shown in orange (negative bars in Figure 2).
Residues Gly94, Gly81, Gly123, and Val122 are within the binding pocket and
therefore buried by the solid surface.
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between the P2strand and the so-called “ATP-lid” region
(residues 85-110), residues Gly81, Val82, and Gly83 are signifi-
cantly perturbed upon binding of each ligand. The backbone
amide of residue Gly83 had been shown to be involved in water-
bridged hydrogen bonds with each ligand.?® These residues
belong to the “ATP-lid”, which is a part of the nucleotide binding
motif common within the gyrase, Hsp90, histidine kinase, MutL
(GHKL) superfamily."" At the end of the o’ helix of this “ATP-lid”,
the signals of residues Asn92, Val93, and Gly94 show stronger
chemical shift perturbations, especially for the titration with
AMP-PNP and ADP. In particular, the side chain carbonyl of Asn92
had been shown to make direct contacts with 02’ of the ribose
sugar of ATP and ADP2? |n contrast, the radicicol and
geldanamycin complexes do not display strong chemical shift
deviations for these residues (except for Gly94 in the case of
geldanamycin). This is in agreement with the crystal structures,
in which neither inhibitor is involved in direct contacts with
Asn92, Val93, or Gly94.2% The L4 loop (residues 95-102) ' of
this ATP-lid region remains completely invisible in the NMR
spectra and could not even be assigned in the free N210 protein,
indicating a millisecond-timescale flexibility. Taken together, our
results confirm that this loop region is subject to conformational
rearrangements upon binding of AMP-PNP, ADP, and geldana-
mycin. Another ligand-specific perturbation can be observed for
residues Gly121, Val122, and Gly123, which are also strongly
affected only upon binding of AMP-PNP, ADP, and geldanamycin.
Figure 6 illustrates a ribbon representation of this region,
showing the localizations and orientations of ADP, radicicol,
and geldanamycin. With regard to the conformation and the
smaller size of ADP, it is likely that the additional y-phosphate
group of bound ATP is involved in water-bridged contacts with
these residues, in particular with the carbonyl group of Gly121
and the amide proton of Gly123. These direct interactions are
reproduced by geldanamycin, with HN of Gly123 strongly
bonding to the macrocycle,”® whereas the smaller radicicol
ligand is directed away from this loop region and therefore
exhibits weaker direct interactions with these three residues.

Several residues belonging to the base of the binding pocket
(residues 138-178) are significantly affected upon complexation
by each ligand (Figure 4). Especially, residues Val136, Ser138,
Thr171, and lle173 are particularly affected upon radicicol
complexation. Because of its smaller size, it seems to insert more
deeply into the binding pocket, which is consistent with the
crystal structure of radicicol-complexed N210.2% Residues lle77
and Asp79 are also part of the binding pocket base. The
interaction of the exocyclic ATP/ADP N6-amino group with the
carboxyl side chain of Asp79 has been shown to be critical for the
function of Hsp90 in vivo.™ & Mutation of Asp79 to Asn is sufficient
to abolish ATP-binding. Our results show that the backbone
amide group of Asp79 is perturbed by this interaction with AMP-
PNP, ADP, and with radicicol. Even though binding of geldana-
mycin resembles the binding of nucleotides?”—as it has been
observed that very similar residues are involved in the binding
reaction—the chemical shift perturbation of Asp79 backbone
amide upon geldanamycin binding is not pronounced.

The long a2 helix (Glu28 - Leu50) flanking the binding pocket
is also affected upon binding of AMP-PNP, ADP, and geldana-
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a) ADP W

AspTg

G121 ><‘ ’

G123 f

i \

b) radicicol %

c) geldanamycin Y

Figure 6. Localization of ADP (a), radicicol (b), and geldanamycin (c) within the
binding pocket with respect to the loop 117 - 124 according to the crystal
structures. Viewed perpendicular to Figure 3. Ribbon representation in blue is
given for residues Gly121, Val122, and Gly123. In addition, residue Asp79 in the [3-
sheet is displayed for orientation.

mycin. In particular, this helix contains residues, such as Glu33,
critical for the catalysis reaction. It is therefore likely that residues
in this helix form direct contacts with the bound nucleotides.
Mutation of Glu33 to Ala reduces the catalytic efficiency of full-
length Hsp90 to undetectable levels, but still allows efficient
binding of nucleotides. '® The distinct perturbation effects of
AMP-PNP, ADP, and geldanamycin on this helix again highlight
the similarity between geldanamycin binding and nucleotide
binding. In contrast, the effect of radicicol on this helix is much
less pronounced, which confirms that radicicol penetrates more
deeply into the binding pocket.

Another interesting structural element is the first helix a1
(Ala10-Thr22) of the protein. Although its chemical shift
deviations are not pronounced, this helix merits attention, as it
has been suspected to form a flexible structure that may be
involved in a “strand-swapping” reaction between the two
N-terminal domains during the ATP-hydrolysis reaction.'” Spe-
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cific chemical shift perturbations could be detected for residues
situated in this first a-helix (lle12, Leu15, Ser17, lle19, and lle20)
upon binding of AMP-PMP, ADP, and geldanamycin. The crystal
structure” of the domain suggests that these residues are
involved in conformational rearrangements together with the
loop region 90-103, which is also strongly affected upon
binding of AMP-PNP, ADP, and geldanamycin (but not radicicol).
As deletion of the first 24 amino acids does not affect nucleotide
binding to the N-terminal domain,'® direct involvement of these
residues can be ruled out, so it is likely that the observed
chemical shift deviations of these residues are the result of
different chemical environments and therefore of ligand-
induced conformational changes.

The large degree of similarity in the patterns of the chemical
shift changes of AMP-PNP and ADP binding suggests that they
have similar—though not identical—effects on the structure of
the domain. Clear differences in chemical shift perturbations
between AMP-PNP and ADP can only be observed for Gly121,
Val122, and Gly123, which may be explained by the presence or
absence of a water-bridged hydrogen bond. This observation
may point to additional effects of the other domains of Hsp90,
which have been suspected to make contact with the exposed -
phosphate residue of the ATP.'”!

The differences in chemical shift perturbations upon ligand
binding reported in this study add to our understanding of the
conformational effects induced by AMP-PNP, ADP and the
competitive inhibitors in the N-terminal domain of Hsp90.
Ligand-specific internal dynamics may be transferred to the
C-terminal domain of Hsp90 and thereby control its functionality.
Taken together, our results imply that binding of ATP to the
N-terminal domain of Hsp90 affects the conformation in a
specific way. In the light of biochemical data,’® ¥ it is reasonable
to assume that these changes are necessary for subsequent
domain interactions in the Hsp90 molecule, linking ATP hydrol-
ysis to a coordinated sequence of conformational changes
required for assisting protein folding.

Experimental Section

Protein purification and sample preparation

The N-terminal domain of Hsp90, consisting of the amino acids 1 to
210, was purified from the E. coli strain BL21 (DE3) carrying the
plasmid pET11a-N210.2" The bacteria were grown in M9-medium
(minimal growth medium)3? containing "N-labelled NH,CI (Cam-
bridge Isotope Laboratories, Andover, USA) as the sole nitrogen
source. For preparation of '*C-labelled protein, *C¢-glucose (Cam-
bridge Isotope Laboratories, Andover, USA) was used as sole carbon
source. Bacteria were grown to an ODg,, of about 0.5. Protein
induction was then started with the addition of isopropyl-3-o-
thiogalactopyranoside (IPTG, 1.5mm) and continued overnight at
30°C. Protein purification was achieved as described previously.?" In
brief, column chromatography on a DEAE-Sephadex column (Amer-
sham Biosciences, Uppsala, Sweden) was used as first purification
step. The protein was then dialysed against potassium phosphate
(40 mm, pH70) and applied to column chromatography on a
hydroxyapatite column. The flow through was further purified by
use of a Resource Q-column and a Superdex 75 PrepGrade
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(Amersham Biosciences, Uppsala, Sweden). The eluted protein was
concentrated and dialysed against potassium phosphate (40 mm,
pH 7.5), which was the buffer used for the NMR experiments.

The ?H/3C/™N-labelled protein was purified by the same procedure,
except that the bacterial growth was performed in 1L LB, medium
(luria broth)B? until an ODg,, of about 1.5 was obtained. The cells
were spun down and resuspended in M9 medium containing
’NH,Cl, *C4-glucose and 70 % D,O (Cambridge Isotope Laboratories,
Andover, USA). Bacterial growth was continued at 37°C until the
ODgyo had doubled once, and IPTG (1.5 mm) was added thereafter.
Protein expression was performed at 30°C overnight.

Samples for the NMR experiments were concentrated to about
550 um N210. Geldanamycin was a kind gift from the Experimental
Drug Division (NIH, Bethesda, USA). Radicicol was obtained from
Sigma, while AMP-PNP and ADP were from Roche Applied Sciences
(Mannheim, Germany).

NMR spectroscopy

For the sequential assignment of the N-terminal domain of Hsp90, a
uniformly *N/'*C/?H-labelled (80 %) sample (40 mm phosphate buffer,
pH 7.5) in H,0/D,0 (9:1) with a concentration of 800 um N210 was
used. All NMR spectra were acquired at 303 K on a Avance Bruker
spectrometer (800 MHz 'H frequency) equipped with a four-channel
probe and triple axis gradients. The assignments of 'H, "N, '*CO,
13Ca, and *Cf3 chemical shifts were determined by a series of TROSY-
type triple resonance experiments with 2H decoupling: HNCO, HNCA,
HN(CO)CA, HN(CA)CO, and a HN(CO)CACB.1% 33 All the experiments
were processed and analysed by use of Xwin-NMR3.5 and Aur-
elia 3.5. Sequence-specific resonance assignments were obtained
with the assignment program PASTA.B4 The obtained backbone
assignment independently confirms the recently published assign-
ment.l?2

The titration experiments were performed with uniformly 'N-
labelled N210 by use of four 600 uL samples (550 um protein,
40 mm potassium phosphate buffer, pH 7.5, 10% 2H,0), at 298 K, on a
Bruker Avance spectrometer (750 MHz 'H frequency) equipped with
a four-channel probe and triple axis gradients. The backbone
assignment deposited in the BioMagResBank (accession number
5355)22 could be completely transferred onto our spectra, which
exhibit only slight chemical shift changes for the amide resonances,
owing to different sample preparation strategies. The 'H,”>N HSQC
spectra were obtained by the fast-HSQC method,”” in order to
obtain a suitable signal to noise ratio for the water-exchangeable
amide protons and good water suppression, which was carried out
by use of the WATERGATE sequence.B> 3¢ A total of 2048 complex
points in t, with 512 t, increments was acquired, with 16 scans for
each increment. The spectral width used was 12.818 ppm for 'H and
39.15 ppm for °N. The NMR data were processed with the Bruker
program package XWin-NMR Version3.5 and Sparky Ver-
sion 3.106.57 38 Zero-filling, Gaussian (t,) and 90° shifted sine-bell
apodisation (t;) were applied prior to Fourier transformations, and
subsequent baseline corrections were performed in both dimen-
sions.

Titration experiments

The titration experiments were carried out with the non-hydro-
lysable AMP-PNP instead of ATP. For AMP-PNP and ADP an aqueous
solution (50 mm) was prepared in potassium phosphate buffer
(40 mm, pH 7.5, 100 mm Mg?"). The ligands were added to a 550 um
solution of "N-labelled N210, and a series of 'H,""N HSQC spectra
were recorded at various ligand concentrations in the 0-2.26 mm
range in the case of AMP-PNP (0-96% bound complex; K (AMP-
PNP) =70 um) and 0-4.64 mm for ADP (0-99% bound complex;
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K4(ADP) ~ 10 um)."® The competitive inhibitors radicicol and gelda-
namycin were each dissolved to form a solution in [D;JDMSO
(60 mm). Prior to titration of the inhibitors, a single reference 'H,"*N
HSQC of the free N210 sample was recorded, to which 1% [Dg]DMSO
was added. A series of 'H,"”N HSQC spectra were subsequently
recorded with use of increasing concentrations of radicicol (0-
0.8 mm; Kj(radicicol)~0.9nm) and geldanamycin  (0-0.6 mm;
Ki(geldanamycin) ~ 1.2 uv). Because of the binding constants of
AMP-PNP, ADP, and the inhibitors (K4 < 100 um), the complexes were
long-lived on the NMR chemical shift timescale (z > 10 ms). Accord-
ingly, a second signal set for the ligand-complexed N210 appeared
during the titration. Chemical shift perturbations of the N210
complexes were determined from the minimum deviation between
each position of the free and the complexed peak in the 'H,”*N HSQC
spectra.?® For analysis of the chemical shift perturbations of 'H and
>N backbone resonances, a weighted average chemical shift change
given by

A, = /(A8 +AS%/25)/2 (1

was calculated and normalised by A,/A...=1.0, where A, is the
maximum observed weighted shift difference.??
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Natural aminoglycoside antibiotics such as paromomycin and
neomycin BM disrupt functional protein synthesis in bacteria by
specifically binding to the decoding-site RNA in the 30S
ribosomal subunit (Figure 1), thereby interfering with mRNA
decoding fidelity and ultimately leading to bacterial cell death.
Binding of the aminoglycosides to the decoding site displaces
two adenine residues (A1492 and A1493) from the deep groove
of the internal-loop RNA. This displacement facilitates the
utilization of noncognate tRNAs and leads to decreased trans-
lational accuracy.® ¥ While the efficacy of natural aminoglyco-
sides as antibiotics is compromised by bacterial resistance and
undesirable pharmacological profiles,™ their capability to bind
with high affinity to the bacterial decoding site and other distinct
RNA targets,® such as ribozymes and viral regulatory domains,
renders them a lead paradigm in RNA molecular recognition.”-!
Aminoglycosides thus provide starting points for the design of
novel RNA binders.”"* The daunting challenge of selective
derivatization of the highly functionalized natural products has
encouraged efforts to discover novel antibacterial ligands
directed at the decoding site by starting from smaller fragments
of aminoglycosides (Figure 1). Previous approaches to the
synthesis of simplified aminoglycosides have focused on deriva-
tization of 2-deoxystreptamine (2-DOS), as an individual moi-
ety " or in the context of the neamine!' and parom-
aminel'* " scaffolds, and on derivatization of the glucosamine
fragment.'™ The availability of three-dimensional structures for
aminoglycoside complexes of the bacterial decoding-site
RNAUS 17 and whole 30S ribosomal subunits®* '® has prepared
the ground for rational structure-based design of readily
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accessible aminoglycoside mimetics. These will provide lead
compounds for the development of novel antibiotics that
achieve RNA target binding affinity, specificity, and antibacterial
potency comparable to those of the natural products, and
whose efficacy may not be compromised by bacterial resistance
mechanisms specific to the natural products.

Herein and in the accompanying report,' we outline novel
strategies for linking the 6-aminoglucosamine moiety, con-
served among many potent natural aminoglycosides, to alter-
native scaffolds that mimic the unique spatial arrangement of
the functional groups in 2-DOS that are required for the
recognition of the RNA target. The novel scaffolds were designed
by molecular modeling®”? based on the crystal structure of
paromomycin complexed with the bacterial decoding site
(Figure 1).14 6181 |n this report, we describe the synthesis and
testing of 37 6’-aminoglucosamine derivatives comprising two
different series of acyclic 2-DOS mimetics (1 and 2, Figure 1c-e).
Series 1 was conceived to emulate the interactions of the 2-DOS
amino group at the 1-position while providing additional
interactions with the decoding-site RNA through substituents
R? and R3 (Figure 1c). Series 2 was designed to make contacts to
the RNA similar to those made by the groups at the 4- and 5-
positions of 2-DOS, with emphasis on nonsaccharide moieties R',
which replaces the furanose-pyranose fragment at the 5-position
in paromomycin and neomycin (Figure 1c). The amino group at
the 4-position, present in all compounds of Series 2, may exploit
a potential interaction with the tightly bound water molecule at
the deep-groove edge of the U1406-U1495 base pair in the
bacterial decoding-site RNA (Figure 1e).

Our synthetic efforts commenced from 2-acetamido-2-deoxy-
p-glucopyranose (3), which was treated with acetic anhydride
and triethylamine in the presence of a catalytic amount of
4-DMAP to vyield the peracetylated product quantitatively
(Scheme 1). Subsequent treatment with phenylthiotrimethylsi-
lane in the presence of zinc iodide®®" produced the correspond-
ing glycosyl donor in 89 % yield. The free amine was obtained by
basic hydrolysis of the acetates and transformed into the
corresponding azide 4 by reaction with triflic azide (TfN;) in
80% overall yield.?? Selective tosylation of the primary hydroxy
group was accomplished by treatment with stoichiometric
amounts of tosyl chloride in pyridine. Treatment of the
corresponding tosylate with sodium azide resulted in the
formation of diazido compound 5 in 97 % yield. Step-economy
considerations suggested the use of 2-(azidomethyl)benzoyl for
the protection of the resulting diol.?>2¥ Thus, AZMB-Cl was
synthesized from methyl 2-methylbenzoate (6) through a
previously described 3-step sequence!® 24 and treated with diol
5 in the presence of 4-DMAP to produce diester 8 in 88% yield.

To obtain compounds following the general design of Series 1
(Figure 1c), a variety of commercially available 1,2-hydroxyl-
amines (a-c, g-k, o, Scheme 1) were coupled with the glycosyl
donor, after N-protection through the corresponding azides, by
previously described methods (Scheme 1).22 To access repre-
sentatives of the designed Series 2 (Figure 1c¢), some genuine
1,2- and 1,3-hydroxy amines (d -f, |-n, Scheme 1) were consid-
ered as well, all of which were easily accessible through short
synthetic sequences (Scheme 2). Coupling of bis-AZMB-glycosyl
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a) R'=0H b) 5
Paromomycin Lol
G-C
2-DOS R' = NH, 1406 Uo U 1495
Neomycin B C-G
1408 A Q‘MQS
R'=0OH C-G 1482
; Paromamine A-U
Glucosamine C-G
R‘ = NH; ] ]
Neamine
c) R

BH
2

Figure 1. a) Potent natural aminoglycoside antibiotics such as paromomycin and neomycin B are derived from paromamine and neamine, which share the
2-deoxystreptamine (2-DOS) and glucosamine cores, both of which are involved in RNA molecular recognition. b) Secondary structure of the bacterial decoding-site RNA.
¢) Design concept of ligands 1 and 2 for the decoding-site RNA, derived by coupling 6'-aminoglucosamine with acyclic moieties acting as 2-DOS mimetics.
Corresponding positions in the designed ligands and 2-DOS are boxed and numbered accordingly. d) Three-dimensional models of the designed ligands (1, orange and 2,
yellow) showing their conformational similarity with paromamine (blue, center). Vectors of substituents R? and R in ligand series 1 are indicated by arrows. The
approximate position of the corresponding cyclohexane backbone in 2-DOS is indicated by dashed lines. Note that the vector of the R substituent in 2 coincides with
that of the 5-position of paromamine, where the furanose substituent is linked in paromomycin. e) Models of the designed ligands (1, orange and 2, yellow) docked in the
three-dimensional structure!'® of the bacterial decoding-site RNA in complex with paromomycin (blue; only paromamine core shown). RNA bases are in dark grey, and
the sugar - phosphate backbone is in light grey with phosphate groups emphasized in magenta. A water molecule participating in the non-Watson — Crick U1406-U1495
base pair'"® and interacting with a 2-DOS hydroxy group is shown as a blue sphere. The flipped-out adenine residues 1492 and 1493, and the unpaired adenine 1408 are

shown in green.

donor 8 with alcohols XH (Scheme 1) by standard methods (NIS,
TfOH) resulted in the formation of protected aminoglycoside
mimetics 9a-o0 in good yields (61-88%). Deprotection of the
individual silyl- and PMB-ethers in 91 and 9e, respectively,
followed by a global Staudinger reduction of the azide
functionalities and concurrent AZMB cleavage through a cyclo-
release mechanism,’?¥ gave the aminoglycoside mimetics 10a-
k, 1T0m-o0 in 50-92% yields after chromatography.

The intriguing difference between the potencies of benzylic
ether 16a and alcohol 10m as inhibitors of bacterial in vitro
translation (Table 1) directed our efforts to analogues bearing a
benzylic-type functionality attached through an ether linkage on
the newly introduced hydroxy group. The synthesis of the
desired building blocks 12 and 13 was initiated from R-(+)-
glycidol (11), which was initially treated with p-methoxybenzyl
chloride and NaH in DMF to yield the corresponding PMB-ether
(Scheme 2). The epoxide functionality was regioselectively
opened by treatment with sodium azide in the presence of
ammonium chloride to furnish alcohol 12 in 93% yield for the
two steps. Protection of the secondary hydroxy group in 12 as
the corresponding silylether (TBS-OTf, 2,6-lutidine), followed by
oxidative cleavage of the PMB-ether induced by CAN, produced
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primary alcohol 13 in 93% overall yield. Coupling of bis-PMB-
ether 14 (obtained by treating diol 5 with PMB-Cl and NaH (85 %
yield)) and alcohol 13 under the previously described glycosy-
lation conditions (Scheme 1), followed by TBAF-induced cleav-
age of the silyl ether, furnished glycoside 15 as the pure a-
anomer in 66 % overall yield. A variety of commercially available
benzylic halides were coupled to alcohol 15 under basic
conditions, which produced the desired ethers in very good
yields (Scheme 2). Oxidative cleavage of the PMB-ethers fol-
lowed by Staudinger reduction yielded aminoglycoside mim-
etics 16a-p in excellent overall yields. A similar sequence with
S-(—)-glycidol (17) as the chiral starting material led to the
glycoside isomers 20a, 20b, 20f, and 200, used for direct
comparison (Scheme 2) with 16. Displacement of the hydroxy
group in 19 with an azide through a two-step sequence (MsCl in
pyridine followed by NaN; in DMF) produced tetraamine 22 after
the final deprotections. In a variant approach, allyl ether 23 was
ozonolyzed to produce the corresponding aldehyde, which was
used in a series of reductive aminations, as presented in
Scheme 3. The products 24a-c were finally deprotected as
described above, which resulted in aminoglycoside mimetics
25a-cin 8-19% overall yields.
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a b c d
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Y: deprotected amines

Scheme 1. Reagents and conditions: a) 3 (1.0 equiv), 4-DMAP (0.05 equiv), Ac,0
(8.0 equiv), Et;N/CH,Cl, (1:1, 0.25m), 18 h, 0—23°C, quantitative; b) pentaacetate
(1.0 equiv), Znl, (7.0 equiv), PhS-TMS (4.0 equiv), 1,2-dichloroethane (0.2m), 5 h,
50°C, 89%; c) thioglycoside (1.0 equiv), NaOH (1.0m), 15 h, reflux; d) amine

(1.0 equiv), TfN;?Z (2.0 equiv, 0.5m in CH,Cl,), 4-DMAP (1.0 equiv), MeOH (0.12 m),
16 h, 23°C, 90 % over two steps; e) 4 (1.0 equiv), p-TsCl (1.2 equiv), pyridine
(0.17m), 15 h, 0 —23°C, quantitative; f) tosylate (1.0 equiv), NaN; (1.2 equiv), DMF
(0.26 m), 4 h, 80°C, 97 %; g) methyl 2-methylbenzoate (1.0 equiv), NBS (1.05 equiv),
benzoyl peroxide (0.01 equiv), CCl, (0.25m), 20 h, reflux; then 23°C, filter, wash
with CCl, concentrate; then NaN; (1.1 equiv), EtOH (0.3m), 12 h, 84 % for two
steps; h) methyl ester (1.0 equiv), LiOH (excess), THF/H,0 (10:1), 60 h, 23°C, 97 %;
i) acid (1.0 equiv), SO,Cl, (3.0 equiv), CHCI; (0.3m), 15 h, reflux, concentrate, 97 %;
J) 5 (1.0 equiv), 7 (4.0 equiv), 4-DMAP (4.0 equiv), CH,Cl, (0.2m), 4 h, 23°C, 88 %;
k) 8 (1.0 equiv), XH (a-o; 1.5 equiv), NIS (2.0 equiv), MS (4 A), Et,O/CH,Cl, (4:1,
0.03m), 2 h, —30—0°C, 61-88%; 1)1 (1.0 equiv), TBAF (1.2 equiv), THF (0.1m), 1 h,
0—23°C, 84%; m) e (1.0 equiv), DDQ (1.3 equiv), CH,Cl,/H,0 (9:1,0.2m), 3 h, 23°C,
83%; n) 9a-9o0 (1.0 equiv), Me;P (8.5 equiv, 1min THF), NH,OH/pyridine (1:7), 4 h,
23°C, 50-92 % isolated yield 10a - 100 (final structures shown in Table 1). p-TsCl,
p-toluenesulfonyl chloride; DMF, N,N-dimethylformamide; NBS, N-bromosucci-
nimide; NIS, N-iodosuccinimide; TBS, tert-butyldimethylsilyl; TBAF, tetra-n-
butylammonium fluoride; THF, tetrahydrofuran; PMB, 4-methoxybenzyl; 4-DMAP,
4-(dimethylamino)pyridine; DDQ, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone;
PhS-TMS, phenylthiotrimethylsilane; AZMB, 2-(azidomethyl)benzoyl; MS, molec-
ular sieves; Ph, phenyl; Bn, benzyl; Tf, trifluoromethanesulfonyl.

The biological activities of the novel aminoglycoside mimetics
as inhibitors of bacterial (B,;) and eukaryotic (E,;) protein
synthesis were evaluated in separate in vitro translation assays
that measure the inhibitory effect of compounds on production
of luciferase reporter protein in a cell-free system (Table 1).
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Scheme 2. Reagents and conditions: a) R-(+)-glycidol (11; 1.0 equiv), NaH

(1.5 equiv), PMBCI (1.2 equiv), DMF (0.5m), 4 h, —5—23°C, quantitative;

b) epoxide (1.0 equiv), NaN; (1.5 equiv), NH,Cl (2.0 equiv), DMF (0.5m), 5 h, 90°C,
93 %; ¢) 12 (1.0 equiv), TBS-OTf (1.5 equiv), 2,6-lutidine (3.0 equiv), CH,Cl, (0.5m),
1h, —20—23°C, 93%; d) PMB-ether (1.0 equiv), CAN (3.0 equiv), MeCN/H,O (9:1,
0.3m), 3h, 23°C, 86%; e) 14 (1.0 equiv), 13 (1.5 equiv), NIS (2.0 equiv), MS (4 A),
Et,0/CH,Cl, (4:1,0.03m), 2 h, — 30 —0°C; f) silyl-ether (1.0 equiv), TBAF (1.2 equiv),
THF (0.1m), Th, 0—23°C, 66 % for two steps; g) 15 (1.0 equiv), RCl or RBr

(1.5 equiv), NaH (3.0 equiv), TBAI (0.05 equiv), DMF (0.1m), 68—-87%; h) PMB-
ethers (1.0 equiv), CAN (4.4 equiv), MeCN/H,0 (9:1, 0.3m), 3 h, 23°C, 74-91%;

i) Azides (1.0 equiv), MesP (8.5 equiv, 1m in THF), NH,OH/pyridine (1:7), 4 h, 23°C,
87-95% 16a- 16p (final structures shown in Table 1); j) 19 (1.0 equiv), MsCl
(3.0 equiv), pyridine (0.5m), 1 h, 0—23°C, quantitative; k) mesylate (1.0 equiv),
NaNj; (10.0 equiv), DMF (0.05m), 12 h, 50°C, quantitative; TBAI, tetra-n-butylam-
monium iodide; CAN, ceric(iv) ammonium nitrate; MsCl, methanesulfonyl
chloride; for further abbreviations, see Scheme 1.
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Table 1. Structure —activity relationships for 6'-aminoglucosamine derivatives and some natural aminoglycosides.

Cpd n° Structure By rlCso Cpd n° Structure ByyrlCso™ Cpd n° Structure ByyrlCso™ Cpd n° Structure ByrlCso
EIVTICSO E\VTICSO EIVTICSU EIVTICSO
RNA ICs, RNA ICy, RNA ICy, RNA ICs,
MIC MIC MIC MIC
NH
NP § %0
° Ph
n.d.
n.d. o
NH, CF, Ny
10i | ';”"2 600 25c¢ 130 16d 1000 161 | P 490
A >250 N 1.0 > 250 > 250
O pn
n.d. 41 | o n.d. n.d.

0]
n.d. I © > 64/ > 64 0\/k/ NH, n.d. é\/k/ NH, nd.
O\J\/NHZ

10j | NH, 490 23 | NH, > 1000
O\/‘\/Ph >250 O\)\/NHZ nd.
n.d. n.d.
n.d. n.d.
CN
10k | NH, > 1000 100 | NH, > 1000 16e 880 16m z | 190
0. A _ph > 250 o > 250 > 250 SN 36
~ n.d. n.d. n.d. 4.9
n.d. n.d. | o n.d. | © > 64/ > 64
o] \/k, NH, o \/'\/ NH,
Neomycinld 0.032 Paromomycin® 0.23 16f 310 16n ’;" ° > 1000
>250 >250 oN >250 7 >250
n.d. 0.59 n.d. n.d.
1/0.1 8/0.5 9 nd. 9 nd.
O\/k/ NH, o A NH,
Neaminel© 0.37 Paromaminel© 39 20f 250
n.d. nd. CN > 250
n.d. 14 n.d.
16/8 > 64/64 P2 nd.
O A NH,

[a] ICs, concentration required for 50% inhibition. All ICs, values are in um. By ICs, value determined in a coupled bacterial in vitro transcription - translation assay with firefly luciferase reporter, as previously
described;!" " |C,, values were calculated as the average of six replicate experiments for each compound (& 10%). All compounds tested negative in counter-screens for luciferase and polymerase inhibition. Ey: 1Cs,
value determined in a eukaryotic in vitro translation assay with firefly luciferase reporter; ICs, values were calculated as the average of three replicate experiments (£ 15%). RNA ICs,: ICs, value found in a fluorescence-
based assay that measures RNA-binding affinity of compounds and their efficacy to flip-out the flexible adenine residues in a decoding site model oligonucleotide (4 10%).2%! MIC: minimum inhibitory concentration
[ugmL~"], determined as the average of triplicate measurements in serial dilution against Escherichia coli (first value) and Staphylococcus aureus (second value). [b] Values reported for a mixture of diastereomers. [c] For
structures of the natural aminoglycosides, see Figure 1a.
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Table 1. (Continued)
Cpd n° Structure By rlCso™ Cpd n° Structure By rlCso Cpd n° Structure ByyrlCso™ Cpd n° Structure By rlCso
EnrlCso EnrlCso EnrlCso EnrlCso
RNA 1Cs, RNA ICs, RNA I1Csp RNA ICs,
MIC MIC MIC MIC
NH,
t-Bu
10a H O HN 180 10m | OH 860 16a 170 169 > 1000
HO z 40 o NH, 31 > 250 > 250
HN o > 1000 > 1000 > 1000 nd.
> 64/ > 64 > 64/ > 64 |9 > 64/ > 64 | o n.d.
° NH O\)\/ NH,
10b HaA 410 160 OMe > 1000
| : |
O, 33 o NH, nd.
> 1000 n.d.
> 64/ > 64 n.d. O
10c | NH, 690 (mix)™®! 200 OMe > 1000 20a 580 16h 180
0 >250 o Al N nd. > 250 O 2
\© n.d. N nd. nd. 23
n.d. n.d. ;9 > 64/ > 64 > 64/ > 64
O A NH; |9
oA N,
F
10d | NH, 870 16p f > 1000 16b > 1000 16i ‘ 210
Oj/ > 250 o 88 > 250 O 49
n.d. | n.d. n.d. 2.8
PMBO nd. 0\)\/ NH, nd. o n.d. > 64/ > 64
| | o]
NH O A o AN,
10e | 2 > 1000
0., >250
n.d.
PMBO
n.d. F
p :
10f | NH, 370 25a HN 520 20b 460 16j | _N > 1000
o, n.d. j > 250 > 250 > 250
n.d. o] n.d. n.d. | 1) > 1000
HO >64/>64 (')\/V\/NH nd. | ° n.d. o Xy,  >64/>64
’ O A NH,
CF
NH, N ’ Sy
109 I\/y\/\ 800 25b HNG Lo 690  16c 490 16k | > 1000
0 ¥
X > 250 j > 250 > 250 > 250
Ve n.d. | o] n.d. n.d. o n.d.
n.d. 0\)\, NH, n.d. o n.d. cl)\/'\/NHz n.d.
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Scheme 3. Reagents and conditions: a) 23 (1.0 equiv), O;, CH,Cl,/MeOH, 10 min,
—78°C; then Me,S (10.0 equiv), 1 h, —78 —23°C; b) aldehyde (1.0 equiv), RNH,
(4.0 equiv), NaBH;CN (1.0 equiv), MeOH (0.2m), AcOH to pH 5.0, 12 h, 23°C;

c) 24a-24c (1.0 equiv), MesP (8.5 equiv, 1m in THF), NH,OH/pyridine (1:7), 4 h,
23°C; d) PMB-ethers (1.0 equiv), Pd(OH), (20 %/C), AcOH, H,(1 atm), 14 h, 8-19%
overall yield 25 a- c (final structures shown in Table 1).

Comparison of inhibition data from the bacterial and eukaryotic
assays allows determination of the specificity of the synthesized
compounds. Inhibitors of bacterial translation that had an ICs,
value below 250 pum were tested for binding to the decoding-site
target (RNA) by using an RNA fluorescence assay that determines
the binding affinity of a ligand based on its ability to flip out the
flexible adenine residues A1492 and A1493 in a model oligonu-
cleotide (see Figure 1).2% The fluorescence assay thus returns a
true measure of the potency of a compound for binding
specifically to the decoding-site internal loop and inducing a
conformational response comparable to that triggered by
natural aminoglycoside antibiotics. Compounds that showed
an IC;, value below 250 pm in the bacterial translation assay were
also submitted to growth inhibition tests on Escherichia coli and
Staphylococcus aureus strains to detect potential antibacterial
potency (MIC).

The synthesized aminoglycoside mimetics that have biological
activity in at least one of the translation assays fall into three
classes. The first set, which includes diastereomers of the two
indane derivatives 10a and 10b, the alcohol 10 m, the allyl ether
16 p, and the proline derivative 25¢, showed no or only weak
inhibition in the bacterial translation assay (ICs, > 130 pm) and,
accordingly, did not bind to the bacterial decoding-site RNA but
were inhibitors of in vitro eukaryotic protein synthesis at
concentrations below 100 um. Interestingly, the proline deriva-
tive 25 c was particularly potent against eukaryotic translation
(ICso=1.0 pwm), but more than 100-fold less active in the bacterial
system (IC;,=130um) and a weak binder of the bacterial
decoding-site RNA (IC5,=41 pm), which suggests that this
compound, and to a lesser extent perhaps also 10m, 10a,
10b, and 16 p selectively target a eukaryotic ribosomal compo-
nent that is absent in bacteria.

The second set of compounds is comprised of the benzylic
ethers with large nonpolar substituents (16 m, 16i, 16 h). These
compounds bound with low micromolar affinity (IC;o=2.3-
4.9 uv) to the bacterial decoding-site RNA, and inhibited both
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bacterial and eukaryotic translation, albeit with higher potency
against the eukaryotic system (IC;o=180-210 um versus 22 -
49 ). A control experiment in which the eukaryotic decod-
ing-site RNA was used to measure affinity in the fluorescence
assay revealed ICs, values in the low micromolar range for
compounds 16 m, 16i, and 16 h. Nonspecific intercalation of the
flat hydrophobic biphenyl (16h), naphtyl (16i), and quinolyl
(16 m) substituents may contribute to promiscuous RNA binding
of these glucosamine derivatives; they show affinity for both the
bacterial and eukaryotic decoding-site RNAs which, however,
does not translate into comparably distinct potencies against
the targets in the functional translation assay. The considerable
differences between the RNA binding affinities of the biphenyl
(16h) and naphtyl (16i) derivatives and that of the parental
benzylic ether 16 a, as well as between the affinity of the quinolyl
compound 16 m and that of the o-picolyl ether 16j are in line
with an intercalative binding mode of 16 m, 16i, and 16 h.

The benzylic ether 16a is the only member of a third
compound category, which shows selective inhibition of bacte-
rial (IC5o=170 uwv) but not eukaryotic in vitro translation, yet
does not bind to the bacterial decoding-site RNA target. The
inhibitory activity of 16a, and similarly that of the indane
derivative 10a, against the bacterial translation assay in the
absence of decoding-site binding suggests that these com-
pounds recognize other targets in the bacterial ribosome. The
two- to threefold better potency of 16a and 10a compared to
their diastereomers 20a and 10b demonstrates the stereo-
specificity of the inhibitory mechanism. Both steric and elec-
tronic effects modulate biological activity in the series of
substituted benzylic and picolylic ethers, as attested by the
range of IC, values determined for these compounds.

Comparison of the biological activities of glucosamine
derivatives belonging to Series 1 (Figure 1) and those of the
compounds of Series 2 reveals a larger number of representa-
tives in the latter of the classes described above. Molecular
modeling studies, which were used to explore the conforma-
tional space accessible to the acyclic moieties of the synthesized
aminoglycoside mimetics,?” show that conformations mimick-
ing the paromamine core (Figure 1d, e) are clearly energetically
favorable for the Series 2 compounds, whereas representatives
of Series 1 adopted other preferred conformations as well. An
exception was the relatively potent derivative 10a, which was
found to occupy a paromamine-like conformation induced by
the bulky indane scaffold.

In summary, the structure-activity relationships for the
synthetic glucosamine derivatives show that none of the acyclic
scaffolds, which were introduced as mimetics of 2-DOS, confer a
high potency comparable to that of the natural aminoglyco-
sides. We propose that the increased flexibility of the acyclic
2-DOS mimetics has a detrimental effect on their RNA binding
efficacy. In line with the finding of biologically more active
aminoglycoside mimetics among cyclic piperidine derivatives,!'
we conclude that the rigidity of the 2-DOS scaffold plays an
essential role in the potency of aminoglycoside antibiotics. It has
previously been pointed out that natural aminoglycosides
provide conformationally constrained molecular scaffolds for
the spatially defined presentation of hydrogen-bond-donor

www.chembiochem.org ChemBioChem 2003, 4, 879-885





moieties and positively charged groups, which can participate in
an intimate network of interactions with the ribosomal RNA
targets.”” 2 Thus, a simplified mimetic replacing the privileged
2-DOS scaffold of aminoglycosides has yet to be discovered.

Experimental Section

Characteristic analytical data of selected compounds:

Amine 10h: 'H NMR (400 MHz, D,0): 6 =750~ 7.38 (m, 5H), 5.25 (d,
J=3.6Hz, 1H), 4.80-4.74 (m, 1H), 4.17-4.05 (m, 1H), 3.98-3.93 (m,
1H), 3.81-3.76 (m, 1H), 3.43-3.34 (m, 3H), 3.23 (brd, J=13.6Hz,
1H), 3.11-3.04 (m, 1H) ppm; *CNMR (100 MHz, D,0): 6 =133.3,
129.9, 129.6 (2C), 127.3, 127.2, 95.5, 70.7, 69.4, 68.6 (2 C), 54.5, 53.7,
40.0 ppm.

Amine 10j: '"H NMR (400 MHz, D,0): 6 =7.38-7.23 (m, 5H), 5.17 (d,
J=3.2Hz, 1H), 3.92-3.82 (m, 3H), 3.78-3.70 (m, 2H), 3.42-3.36 (m,
2H), 3.31 (dd, J=13.6, 3.2 Hz, TH), 3.13 (brdd, /=13.6, 8.0 Hz, TH),
3.04 (dd, J=14.8, 6.8Hz, 1H), 2.97 (dd, J=14.8, 8.0 Hz, 1H) ppm;
13CNMR (100 MHz, D,0): 6 =135.2, 129.6, 129.5, 129.4 (2 C), 128.0,
95.6, 70.9, 69.4, 68.7, 67.3, 53.7, 52.4, 40.2, 35.2 ppm.

Quinolinemethyl ether 16 m: 'H NMR (400 MHz, D,0): 6 =8.99-
8.95 (m, 1H), 8.27-8.24 (m, 1H), 8.20-8.17 (m, 1H), 8.07-8.02 (m,
1H), 793-7.90 (m, 1H), 7.87-7.83 (m, 1H), 5.39 (d, J=16.0Hz, 1H),
5.24-5.18 (m, 2H), 4.27 -4.25 (m, 1H), 4.02-3.98 (m, 1H), 3.90-3.85
(m, 1H), 3.81-3.72 (m, 2H), 3.40-3.32 (m, 5H), 3.15 (dd, J=8J5,
5.2 Hz, 1H) ppm; "*C (100 MHz, D,0): 6 =155.0, 147.6, 1375, 1354,
130.1, 129.4, 128.4, 120.2, 120.0, 95.9, 76.0, 71.1, 69.6, 68.7, 67.9, 66.6,
53.8, 40.7, 40.5 ppm.

Benzyl ether 20a: 'H NMR (400 MHz, D,0): 6 =7.40-7.25 (m, 5H),
4.72 (d, J=3.6 Hz, 1H), 4.62-4.56 (m, 2H), 3.77 (dd, J/=10.8, 3.6 Hz,
1H), 3.74-3.66 (m, 1H), 3.48-3.36 (m, 3H), 3.24-3.14 (m, 2H), 2.94
(dd, J=14.4,3.2 Hz, 1H), 2.84-2.66 (m, 2H), 2.59 (dd, J=10.0, 3.2 Hz,
1H) ppm; CNMR (100 MHz, D,0): 6 =137.6, 128.9, 128.8, 128.7,
128.6, 128.5,99.5, 78.6, 74.3,72.3,72.1,71.8, 67.6, 55.3, 41.7, 41.6 ppm.
Prolinamide 25c: '"H NMR (400 MHz, D,0): 6=5.13 (d, /=3.6 Hz,
1H), 4.32 (dd, J=5.6, 10.0 Hz, 1H), 4.07-4.01 (m, 1H), 3.89-3.73 (m,
6H), 3.64 (brdd, J=3.6, 11.2 Hz, 3H), 3.54-3.44 (m, 2H), 3.42-3.30
(m, 4H), 3.29-3.02 (m, 1H), 2.59-2.46 (m, 1H), 2.16-2.04 (m, 2H),
1.96-1.84 (m, 1H) ppm; *CNMR (100 MHz, D,0): 6 =170.7, 94.9,
74.3, 70.0, 68.4, 67.6, 66.6, 66.1, 64.1, 56.3, 54.6, 52.5, 39.6, 39.3, 29.5,
22.0 ppm.

We thank B. Aust for determining MIC values and Dr. K. Steffy for
help with the eukaryotic in vitro translation assay. This work was
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As has been outlined in the accompanying report,!! synthetic
aminoglycoside mimetics constitute lead compounds for the
development of novel antibiotics that might achieve antibacte-
rial potency comparable to the natural aminoglycosides without
being compromised by bacterial resistance mechanisms specific
to the chemical constitution of these natural compounds. Three-
dimensional structures of the bacterial decoding-site RNA
complexed with aminoglycosides® 3 have guided our efforts
for rational, structure-based design of readily accessible amino-
glycoside mimetics (Figure 1).

In this report, we outline a novel approach to linking the 6'-
aminoglucosamine moiety, conserved among many potent
natural aminoglycosides, to conformationally restricted 3-(ami-
nomethyl)piperidine scaffolds that mimic the unique spatial
arrangement of functional groups in 2-deoxystreptamine (2-
DOS) required for the recognition of the decoding-site RNA
target (Figure 1c-e). The exocyclic bis-equatorial 1,3-diamine
motif of 2-DOS is incorporated into the cyclic piperidine scaffold,
which was designed by molecular modeling™ based on the
crystal structure of paromomycin bound to the bacterial
decoding site (Figure 1).2 Three different substitution patterns
have been used to generate eight piperidine derivatives of
glucosamine (see Table 1), among them the representative
hydroxymethyl compound 1 (Figure 1c). The 5-hydroxymethyl
substituent in the piperidine glycoside 1 was designed to mimic
the 4-hydroxy group of paromamine (Figure 1d), which forms a
key interaction with a tightly bound water molecule at the deep-
groove edge of the U1406-U1495 base pair in the decoding-site
target (Figure 1e).B! Several other piperidine glycosides were
synthesized to explore alternative substitution patterns of the
3-(aminomethyl)piperidine scaffold (see Table 1).
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Figure 1. a) Potent natural aminoglycoside antibiotics such as paromomycin
and neomycin B are derived from paromamine and neamine, which share the
2-deoxystreptamine (2-DOS) and glucosamine cores, both of which are involved
in RNA molecular recognition. b) Secondary structure of the bacterial decoding-
site RNA, the target of natural aminoglycosides. c) Representative designed
piperidine glycoside ligand 1 for the decoding-site RNA, derived by coupling 6'-
aminoglucosamine with a 3-(aminomethyl)piperidine moiety acting as a 2-DOS
mimetic. d) Three-dimensional model of the designed piperidine glycoside
(yellow) superimposed on paromamine (blue), showing their conformational
similarity. For clarity, the superimposed molecules have been slightly shifted along
the y-axis. Numbering schemes for paromamine and the piperidine glycoside are
shown in the corresponding colors. The 5-hydroxymethyl substituent in the
piperidine derivative coincides with the 4-hydroxy group of paromamine, and the
exocyclic 3-amino functionality of paromamine is replaced by the intracyclic
secondary amine group in the piperidine ring. e) Model of the piperidine glycoside
1 (yellow) docked in the three-dimensional structure of the bacterial decoding-
site RNA in complex with paromomycin (blue; only paromamine core shown).
RNA bases, dark grey; sugar — phosphate backbone, light grey with phosphate
groups in magenta. A water molecule participating in the non-Watson - Crick
U1406-U1495 base pair® and interacting with a 2-DOS hydroxy group is shown
as a blue sphere. The flipped-out adenine residues 1492 and 1493, and the
unpaired adenine 1408 are shown in green.

The syntheses of the 3,5-disubstituted piperidines are outlined in
Scheme 1. In order to circumvent the purification of isomeric
mixtures, we decided to proceed with enantiopure compounds
obtained by enzymatic transformations. Suitable enzymes for
stereoselective conversions were selected from the variety of reliable
transformations that have been developed over the last decade as
powerful tools for the preparation of chiral building blocks.”!

ChemBioChem 2003, 4, 886 -890





Table 1. Structure—activity relationships for synthetic piperidine glycosides.

Structure Cpd n° By rlCso EprlCso®

RNA ICs,
MIC

7, R=NH, 260
n.d.
> 64/ > 64

>250

8, R=0H > 1000
nd

n.d.

> 250

1 > 1000
n.d.
n.d.

> 250

15 > 1000
n.d.
n.d.

>250

H,N
HO™

27 74
10
NH, > 64/ > 64

> 250

1 35
90
> 64/ > 64

> 250

OH

20, R=NH, > 1000

N
n.d.
NH, > 64/ > 64

.0

21, R=0H > 1000
n.d.

"'NHZ n.d.

> 250

> 250

[a] ICs, concentration required for 50 % inhibition. All ICs, values are in pm. By: ICs, value
determined in a coupled bacterial in vitro transcription - translation assay with firefly
luciferase reporter, as previously described;® ICs, values were calculated as the average
of six replicate experiments for each compound (+10%). All compounds tested
negative in counter-screens for luciferase and polymerase inhibition. Ey: 1C5, value
determined in a eukaryotic in vitro translation assay with firefly luciferase reporter; ICso
values were calculated as the average of three replicate experiments (£ 15%). RNA: ICs,
value found in a fluorescence-based assay that measures RNA-binding affinity of
compounds and their efficacy to flip-out the flexible adenine residues in a decoding site
model oligonucleotide (+10%).'” MIC: minimum inhibitory concentration [ugmL™"],
determined as the average of triplicate measurements in serial dilution, against
Escherichia coli (first value) and Staphylococcus aureus (second value).

The central precursor for the diasteroselective synthesis of the
piperidine glycosides 7, 8, and 11, (3R,5S5)-N-benzyloxycarbonyl-
3-hydroxymethyl-5-acetoxymethylpiperidine (3), was prepared
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in six steps from pyridine-3,5-dicarboxylic acid (2) by
using a lipase from Pseudomonas fluorescens in the
resolution step, as reported by Lesma and coworkers
(enantiomeric excess, ee>98%; Scheme 1).® The
synthetic route to the designed compounds 7 and 8
proceeded by cleavage of the Cbz protecting group by
catalytic hydrogenation followed by reprotection of
the transient amine with (Boc),0 in a single operation.
Standard mesylation, followed by installation of the
azido group and subsequent hydrolysis of the acetate
group delivered the alcohol 4, which was glycosylated
with donor 5 or 6 in the presence of NIS and triflic acid
to give the a-pseudodisaccharides as the only detect-
able anomers. A three-step deprotection protocol
completed the synthesis of 7 and 8 (Scheme 1).
Reversing the sequence used to introduce the amino
functionality and the glycosylation step gave access to
a compound with inverted stereochemistry on the
piperidine scaffold. Thus, glycosylation of 9 under the
conditions described above furnished 10 as the major
anomer. Hydrolysis of the acetate group, followed by
mesylation and subsequent azide introduction afford-
ed product 11, after removal of all protecting groups.
The trans-substituted compound 12, isolated during
the synthesis of 3, was converted into the mono-TBS-
protected intermediate 13 in four steps, as depicted in
Scheme 1. Mesylation followed by azide introduction
and TBS removal yielded the alcohol 14, which was
glycosylated and deprotected as described above to
produce the piperidine glycoside 15.

The syntheses of 3,4-disubstituted piperidines, out-
lined in Scheme 2, commenced with reduction of the
Boc-protected 4-keto-3-carboxylate 16 by treatment
with bakers yeast.”! The hydroxy group in 17 was
protected with TBSCl, and the ester functionality
reduced by treatment with LiBH, to produce 18, which
was converted to the corresponding azidomethyl
compound as described previously (Scheme 1). Initial
problems associated with instability of the Boc pro-
tection group in the glycosylation step were circum-
vented by replacing the Boc group with the trifluor-
oacetate group, under standard conditions. Finally,
removal of the silicon group afforded alcohol 19,
which was glycosylated with 5 or 6, followed by a
three-step deprotection sequence to produce the
piperidine glycosides 20 and 21.

Our initial design dictated the attachment of a
hydroxymethyl group onto the piperidine scaffold as
an additional hydrogen-bond-donor moiety and a
handle for potential functionalization. This process
yielded the designed piperidine glycoside 1. The
syntheses of the 4-hydroxy (27) and 5-hydroxymethyl
(1) analogues are summarized in Scheme 3. Dimethyl
4-hydroxypyridine-3,5-dicarboxylate (22) was convert-

ed into enantiomerically pure 23 in four steps by using a lipase
from Murcor javinicus (lipase M) in the resolution step, as
described by Bols et al.’®! As a precaution to prevent undesirable
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Scheme 1. Reagents and conditions: a) (Boc),0 (2.0 equiv), Pd(OH), (0.05 equiv), H,, EtOH (0.15m), 20 h, 23°C, 98 %; b) MsCl (1.2 equiv), pyridine (0.2m), 4 h, 0 —23°C,
85%; c) NaN; (3.0 equiv), DMF (0.2m), 12 h, 50°C, 95%; d) 1.0m NaOH/THF (1:2, 0.01m), 12 h, 23°C, 98%; e) 4 (1.0 equiv), 5, or 6 (1.2 equiv), NIS (2.2 equiv), MS (4 A), TFOH
(0.28 equiv), Et,O/CH,Cl, (4:1, 0.3m), 2 h, — 20°C, 38— 45%; f) TFA/CH,Cl, (1:4, 0.02m), 2 h, 0—23°C, 99%; g) Me,P (1m in THF, 4.5 equiv), 0.1m NaOH/THF (1:9), 4 h, 23°C;
h) Pd(OH), (0.05 equiv), H,, AcOH, 20 h, 23°C, 65~ 70% (two steps); i) 9 (1.0 equiv), 6 (1.2 equiv), NIS (2.2 equiv), MS (4 A), TFOH (0.28 equiv), Et,0/CH,Cl, (4:1, 0.04m), 2 h,
—20°C, 50%; j) 1.0M NaOH/THF (1:2, 0.02m), 12 h, 23°C, 94 %; k) MsCl (1.2 equiv), pyridine (0.1m), 4 h, 0—23°C, 98%; I) NaN; (3.0 equiv), DMF (0.20m), 12 h, 50°C, 90%;
m) TFA/CH,Cl, (1:4, 0.02m), 2 h, 0—23°C, 99%; n) MesP (1m in THF, 4.5 equiv), 0.1m NaOH/THF (1:9), 4 h, 23°C; o) Pd(OH), (0.05 equiv), H,, AcOH, 20 h, 23°C, 85% (two
steps); p) LiBH, (2m in THF, 4.0 equiv), THF (0.07m), 48 h, 70°C, 77%; q) TBSCI (1.1 equiv), imidazole (2.0 equiv), DMF (0.11m), 18 h, 0 —23°C, 38 %; r) (Boc),0O (2.0 equiv),
Pd(OH),, (0.05 equiv), H,, EtOH (0.14m), 18 h, 23°C; s) TBSCI (1.1 equiv), imidazole (2.0 equiv), DMF (0.10m), 18 h, 0 —23°C, 38% (two steps); t) MsCl (1.25 equiv), pyridine
(0.22m), 18 h, 0—23°C, 99%; u) NaN; (2.0 equiv), DMF (0.17 m), 12h, 80°C, 49%; v) TBAF (1.3 equiv), THF (0.06 m), 3 h, 23°C, 99%; w) 14 (1.0 equiv), 5 (1.2 equiv), NIS
(2.2 equiv), MS (4 A), TFOH (0.28 equiv), Et,O/CH,Cl, (4:1,0.3m), T h, — 20°C, 30%; x) TFA/CH,Cl, (1:4, 0.02m), 2 h, 0 —23°C, 95%; y) MeP (1 m in THF, 4.5 equiv), 0.1m NaOH/
THF (1:9), 4 h, 23°C; z) Pd(OH), (0.05 equiv), H,, AcOH, 20 h, 23°C, 67% (two steps). Boc, tert-butoxycarbonyl; Ms, methanesulfonyl; DMF, N,N-dimethylformamide, NIS,
N-iodosuccinimide; MS, molecular sieves; Tf, trifluoromethanesulfonyl; TFA, trifluoroacetic acid; TBS, tert-butyldimethylsilyl; TBAF, tetra-n-butylammonium fluoride; THF,
tetrahydrofuran; Ac, acetyl; Cbz, benzyloxycarbonyl.

H EOC Eoc cleavage during a later synthetic step, the Boc group was
2 steps!”] ab replaced by Cbz. Simultaneous protection of the two hydroxy
CO,Me CO,Me OH groups as the PMB acetal was achieved by treatment with p-

methoxybenzaldehyde dimethyl acetal and TsOH. Subsequent
reduction with LiBH, produced the intermediate 25. The alcohol
was converted into the azide in two steps, as described above.
¢ Finally, cleavage of the acetal with aq AcOH furnished the diol
26. Glycosylation with 5 resulted in a mixture of three
compounds. The two major products were isolated by chroma-
tography, along with a smaller amount of the diglycosylated

h—k N
- Q\/Ns analogue. The two major components were subjected to the
OH
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16 17 ee>98%
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“NH, three-step deprotection protocol described above to afford the
19 piperidine glycosides 1 and 27. NMR spectroscopy identified the
2(1’» E = gnz products as monoglycosylated compounds but did not provide

sufficient information to assign their regioisomeric identities.
To resolve the ambiguity, a regioselective synthetic route was
pursued (Scheme 3, steps | -r). The primary hydroxy group in 26
was selectively protected with TBSOTf and 2,6-lutidine, the
remaining secondary alcohol was benzylated, and subsequent
silyl deprotection with TBAF produced 28. Glycosylation pro-

Scheme 2. Reagents and conditions: a) TBSCI (1.0 equiv), imidazole (2.0 equiv),
DMAP (1.0 equiv), DMF (0.09m), 0 —23°C, 24 h, 66%; b) LiBH, (2.0m in THF,

2.0 equiv), 70°C, 18 h, 82%; c) MsCl (1.25 equiv), pyridine (0.21m), 0—23°C, 18 h,
99%; d) NaN; (2.0 equiv), DMF (0.16 m), 80°C, 16 h, 98%; e) TFA/CH,Cl, (1:4, 0.02m),
23°C, 1.5 h, 98%; f) TFAA (1.5 equiv), Et;N (1.5 equiv), CH,Cl, (0.1m), 23°C, 1 b, 79%;
g) TBAF (1.0m in THF, 1.2 equiv), THF (0.06m), 23°C, 2 h, 85%; h) 19 (1.0 equiv), 5, or

6 (1.2 equiv), NIS (2.0 equiv), MS (4 A), TFOH (0.2 equiv), Et,O/CH,Cl, (4:1, 0.04m),
1h, —20°C, 25-30%; i) K,CO; (5.0 equiv), MeOH/H,0 (7:1, 0.03m), 23°C, 20 h,
64.%; j) MesP (1.0m in THF, 4 equiv), 0.1m NaOH/THF (1:9), 4 h, 23°C; k) Pd(OH),
(0.05 equiv), H,, AcOH/H,0 (1:1), 20 h, 23°C, quantitative (two steps). TFAA,
trifluoroacetic anhydride; DMAP, 4-dimethylaminopyridine.
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ceeded smoothly under standard conditions to afford, after
deprotection, a piperidine glycoside that produced NMR spectra
identical to those of 27. Thus, the regioselective route provided
unambiguous assignment of piperidine glycoside analogues 1
and 27.
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Scheme 3. Reagents and conditions: a) TFA/CH,Cl, (1:4, 0.16m), 2 h, 0—23°C,
98%; b) CbzCl (1.1 equiv), NaHCO; (5.0 equiv), H,O/THF (1:1, 0.13m), 12 h,
0—23°C, 95%; c) p-methoxybenzaldehyde dimethyl acetal (1.5 equiv), p-TsOH
(0.05 equiv), DMF (0.10m), 5 h, 50°C, 92%; d) LiBH, (2m in THF, 3.0 equiv), THF
(0.10m), 3 h, 70°C, 55%; e) MsCl (1.5 equiv), pyridine (0.10m), 4 h, 0—23°C, 98%;
f) NaNj; (3.0 equiv), DMF (0.10m), 12 h, 50°C, 96%; g) AcOH/H,O (3:1, 0.05M), 3 h,
23°C, 78%; h) 26 (1.0 equiv), 5 (1.2 equiv), NIS (2.2 equiv), MS (4 A), TFOH

(0.28 equiv), Et,0/CH,Cl, (4:1, 0.03M), 3 h, —20 —0°C, 25-28%; i) 8u KOH/MeOH
(1:1,0.02m), 1 h, 100°C; j) MesP (1m in THF, 4.5 equiv), 0.1m NaOH/THF (1:9), 4 h,
23°C; k) Pd(OH), (0.05 equiv), H,, AcOH, 20 h, 23°C, 90% for 27 (two steps) and
86% for 1 (two steps); I) TBSOTf (1.3 equiv), 2,6-lutidine (2.0 equiv), CH,Cl, (0.10m),
2 h, 0°C, 68%; m) NaH (2.0 equiv), BnBr (1.5 equiv), DMF (0.10m), 2 h, 0—23°C,
84%; n) TBAF (1.0m in THF, 2.0 equiv), THF (0.05m), 3 h, 0—23°C, 81%; o) 28
(1.0 equiv), 5 (1.2 equiv), NIS (2.2 equiv), MS (4 A), TFOH (0.28 equiv), Et,0/CH,Cl,
(4:1,0.01m), 2 h, —20°C, 45%; p) 8 m KOH/MeOH (1:1, 0.01m), 3 h, 100°C; q) Me,P
(1min THF, 4.5 equiv), 0.1m NaOH/THF (1:9), 4 h, 23°C; r) Pd(OH), (0.05 equiv), H,,
AcOH, 20 h, 23°C, 62% (three steps). PMB, 4-methoxybenzyl; Ts, toluenesulfonyl;
Bn, benzyl.

The biological activity of the novel piperidine glycosides as
inhibitors of bacterial and eukaryotic protein synthesis, their
binding affinity to the bacterial decoding-site target, and their
potency against bacterial growth were evaluated by methods
described in the preceding report! (Table 1). Among the
piperidine compounds that were glycosylated at the 5-hydrox-
ymethyl group (7, 8, 11, 15, 27), only the 6’-aminoglucosamine
derivatives 7 and 27 of the syn-substituted piperidine scaffold
inhibited bacterial in vitro translation (Table 1). In contrast to the
active syn-piperidine derivative 7, the anti-diastereomer 15 did
not inhibit the translation assay, which illustrates the importance
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of the syn-relative stereochemistry. The presence of an additional
hydroxy group in 27 resulted in a more than threefold increase in
potency compared to 7 (IC;,=74 and 260 pm, respectively).
Replacement of the 6’-amino group at the glucosamine moiety
in 7 by a hydroxy substituent led to a complete loss of activity for
the derivative 8, similar to the decrease in potency observed for
the corresponding 2-DOS compounds neamine and parom-
amine (ICs,=0.37 and 3.9 um, respectively).™

Modification of the substitution pattern in the initially
designed derivative 1 led to increased inhibition potency in
the bacterial translation assay compared to the 4-hydroxy-
modified compound 26 (ICs,=35 and 74 um, respectively). The
potencies of 1 and 27 as inhibitors of bacterial translation were
in line with their relative affinities for binding to the decoding-
site RNA target (IC;,=90 and 110 uwm, respectively). Unlike the
other piperidine derivatives, which were obtained as pure a-
glycosides, compound 1 was isolated and tested as an
inseparable 1:2 mixture of a- and -anomers, which raises the
question of what the biological activities of the individual
components are. Molecular modeling studies suggested that
both the a-anomer (Figure 1¢, d, e) and the -anomer (Figure 2)

a)
HO.
&H
1B
2
4 ) — d—l:-
1495
1408 = g 1499
nf 1494 '
-
- .' = i ]
X "‘ ® 1492
li:\fﬁr 1408 ¢ ey
_,;?..' . g ‘#— F_rf.
i \ _ r_f

Figure 2. a) The 3-anomer of the designed piperidine glycoside 1. b) Three-
dimensional model of the [3-anomer of 1 (yellow) superimposed on paromamine
(blue) to show their conformational similarity. For clarity, the superimposed
molecules have been slightly shifted apart along the y-axis. c) Model of the [3-
anomer of 1 (yellow) docked in the three-dimensional structure? of the bacterial
decoding-site RNA. RNA bases are in dark grey and the sugar - phosphate
backbone in light grey with phosphate groups emphasized in magenta. A water
molecule participating in the non-Watson - Crick U1406-U1495 base pair® and
interacting with a 2-DOS hydroxy group is shown as a blue sphere. The flipped-
out adenine residues 1492 and 1493, and the unpaired adenine 1408 are shown in
green. The piperidine scaffold of 1 is participating in hydrogen-bond interactions
with the carbonyl oxygen and N7 atoms of G1494, and with the amino group of
A1408.
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of 1 can be docked into the decoding-site RNA while forming
favorable hydrogen-bond interactions. The related piperidine
glycoside 20, which was obtained as the a-anomer, did not
inhibit the bacterial translation assay. The difference between 1
and 20 may be related to additional hydrogen-bond interactions
of the 5-hydroxymethyl substituent with the RNA target. Since 1
was tested as a 1:2 mixture of a- and f-anomers, however, a
direct comparison of potencies between 1 and 20 is incon-
clusive. The piperidine glycoside 21 did not show inhibition of
bacterial translation, as was expected from the inactivity of 20
since 6'-hydroxy-substituted derivatives were generally less
active than 6’-amino compounds (paromamine versus ne-
amine," and 8 versus 7, see above).

The structure —activity relationships found for the synthetic
piperidine glycosides show that the 3-(aminomethyl)piperidine
scaffold does not confer a high potency comparable to that of
the natural aminoglycosides. However, the piperidine derivatives
yielded more potent inhibitors of bacterial translation than
aminoglycoside mimetics containing acyclic scaffolds as replace-
ments of 2-DOS, which are outlined in an accompanying
report. In contrast to the acyclic aminoglycoside mimetics,
some of which displayed promiscuous inhibition of eukaryotic
translation, the active piperidine glycosides were exclusively
inhibitors of the bacterial system (Table 1). The conformationally
restricted flexibility of the 3-(aminomethyl)piperidine scaffold
might be responsible for both the higher activity and specificity
of the piperidine glycosides towards the bacterial target.

Experimental Section

Characteristic analytical data of a representative piperidine
glycoside (27): '"H NMR (400 MHz, D,0): 6 =5.17 (d, J=3.6 Hz, 1H),
4.21 (brs, 1H), 3.86 (brt, J=9.2 Hz, 1H), 3.82 (m, 1H), 3.69 (brt, J=
76 Hz, 1H), 3.58 (brt, J=8.0Hz, 1H), 3.45-3.25 (m, 5H), 3.17 (brd,
J=76Hz, 1H), 3.13 (brd, J=8.0 Hz, 1H), 3.05-2.95 (m, 3H), 2.40-
2.25 (m, 2H) ppm; *C NMR (100 MHz, D,0): 6 =95.5, 71.2, 69.6, 68.5,
66.7, 62.9, 53.8, 40.6, 40.4, 40.3, 39.3, 38.4, 36.5 ppm; MS (ESI): m/z
calcd for Cy3H,N,O5 [M+H]1*: 321.21; found: 321.2 (100 %).

We thank B. Aust for determining MIC values and Dr. K. Steffy for
help with the eukaryotic in vitro translation assay. This work was
supported in part by a National Institutes of Health grant to TH.
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Molecular modeling was performed by using published atom coordi-

nates of the 30S ribosomal subunit-aminoglycoside complexes>? and

high-resolution crystal structures of synthetic RNA constructs containing
the bacterial decoding-site internal loop (Q. Zhao, T. Hermann, unpub-
lished results). Preferred conformations of the novel aminoglycoside
mimetics 1 and 2 were explored by molecular dynamics simulations and
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Cytochrome P450 BM-3 is a soluble fatty acid hydroxylase
composed of a heme domain and a reductase domain on a
single polypeptide chain."! We recently described a laboratory-
evolved variant of the P450 BM-3 heme domain which functions
as an H,0O,-driven hydroxylase (“peroxygenase”) and does not
require NADPH, O,, or the reductase.? This variant, which we
named 21B3, allows us to carry out cytochrome P450-catalyzed
biotransformations under highly simplified reaction conditions:
only the heme domain and hydrogen peroxide are needed for
substrate (fatty acid) hydroxylation. Because its heme domain
alone is competent for catalysis, P450 BM-3 peroxygenase 21B3
offers a unique opportunity to create a thermostable, functional
cytochrome P450. Here we report further directed evolution of
the 21B3 peroxygenase, resulting in an enzyme which is
significantly more thermostable than wildtype cytochrome
P450 BM-3 and retains much of the peroxygenase activity of
21B3.

Enzymes are often poorly stable under conditions encoun-
tered during production, storage, or use. Improving enzyme
resistance to thermal denaturation has been a major focus of
protein engineering efforts.*! Improved thermostability often
correlates with longer shelf-life, longer life-time during use (even
at low temperatures), and a higher temperature optimum for
activity.®” There have been no reports of stabilizing the
relatively unstable cytochrome P450 enzymes by protein
engineering, however, primarily because the P450s comprise
multiple subunits and contain thermolabile cofactors.

P450 BM-3 heme domain containing the single amino acid
substitution F87A (mutant HF87A) is significantly more active
than wildtype heme domain (HWT) in reactions driven by
H,0,.% ¥ Variant 21B3 is much more active than HF87A in 10 mm
H,0,, but is also less thermostable than HWT and HF87A. We
therefore sought to improve the thermostability of 21B3 while
maintaining its improved peroxygenase activity. Six cycles of
random mutagenesis or DNA shuffling and screening for
retention of peroxygenase activity after heat treatment (see
the Methods section) yielded the thermostable peroxygenase
variant 5H6.
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To characterize the thermostability of the peroxygenase
variants identified during screening, we measured the fraction
of folded heme domain remaining after heat-treatment, which
we determined from the fraction of the ferrous heme-CO
complex that retained the 450 nm absorbance peak character-
istic of properly-folded P450. Figure 1 shows the percentage of
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Figure 1. Percentage of 450 nm CO-binding peak of cytochrome P450 BM-3
heme domain HWT (o), HF87A (0), and 5H6 (A) remaining after 10-minute
incubations at the indicated temperatures. For the holoenzyme BWT (<), the
percentage of initial NADPH-driven activity remaining after 10-minute
incubations is shown.

properly-folded heme domain protein remaining after 10-
minute incubations at different, elevated temperatures. To allow
comparison to the wildtype full-length enzyme (BWT), whose
stability is limited by the stability of the reductase domain and
therefore cannot be determined from the CO-binding measure-
ment, we determined the residual (NADPH-driven) activity of
BWT following 10-minute incubations at the same temperatures.
Data in Figure 1 were fit to a two-state model, and the resulting
calculated temperatures corresponding to half denaturation for
the 10-minute heat incubations (T,) are listed in Table 1. These
values are in good agreement with the midpoints of the melting
curves of Figure 1. According to this measure of stability, variant
5H6 (T5,=61°C) is much more thermostable than the natural
catalytic system, BWT (T;,=43°C). It is also significantly more
thermostable than HF87A and 21B3.

Table 1. Thermostability and activity parameters for evolved and parental
P450s.

Mutant® Ty, for 10-minute  t;, at 57.5°C ¥ [min]  Peroxygenase
incubations® [°C] Activity'? [min~"]

BWT 43 0.46 <5

HWT 57 n.d. <5

HF87A 54 2.3 23

21B3 46 n.d. 430

5H6 61 15 220

[a] BWT =full-length, wildtype P450 BM-3; HWT=wildtype P450 BM-3
heme domain; HF87A =P450 BM-3 heme domain containing mutation
F87A; 21B3, 5H6 = evolved heme domain peroxygenase variants. [b] Calcu-
lated from the data in Figure 1, fit to a two-state denaturation equation.
[c] Calculated from the data in Figure 2, fit to a first-order exponential decay
equation. [d] Reported as initial rates at room temperature on 12-pNCA in
10 mm H,0, and 6% DMSO. n.d.: not determined.
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Peroxygenase activities were measured at room temperature,
using a colorimetric assay with 12-p-nitrophenoxycarboxylic acid
(12-pNCA) as substrate (see ref.[10] and Methods Section). 5H6
retains ~ 50 % of the high activity of 21B3 and is almost ten times
as active as HF87A (Table 1). Another useful measure of enzyme
stability comes from the rate of inactivation at high temperature.
Figure 2 shows the percentage of activity that remains for the
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Figure 2. Heat-inactivation of cytochrome P450 BM-3 holoenzyme BWT (o)
and peroxygenase mutants HF87A (o) and 5H6 (A), calculated as the
percentage of activity remaining after incubation at 57.5 °C for the indicated
periods of time. Peroxygenase activity was measured for HF87A and 5H6, while
NADPH-driven activity was measured for BWT.

different variants upon heating at 57.5°C. The activities decay
exponentially with time (first-order), and the half-life (t,,) of each
catalytic system is listed in Table 1. HF87A (which is less
thermostable than HWT) is significantly more resistant to
inactivation at 57.5 °C compared to BWT. (The half-life of HF87A
is also higher than that of BWT at room temperature (data not
shown)). The half-life of 5H6 at 57.5°C is 50 times longer than
that of HF87A and 250 times that of BWT. The fraction of
peroxygenase activity remaining after heat treatment correlated
with the fraction of remaining CO-binding peak for HF87A and
5H6. (Residual activity of HWT could not be correlated to the
remaining CO-binding peak because HWT has essentially no
peroxygenase activity.)

Enzyme thermostabilization often leads to a shift in the
activity-temperature profile to higher temperatures, reflecting
the higher stability of the folded protein.®! Measurements of
peroxygenase activity at different temperatures, however,
showed no significant increase in the optimum temperature
for activity for 5H6 compared to HF87A (both were 25-30°C).

Thermostable peroxygenase 5H6 contains eight new amino
acid substitutions compared to 21B3 (see ref.[2]), and 15
substitutions compared to HF87A. 5H6 also contains a deletion
resulting in the removal of one His residue from the 6-His
sequence included at the C terminus. The M145V substitution
that had been found previously in mutant 21B3 reverted to Met
upon back-crossing with HF87A (see Methods Section). Five of
the substitutions are conservative with regard to hydrophobicity
and size: L52I, A184V, L324l, V340M and I366V. Ser106 was
converted to a positively charged Arg residue (S106R) and a
negatively-charged Glu residue was converted to a positively-
charged Lys (E442K). It is difficult to rationalize how these
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mutations increase the enzyme’s stability. According to the P450
BM-3 heme domain crystal structure, substitutions S106R,
L3241, V340M, 1366V, and E442K are located on the protein
surface; the others are buried. Four stabilizing mutations are
close to positions where mutations that improved peroxygenase
activity accumulated in earlier experiments: L521 (in B-sheet 1-
2) is adjacent to 158V (helixB) from 21B3, S106R (in a loop
connecting helices C and D) lies next to mutation F107L from
21B3, E442K (in P-sheet4-2) lies adjacent to K434E (in f3-
sheet4-1) from 21B3, and the reversion to M145 (helix E) is
adjacent to S274T (helix]) from 21B3. The new stabilizing
mutations may serve to alleviate structural perturbations
introduced by the original (activity) mutations.

Two thermostable cytochrome P450s, CYP119 and CYP175A1,
from thermophilic organisms have recently been described!> '
and their (heme domain) crystal structures determined.l''®
CYP119 exhibits a melting temperature of ~91°C. Aromatic
stacking, salt-link networks and shortened loops are believed to
help stabilize these enzymes. Unfortunately, the functions of
these P450s are not known, and reported activities are extremely
low (for example, 0.35 min~" in the NADH-driven hydroxylation
of lauric acid)."”

Directed evolution allows us to explore non-natural functions
and properties of P450s. In this first example of engineering a
P450 to resist thermal denaturation, we have used directed
evolution to improve the thermostability of BM-3 peroxygenase
variant 21B3. These results reinforce the biotechnological
relevance of cytochrome P450 BM-3 and the catalytic potential
of our biomimetic hydroxylase.

Methods

General Remarks: All chemical reagents were procured from Aldrich,
Sigma, or Fluka. Restriction enzymes were purchased from New
England Biolabs and Roche. Deep-well plates (96 wells, T mL volume
per well) for growing mutant libraries were purchased from Becton
Dickinson. Flat-bottom 96-well microplates (300 pL per well) for
screening mutant library activities were purchased from Rainin.

Enzyme Expression and Purification: P450 BM-3 enzymes were
expressed in catalase-deficient E. coli"® using the (-p-thiogalacto-
pyranoside (IPTG)-inducible pCWori+ vector.' The heme domain
consisted of the first 463 amino acids of P450 BM-3 followed by a
6-His sequence at the C terminus, which had no significant influence
on the activity. Cultures for protein production were grown and
proteins were purified as described.”! Purified enzyme samples were
stored at — 80 °C until use, at which time they were thawed at room
temperature and then kept on ice. Concentrations of properly-folded
P450 enzyme were determined from the 450 nm CO-binding
difference spectra of the reduced heme, as described.?”

Preparation of Mutant Libraries: Error-prone PCR libraries were
prepared using standard protocols.?" Starting with 21B3 as the
parent, three rounds of error-prone PCR (using Tag DNA polymerase
(Roche)) followed by screening were performed, and the most
thermostable mutant which did not lose peroxygenase activity was
chosen as the parent for the next generation. Two additional
generations were prepared with the GeneMorph PCR Mutagenesis
Kit (Stratagene). In the final generation leading to mutant 5H6, a
recombinant library was prepared by DNA shuffling®? using Pfu Ultra
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DNA Polymerase (Stratagene). Parents for the recombinant library
included HF87A, mutants from the previous generation which were
more stable but less active, and mutants with increased activity.

Mutant Library Screening: Screening was performed essentially as
described,™? except cell lysates were additionally subjected to a heat
inactivation step and screened for residual activity (see also ref. [23]).
Briefly, cultures expressing mutants were grown in 96-well deep-well
plates. After cell growth, the plates were centrifuged, cell pellets
were frozen at —20°C, and the cells were lysed in Tris-HCI buffer
(100 mm, pH 8.2) containing lysozyme (0.5-1 mgmL-") and deoxy-
ribonuclease | (1.5-4 unitsmL™"). Clarified cell lysates were trans-
ferred to 96-well microplates for activity measurements at room
temperature (described below). Lysates were also transferred to 96-
well PCR plates (GeneMate) and heated to an appropriate temper-
ature (48-57.5°C) in a PTC200 thermocycler (MJ Research) for 10-15
minutes, rapidly cooled to 4°C, and then brought to room temper-
ature. The residual activities of these heat-treated lysates were then
measured in the same manner as the initial activities. Clones showing
a higher fraction of activity remaining after heat treatment and high
initial activity were characterized further.

Activity Assay: Activity on 12-pNCA® was determined by monitor-
ing the formation of p-nitrophenolate (pNP) (398 nm) at room
temperature using a 96-well plate spectrophotometer (SPECTRAmax
Plus, Molecular Devices), as described.” Reaction wells contained
Tris-HCI buffer (140 uL of 100 mm, pH8.2), a stock solution of
substrate (10 pL of 4 mm 12-pNCA) in DMSO, and purified enzyme or
clarified lysate. Reactions were initiated by the addition of an H,O,
stock solution (10 pL). Data for accurate determination of 12-pNCA
turnover rates with purified enzyme were collected using a BioSpec-
1601 spectrophotometer (Shimadzu), where absorbance changes
could be registered every 0.1 seconds. Typical final concentrations
were 250 um 12-pNCA, 6% DMSO, 1-10 mm H,0,, and 0.1-1.0 pm
P450. The extinction coefficient for pNP was determined from
standard pNP solutions prepared under identical reaction conditions.
NADPH-driven activity of BWT was determined spectrophotometri-
cally from the initial rate of NADPH consumption (measured as the
decrease in 340 nm absorbance) in the presence of myristic acid, as
described.’?4

Data for T;, Determination: Purified enzyme samples (~ 20 pm) in
Tris-HCl buffer (100 mm, pH 8.2) were incubated for 10 minutes at
different temperatures. Samples were then cooled on ice, and the
concentration of properly-folded heme domain (diluted 8x) was
estimated from the 450 nm CO-binding difference spectra and
compared to the CO-binding peak prior to heat treatment. Residual
NADPH-consumption activity was measured for BWT. Data in
Figure 1 represent average values from at least two experiments.
Data for t;,, Determination: Concentrated purified enzyme (70 um)
was added to pre-heated (57.5°C) Tris-HCI buffer (100 mm, pH 8.2)
and incubated at 57.5°C. Samples were removed at time intervals
(indicated in Figure 2), quenched by dilution into cold buffer,
brought to room temperature, and assayed for residual activity. Data
in Figure 2 represent average values from at least two experiments,
with standard deviations less than 10%.
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Understanding protein folding is currently a major research
challenge and multidimensional NMR spectroscopy is increas-
ingly being employed in its solution." Although fluoroaromatic
and derivatised amino acids have long been used as reporter
groups for NMR spectroscopic investigations of proteins,? the
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first study with fluorinated aliphatic amino acids appeared only
in 1996 when we reported incorporation of (25,4S)-5-fluoroleu-
cine (FLeu) in place of all 13 Leu residues in dihydrofolate
reductase using biological methods.® Since then, trifluorome-
thionine and fluoroproline have been incorporated into proteins
and recently synthetic'* % and in vivo!® techniques were used to
incorporate mixtures of diastereoisomers of 5,5,5-trifluoroleu-
cine™ > ¢ and 5,5,5,5',5',5"-hexafluoroleucine’® 7 into the leucine
zipper peptide GCN4-p1.

Use of auxotrophic bacteria in our original studies had the
disadvantage of labeling all Leu residues in the protein and
incorporation was variable at each position. For folding studies,
site-specific labeling in the hydrophobic core of a protein with
minimal disruption to the natural fold is the goal. We therefore
set out to incorporate FLeu® ® in place of strategically selected
Leu residues in the core of the protein ubiquitin (Ub). Ubiquitin
was chosen, not only because it is a small, conserved protein,
with five Leu residues within its hydrophobic core, but also
because we have experience with the synthesis, folding,
crystallography and biological studies of this protein and its
mutants.”” % We selected pairs of Leu residues for substitution
with the aim of establishing two proximal '°F reporter groups
within the hydrophobic core. FLeu-mutants for residues 50 and
67, FLeu50/67-Ub, and residues 43 and 67, FLeu43/67-Ub, were
chosen on this basis (distance between the pro-R methyl carbon
atoms, d=4.18 and 4.49 A, respectively). Mutants were synthes-
ised using standard Fmoc/tBu strategy!™ on Wang resin,
purification was achieved as described"® '? and products were
judged to be homogeneous by reversed-phase(RP)-HPLC (C8),
MALDI-TOF/MS and amino acid analysis. One-dimensional
"H NMR spectra of both mutants showed similar dispersion to
the spectrum of bovine ubiquitin, suggesting native folding. The
far-UV CD spectra (Figure 1) also indicated that the mutants were
very similar to the wild-type.
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Figure 1. CD spectra of ubiquitin and fluorinated derivatives. Spectra were
recorded in 50 mm sodium borate buffer at pH 7; a) wild type ubiquitin (solid line);
b) FLeu50/67 ubiquitin (dashes); c) FLeu43/67 ubiquitin (dots).

The "FNMR resonances (Table 1) displayed a large (ca.
10 ppm) chemical shift variation. Assignment of 'H and 'F
chemical shifts to residues 50 and 67 derived from sequential
backbone assignment based on TOCSY and NOESY experiments
combined with a 'H-°F HMQC experiment. Sequential and short-

ChemBioChem 2003, 4, 894 -896





Table 1. "°F chemical shifts of FLeu and FLeu-mutants of ubiquitin.©

Compound "THNMR 'F-67 '9F-50 'F-43 '9F-other
FLeu -223.7
FLeu50/67-Ub (folded) native  -221.0 -217.1

FLeu50/67-Ub (denatured) -221.3
FLeu43/67-Ub (folded) native  -222.0 -226.3
FLeu43/67-Ub (denatured) -221.4

[a] At 564.3 MHz and 25°C in 25 mm CD;CO,Na, pH 4.8, referenced to CFCl;
assigned as zero.

range homonuclear NOEs and interstrand NOEs observed for the
mutant were indistinguishable from those seen for the bovine
protein. Long range NOEs confirmed that the side chains of
FLeu50 and 67 are buried within a well-packed hydrophobic core
that is similar to the core of the wild-type protein. Preliminary
calculations based on 674 inter-residue NOEs produced struc-
tures of the FLeu50/67-Ub mutant that showed no significant
differences from the native structure.

We opted to synthesise the FLeu50/67-Ub mutant in greater
quantities for further study. Crystals isomorphous with the native
were grown and the X-ray structure was determined by using
techniques described previously.” 1% 3 Superposition of the
mutant structure with that of native ubiquitin showed an
excellent agreement (Figure 2 a). The main discernible difference

Figure 2. a) Cartoon showing superposition of the FLeu50/67-Ub mutant (cyan)
with the native structure (yellow). The core residues of the mutant protein (Val5,
17,26, lle3, 13, 23, 30, 36, 61, Leu15, 43, 56, 69 FLeu50, 67) are represented as ball-
and-stick with fluorine atoms in red. The alternative positions of FLeu50 can be
seen. Both mutant and native side chains for the typical Val17 (bottom left) are
shown. The small changes between the two proteins do not represent a
significant change in the overall fold. b) Electron density for the two FLeu residues
in the core of ubiquitin. The map was calculated with sigmaA-weighted
coefficients 3|Fo|—|2Fc| and is contoured at a level of 1.3{c}. The alternative
positions for the fluorine atom on FLeu50 can be clearly seen in contrast to the
unique position for the fluorine atom in FLeu67.

occurs at the C terminus, where conformational flexibility is
known to occur, thus allowing ubiquitin to conjugate to other
proteins.'" The two fluorine atoms in the core were clearly
visible and well-defined (Figure 2b). Two conformations exist for
the side chain of FLeu50 (y, = —51°, y,=—166°, ysF = —48° and
x1=—47°, yo=+162° ysF =+171°). The former rotamer has an
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occupancy of 37% and the fluorine is in a gauche arrangement
to C-B, while the latter rotamer (occupancy 63 %) is anti to C-f3.
The side chain in FLeu67 (y,=—44°, y,=—174°, ysF=—65) is
in a single conformation similar to that of the gauche form of
FLeu50. Despite the presence of two distinct rotamers of FLeu50,
the distances from its fluorine atom to that of FLeu67 were
similar (4.6 and 4.5 A for the gauche and anti arrangements
respectively).

Comparison of thermal stability in solution of natural (bovine)
and FLeu50/67-Ub was achieved by differential scanning
calorimetry(DSC; Figure 3). This showed that natural ubiquitin

-
o
T

FLeu50/67

o
T

P

C /kd mol' K" —

Figure 3. Comparison of the thermal stability in solution of natural (bovine)
ubiquitin and FLeu50/67-Ub (1 mgmL~', pH 3.0) obtained using a Microcal VP-
DSC instrument under standard operating conditions.!'”! Normalised DSC excess
heat capacity data are consistent with cooperative unfolding: T,,=66.9°C,
AH,;= 238 kimol~" (natural) and T,,=58.9°C, AH,,= 217 kJmol~' (FLeu50/67).
The dotted line indicates the heat capacity increment (4C,) upon unfolding.

undergoes cooperative two-state thermal unfolding transi-
tion wunder the conditions used (7,=669°C, AH=
238 (+10) kJmol~"), comparable to previous observations!'!
with a positive AC, typical of the unfolding of globular
proteins.l' The FLeu50/67 mutant shows a similar unfolding
transition but with a midpoint T, about 8°C lower than the
natural protein. Thus the mutant retains the typical unfolding
thermodynamic characteristics of a globular protein, but with
reduced stability. This may reflect fundamental changes in
solvation thermodynamics (hydrophobicity) arising from H-F
substitutions. By comparison, perfluorination increases the
stability of the dimer produced by Leu-Leu interactions in the
GCN4 zipper protein.*7

The biological activity of ubiquitin involves covalent conjuga-
tion of multi-ubiquitin chains or monomers of ubiquitin to target
proteins, signaling their proteolysis or regulating other non-
degradative cellular functions, respectively. Samples of the
FLeu50/67 mutant and bovine ubiquitin were separately incu-
bated with a preparation from rabbit reticulocyte lysate enriched
in elements of the ubiquitin conjugation pathway but depleted
of ubiquitin."® The newly formed ubiquitin-protein conjugates
were detected by Western blotting with anti-ubiquitin anti-
bodies. The FLeu50/67 mutant formed high molecular weight
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conjugates with a similar efficiency to natural ubiquitin. This
suggests that the mutant is recognised by the reticulocyte
activating and conjugating enzymes, thus lending support to the
proposal that no significant perturbation of the native structure
occurs when FLeu residues are incorporated into ubiquitin.
The F NMR spectrum of the 50/67 mutant in buffer (Fig-
ure 4a) showed one main signal for each of the FLeu residues.
The FLeu50 'F signal is broader than the FLeu67 signal. The

a) in buffer
FLeu50

N

FLeu67

b

b) in CD,CN/D,O (1:1)

Y S -

C) denatured

—222

-215 -216 -217 -218 -219 -220 221 —223

~<— §/ppm from CFCI,

Figure 4. '°F NMR spectrum of FLeu50/67-Ub; a) in 25 mm CD;CO,Na at pH 4.5
b) folded protein in CD;CN/D,O (1:1); ¢) denatured protein in 25 mm CD;CO,Na at
pH 4.5.

"FNMR spectrum in a mixture of acetonitrile and water (1:1;
Figure 4b), used to disrupt hydrophobic contacts in the core,
showed the two resonances corresponding to the native form of
the mutant, together with a much sharper pair of discrete
multiplets at —221.8 and —222.5 ppm. The fully denatured
mutant, obtained directly from the synthesis before folding, had
YF resonances as a broad hump, consistent with multiple
conformations in intermediate exchange (Figure 4c). The very
sharp peaks observed in acetonitrile indicate highly mobile
entities consistent with loss of any residual structure, and slow
(or no) exchange with the remaining natively folded material.
These preliminary studies illustrate the potential of the 'F
reporter nuclei for monitoring folding and unfolding of the
protein.

In summary, we have shown that preparation of a mutant of
ubiquitin with fluorine introduced stereospecifically into leucine
residues 50 and 67 by solid phase protein synthesis gives a
product with a very similar structure to the natural product both
in solution and in the solid state, and with the biological
properties of the natural protein. Despite differences in the
arrangement of side chains within the hydrophobic interior and
small changes in thermodynamic stability, we have produced a
minimally disturbed homogeneous protein that contains re-
porter labels of unambiguous structure and stereochemistry
lying close together within the core. Initial studies suggest that
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the provision of these samples will enable F NMR spectroscopy
to be used as a spectroscopic probe to explore the folding
process. This enabling technology, based as it is on synthetic
organic chemistry, has promise for the study of folding in this
and other proteins.

We thank The Biotechnology and Biological Sciences Research
Council, UK, for financial support.
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Novel Factor Xlll Probes for Blood
Coagulation Imaging
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Thrombosis plays a central role in most cardiovascular diseases,
which include myocardial infarction, pulmonary embolism, and
deep venous thrombosis."" A better ability to diagnose these
potentially life-threatening conditions is necessary to minimize
the associated morbidity and mortality.>* Thrombosis starts
with the activation of thrombin, which converts soluble
fibrinogen to fibrin.®! Thrombin initiates fibrin assembly and
the polymerized fibrin is further crosslinked by activated blood
coagulation factor XIll (FX13), a transglutaminase.’®”! FX13 is a
key player in the final stages of blood coagulation; it provides
the clot with sufficient stiffness and the necessary resistance
against thrombolytic enzymes by incorporating plasmin inhib-
itors into the crosslinked clot.

In the study described herein, we designed new thrombosis-
specific diagnostic probes based on the FX13 transglutaminase
activity and previously identified peptide substrates. The specific
peptide sequence, N,;QEQVSPLTLLK,,, extracted from a2-anti-
plasmin (a2AP), the primary inhibitor of plasmin-mediated
fibrinolysis,® ¥ was used as the primary template for imaging
probe synthesis. It has been shown previously that this peptide
crosslinks with fibrin in a clot in a specific manner.® FX13
catalyzes the formation of a covalent bond between the
glutamine residue at position 14 in one fibrin chain and the &-
amino group of a lysine residue in a different chain. The
glutamine residue at position 16 is significantly less reactive than
glutamine 14. We hypothesized that an effective imaging probe
could be covalently attached to blood clots. In particular, two
types of imaging probes were synthesized for imaging of blood
coagulation: one is a near-infrared (NIR) fluorescence probe and
the other is a gadolinium (Gd)-chelating magnetic resonance
(MR) probe.

To prepare the NIR fluorescence probe (A15), an acetyl glycine
group was added to the N terminus of the a2AP fragment
selected for capping. In addition, a tryptophan residue and a
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cysteine residue were added to the C terminus for quantitation
and conjugation purposes, respectively. The peptide was
synthesized by solid-phase peptide synthesis, characterized by
mass spectrometry (calcd: 1701.9; found: [M+1]T 1701.6), and
then reacted with a sulfhydryl reactive fluorochrome (Alexa Fluor
680C2 maleimide; Molecular Probes, Eugene, OR) through the
C-terminal cysteine sidechain, in sodium acetate buffer, pH 6.5
(Scheme 1). The HPLC-purified final product, A15, had excitation
and emission wavelengths of 679 and 702 nm, respectively. A
control probe (CA15) only modified by replacing glutamine
residue at position 14 with an alanine residue was also
synthesized.

Alexagg

4

Al15: Ac-GNQEQVSPLTLLKWC-OH

CA15: Ac-GNAEQVSPLTLLKWC-OH

C NGdN COoO
Q/(N \)\/
COoO
A14-Gd: Ac-GNQEQVSPLTLLKW-NH,

Scheme 1. Sequences and structures of FX13 probes.

The incorporation of an NIR fluorescence probe into a blood
clot was studied with the use of mouse blood. After incubating
the A15 or CA15 probe (1 um) with the freshly withdrawn mouse
blood for 2 h, the clot was homogenized and washed extensively
with phosphate buffered saline (PBS). The clots were then
imaged by using a laboratory-built imaging system with 630 +
15nm excitation and 700+ 20 nm emission."™ An intense
fluorescence signal was observed for the clot incubated with
the A15 probe, 11-fold higher than the background emission of
the blood (average result from three clots; Figure1). In
comparison, the clot incubated with the CA15 probe showed a
significantly weaker fluorescent signal and less than 3-fold signal
enhancement could be observed. This result suggests that the
glutamine residue at position 14 is critical for the FX13 cross-
linking reaction. Once the amide group on the glutamine
sidechain was eliminated, the amount of probe attached to the
fibrin dropped significantly. The weak fluorescence observed
with the CA15 probe may come from less efficient crosslinking
through the second glutamine residue at position 16 and/or
traced trapped probes.

One potential problem of using light in blood imaging is
background absorbance, which is also a problem in other in vivo
optical imaging.'" Hemoglobin and deoxyhemoglobin, the
major components of blood, absorb strongly below 650 nm, so
the commonly used fluorochromes in the visible range
(<650 nm) are not ideal for blood imaging. Thus, the NIR
fluorochrome, which emits between 700 and 900 nm, was used
to overcome this limitation, as reported herein and in prior
studies.'>1%]
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Figure 1. A) Light (left) and NIRF (right) images of a blood clot Q/N\)
with A15, no probe, and CA15 (clockwise). B) Fluorescence COOH

intensity of clots (number of clots tested = 3).

Ac-Gly-Asn—GIn—Glu—GIn—Val—

In addition to the optical probe, a paramagnetic
Gd-containing MR probe was synthesized by
anchoring a macrocyclic chelator, 1,4,7,10-tetraaza-
cyclododecane-N,N',N",N""'-tetraacetic acid (DOTA),
to the a2AP peptide (Scheme 2). The peptide was
synthesized by using 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry with a Lys(Dde) residue and other
standard amino acids.l's! After automatic synthesis
on the synthesizer, the lysine side chain protecting
group Dde was selectively removed by treatment
with 2% hydrazine. A protected DOTA analogue,
1,4,7,10-tetraazacyclododecane-1,4,7-tris(acetic acid t-butyl es-
ter)-10-acetic acid (DOTA-3tBu; Macrocyclics, Richardson, TX),
was activated by addition of O-(7-azabenzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HATU) and coupled
to the peptide on the solid support. The A14 peptide was then
cleaved, purified, and characterized by mass spectrometry
(calcd: 2041.6; found: [M+1]* 2041.8). Gadolinium chelation
was carried out by treating GdCl; with A14 peptide in glycine
hydrochloride solution, pH 3.4 at 80°C for 1.5 hrs. The final
product, A14-Gd, was further purified by HPLC and characterized
by mass spectrometry (calcd: 2198.8; found: [M+1]" 2198.5).

As in the optical probe studies, the A14 - Gd probe was tested
against mouse blood and it was then imaged by magnetic
resonance imaging (MRI). A clinically used Gd complex with
diethylenetriamine pentaacetic acid (Gd-DTPA; Magnevist,
Berlex, Wayne, NJ) was also included as a control. The blood
clots were prepared with A14-Gd or Gd-DTPA as previously
described. After incubation with the compounds, the clots were
homogenized and extensively washed with PBS to remove
unbound compounds. MR imaging was performed on a 1.5T
clinical imaging system (System 5X; General Medical Systems,
Milwaukee, WI) with a 5-inch surface coil. Images were obtained
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Ser—Pro—Leu—Thr—Leu—Leu—Lys—Trmp—NH,

GdCl,

I'(\N’5
&J

C

Ser—Pro—Leu—Thr—Leu—Leu—Lys—Trp—NH,

Scheme 2. Synthetic scheme for A14-Gd.

by using a T1-weighted spin echo sequence with the following
parameters: repetition time (TR), 400 msec; echo time (TE),
12 msec; field of view, 8 x 6cm; a matrix of 256 x 256; slice
thickness, 1.5 mm. As with the NIR fluorescence results, a
significant difference was observed by MRI between the signals
with and without the test compounds. The signal intensities
were 230.5, 286.8, 299.5, and 483.1 for the blood clot alone and
blood clots incubated with 50 um Gd - DTPA, 30 mm Gd - DTPA,
and with 50 um A14-Gd, respectively (Figure 2). These results
suggest that A14 - Gd crosslinked with fibrin and the retained Gd

Figure 2. MR images of blood clots. After incubation with no probe, 50 um Gd -
DTPA, 30 mm Gd—-DTPA, or 50 um A14-Gd (from left to right), the clots were
homogenized and extensively washed with PBS to remove unbound compounds.
A 1.5-Tclinical MR imaging system was used with T1 values of 230.5, 286.8, 299.5,
and 483.1, respectively.
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contributed to the dramatic T1 relaxivity changes. Gd-DTPA
alone did not provide any meaningful enhancement of the
signal, even when a 600-fold excess was used in the experiment.

In conclusion, we have developed new types of imaging
probes that have the potential to be used for in vivo imaging of
blood coagulation. The specific peptide derived from a2AP
labeled with various reporter groups can be covalently attached
to fibrin by blood coagulation factor FX13 through transgluta-
mination. Theoretically, the same approach could be applied to
other transglutaminases, which are widely found in generic
tissue stabilization and also contribute to a variety of diseases,
such as cancer, neurodegenerative diseases, and celiac dis-
ease.l'” 18
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A New Furoxan NO-Donor
Rabeprazole Derivative and Related
Compounds
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The design of hybrid molecules by combining appropriate
pharmacophoric groups with NO-releasing moieties is a promis-
ing approach to the production of new drugs with interesting
potential for treating a variety of diseases.'3 Our research group
has been active in this field and we have designed several such
products."! These compounds include NO-donor nonsteroidal
antiinflammatory drugs (NSAIDs)® *! and NO-donor H,-receptor
antagonists.! We pursued this line because nitric oxide (NO*) has
protective effects on the gastric mucosa through a number of
mechanisms, such as promotion of mucus secretion, increased
mucosal blood flow and decreased adherence of neutrophils to
the gastric vascular endothelium.” In confirmation of this idea,
we herein describe the new hybrid 12, obtained by joining the
4-alkoxy-3-phenylsulfonylfuroxan substructure to rabeprazole
(1; Scheme 1). It is known that furoxans are able to release NO at
physiological pH, in the presence of thiol cofactors. The
mechanism of this release appears to be complex and may
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contributed to the dramatic T1 relaxivity changes. Gd-DTPA
alone did not provide any meaningful enhancement of the
signal, even when a 600-fold excess was used in the experiment.

In conclusion, we have developed new types of imaging
probes that have the potential to be used for in vivo imaging of
blood coagulation. The specific peptide derived from a2AP
labeled with various reporter groups can be covalently attached
to fibrin by blood coagulation factor FX13 through transgluta-
mination. Theoretically, the same approach could be applied to
other transglutaminases, which are widely found in generic
tissue stabilization and also contribute to a variety of diseases,
such as cancer, neurodegenerative diseases, and celiac dis-
ease.l'” 18
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A New Furoxan NO-Donor
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Compounds
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The design of hybrid molecules by combining appropriate
pharmacophoric groups with NO-releasing moieties is a promis-
ing approach to the production of new drugs with interesting
potential for treating a variety of diseases.'3 Our research group
has been active in this field and we have designed several such
products."! These compounds include NO-donor nonsteroidal
antiinflammatory drugs (NSAIDs)® *! and NO-donor H,-receptor
antagonists.! We pursued this line because nitric oxide (NO*) has
protective effects on the gastric mucosa through a number of
mechanisms, such as promotion of mucus secretion, increased
mucosal blood flow and decreased adherence of neutrophils to
the gastric vascular endothelium.” In confirmation of this idea,
we herein describe the new hybrid 12, obtained by joining the
4-alkoxy-3-phenylsulfonylfuroxan substructure to rabeprazole
(1; Scheme 1). It is known that furoxans are able to release NO at
physiological pH, in the presence of thiol cofactors. The
mechanism of this release appears to be complex and may
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Scheme 1. Synthesis of furoxan and furazan rabeprazole derivatives 12 and 13, respectively. a) HO(CH,);0H, K,CO;, 105°C; b) (CH;CO),0, 100°C; c) NaOH, EtOH, H.,0,
RT; d) CH,Cl,, SOCl,, — 10°C; e) EtOH, NaOH, 2-mercaptobenzimidazole; f) dry THF, 50% NaOH, RT; g) MCPBA, — 45°C, CH,Cl,. THF, tetrahydrofuran; MCPBA, m-

chloroperoxybenzoic acid.

involve more than one redox form of NO.®! Rabeprazole is a
potent inhibitor of the H/K™-ATPase enzyme (the gastric proton
pump; ATP, adenosine triphosphate).”” '@ Proton pump inhibitors
(PPIs) have proved to be a major therapeutic advance in a range
of acid-peptic diseases, which include gastric and duodenal
ulcers, gastroesophageal reflux (GERD) and Zollinger - Ellison
syndrome,"™ as well as in preventing NSAID-induced gastro-
pathy" and in eradicating Helicobacter pylori as part of
combination regimens.'"! Rabeprazole is one of the most
recently marketed PPIs and it has been reported to have slightly
different pharmacokinetics!™ to those of the other members of
this group of compounds (higher pK,, faster conversion in the
activated form and faster dissociation from the enzyme). Like all
other PPIs, rabeprazole displays reasonable anti-H. pylori activity
and inhibits both bacterial urease activity and motility."> "9 It has
recently been reported that nitric oxide in the gastric mucosa
may influence conversion of H. pylori from the virulent spiral to
the coccoid dormient form.'"? Thus, the hybrid 12 is an
interesting model that may be expected to be endowed with
both NO- and rabeprazole-dependent activities. We report
herein the synthesis and in vivo antisecretory and gastro-
protective properties of 12, as well as those of the furazan
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analogue 13, which is unable to release NO and was taken as a
control. The anti-H. pylori activities of 12 and 13 and of their
synthetic intermediate sulfides 10 and 11 are also discussed.

Benzimidazole derivative 7 was used as the starting material
for the synthesis of the final furoxan and furazan products 12
and 13 (Scheme 1). Treatment of 7 dissolved in dry THF with
bis(phenylsulfonyl)furoxan (8) or bis(phenylsulfonyl)furazan (9)
at room temperature in the presence of aqueous 50% (w/w)
NaOH afforded the expected sulfides 10 and 11. It is known that,
under similar conditions, 8 reacts with EtOH to give 4-ethoxy-3-
(phenylsulfonyl)furoxan.'® Based on this observation, 10 was
expected to be the product of the reaction of 7 with 8. *C NMR
spectra confirm this hypothesis: the signals at 158.8 ppm and
110.3 ppm are characteristic for C(4) and C(3), respectively, in the
4-alkoxy-3-(phenylsulfonyl)-substituted furoxan ring. Sulfide de-
rivatives 10 and 11 were oxidised by treatment with m-
chloroperoxybenzoic acid to give the final products, which were
isolated as sodium salts.

In vitro NO release from the two furoxans 10 and 12 was
indirectly evaluated by detecting nitrite (Griess reaction) pro-
duced in buffered solution (pH 7.4) at 37 °C under the action of
an excess of cysteine (% NO,~ (molmol~"): 10,53 +1; 12,49 +2)

www.chembiochem.org ChemBioChem 2003, 4, 899-903





by following a procedure described elsewhere.® No nitrite
production was observed in the absence of cysteine. The two
derivatives displayed similar capacities to produce nitrite under
the chosen experimental conditions.

The effect of the final derivatives 12 and 13, and of
rabeprazole (1; sodium salt, taken as a reference), on hista-
mine-induced acid secretion was evaluated in vivo (intravenous
(i.v.) administration) on anaesthetised rats with lumen-perfused
stomachs. The results are reported as absolute values in micro-
equiv HClkg='min~". The inhibitory effect of the different
compounds is expressed as percentage inhibition of the
stimulated acid secretion (plateau response), arbitrarily taken
as 100%. IDs, values (dose producing 50% of the maximum
possible effect) were derived from the inhibitory dose —response
curves and are reported with 95% confidence limits (CLs). The
lumen-perfused stomach of the anaesthetised rat secreted acid
spontaneously at rates of 0.2-2.0 pequiv HCl kg ~"min~". Hista-
mine (20 umolkg="h~") caused an increase in acid secretion,
which reached a maximum after 60-80 min and remained
constant over several hours. Intravenous injection of rabeprazole
(1; sodium salt, 0.1-1umolkg™"), compound 13 (1-
10 umolkg~") or compound 12 (1-30 umolkg~"), administered
at the acid secretion plateau caused dose-dependent inhibition
of the acid production induced by histamine. Compound 12 was
approximately fifty times less potent than rabeprazole and three
times less potent than 13 (Table1 and Figure 1). Maximum
inhibitory responses occurred within 40-60 min after drug
injection (data not shown).

Table 1. Effect of rabeprazole (1; sodium salt), 12 or 13 on histamine-induced
acid secretion.

IDso [umolkg~"] (CL 95 %)

1 0.15 (0.07-0.30)
12 6.83 (0.66-7.07)
13 2.07 (0.81-7.07)
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5 T 1004
-
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Figure 1. Effects of intravenous (i.v.) injections of rabeprazole (1; sodium salt; m),
13 (0) or 12 (o) on the gastric-acid-secretion plateau reached with histamine
(20 umolkg="h~") stimulation, arbitrarily taken as 100. In control experiments the
drug vehicle (dimethylsulfoxide) was administered alone. The values plotted are
the mean values + standard error of the mean (SEM) measured on 6 -8 rats.
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Results obtained for the acid secretion model confirm the
antisecretory activity of rabeprazole already observed in pre-
vious studies.””) Substitution of the methyl group in the
rabeprazole molecule with a furazan or furoxan moiety signifi-
cantly reduced the antisecretory potency of the molecule but
not its efficacy. ID5, values for compounds 13 and 12 were
between 15 and 45 times higher, respectively, than that for
rabeprazole (Table 1). The reduction of potency seems to be
greater for the furoxan derivative than in the furazan, which
suggests that the NO-donor property could further impair the
antisecretory activity of the proton pump inhibitor. Data
reported in the literature concerning the effects of NO on acid
secretion are contradictory: some studies on rats!'"? have
reported inhibitory effects for NO donors whereas stimulatory
effects have been observed in isolated mouse stomach.?

The gastroprotective activity of rabeprazole (1; sodium salt)
and the related compounds 12 and 13 against lesions induced
by indomethacin was evaluated in conscious rats (intragastric
(i.g.) administration). Indomethacin produced multiple hemor-
rhagic lesions in the glandular portion of the stomach, with a
lesion index (see the Supporting Information for details) of
41.945.7 (Figure 2). Intragastric administration of rabeprazole
(1; sodium salt, 3-30 pmolkg™") significantly reduced the lesion
index and gave a maximum inhibition of 75% (Figure 2). The

50+
a1
29 1 12
T 113
= CMC

10

i.g./umol-kg™! ——

Figure 2. Effect of intragastric (i.g.) administration of rabeprazole (1; sodium
salt, 3-30umolkg™'), 12 (3-30umolkg~") or 13 (10-30 umolkg~') on gastric
mucosal lesions induced by indomethacin (20 mgkg~' i.g.) in conscious rats.
Control rats received vehicle (1% carboxymethyl cellulose, CMC) in equivalent
volumes. The values plotted are the mean values + SEM measured on 7 - 12 rats.
* P < 0.05 with respect to the control group; determined by one-way analysis of
variance (ANOVA) followed by a Newman - Keuls test.

rabeprazole analogue endowed with NO-donor properties
(Compound 12) induced similar gastroprotective activity at
equivalent doses (3-30pumolkg™"); in contrast, the furazan
analogue (Compound 13), which does not release NO, only
induced a significant reduction of acute damage by indometha-
cin at doses three times higher than those required for the other
two compounds (Figure 2). While different in potency, the
compounds were similar in the magnitude of the protective
effect exerted.

The gastroprotective experiments indicate that rabeprazole
can prevent the damaging effect of indomethacin and behaves
similarly to other proton pump inhibitors such as omeprazole
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and lansoprazole.?"! Rabeprazole was recently reported to have
protective activity against ethanol-induced gastric mucosal
damage, produced by an NO-mediated increase in mucin
content.?? The furazan analogue of rabeprazole, 13, was less
potent in preventing indomethacin-induced lesions than the
parent drug, possibly because of the lower antisecretory activity
of 13; it is well known that NSAID-induced gastric lesions are
highly dependent on the presence of acid in the gastric
mucosa.”” In contrast, the NO-donor analogue showed gastro-
protective activity at doses similar to those needed with
rabeprazole, while being approximately 50 times less active as
a gastric antisecretagogue. This result suggests the NO-donor
property of 12 might contribute to its protective effect on the
gastric mucosa.

The anti-H. pylori activity of the final products 12 and 13, the
intermediates 10 and 11, and of rabeprazole (1; sodium salt) was
evaluated in vitro against 14 clinical strains of H. pylori and the
reference strain NCTC 11637. Five of these strains were resistant
to metronidazole, which was taken as a reference compound.
The minimal inhibitory concentrations (MICs) were determined
for each compound by using the agar dilution method. From
these values, MIC;, and MICy,, namely the minimal concentra-
tions inhibiting 50% and 90% of the strains used, were
calculated. MICs were expressed as pgmL~' metronidazole
equivalent.

Table 2 shows that all the derivatives tested display an
inhibitory activity against H.pylori ranging from potent to
moderate. The compounds can be ranked according to this
activity: 10 ~ 12 > rabeprazole > 13 > 11 > metronidazole. Inter-

Table 2. MICs needed to inhibit 50% (MICs,) and 90% (MIC,,) of all the
H. pylori strains considered.
MIC [ugmL-1]

Range MICs, MIC,,
metronidazole 0.5-32 1 >32
10 < 0.0039-0.125 0.031 0.062
1 1-8 2 4
12 < 0.0039-0.125 0.015 0.125
13 0.25-2 0.5 2

1 (sodium salt) 0.062-0.5 0.125 0.5

estingly, all the synthesised compounds are active against all the
metronidazole-resistant strains tested, in particular the two
furoxans 10 and 12 (Table 3). The anti-H. pylori properties of

Table 3. MICs of rabeprazole 1 (sodium salt) and its analogues 10-13
against metronidazole-resistant strains.
metronidazole MIC [ugmL~T]
resistant strain  metronidazole 1 10 1 12 13
NCTC 11637 >32 0.5 0.062 8 0.062 2
107 R 16 0.125 0.062 4 0.125 1
VILLA R >32 0.125 0.015 2 0.015 2
77 >32 0.125 0.125 4 0.125 1
110 R >32 0.125 0.0078 2 <0.0039 1
902 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

rabeprazole are thus potentiated in its furoxan analogues 12 and
10 (a potential prodrug of 12) and slightly decreased in the
corresponding furazans 13 and 11 (a potential prodrug of 13).
Additional interest in these derivatives stems from the fact that
H. pylori seropositivity appears to be an independent risk factor
for stroke of atherothrombotic origin,?* and from the antiag-
gregatory and vasodilating properties of furoxans.

In conclusion, rabeprazole possesses both gastric antisecre-
tory and protective activity against damaging agents, as already
observed with other pump inhibitors.?" In addition, this
compound is a potent anti-H. pylori agent and acts against a
number of metronidazole-resistant strains. Chemical modifica-
tion of the rabeprazole moiety by introduction of a furazan or
furoxan group significantly reduces its antisecretory potency but
not its efficacy; however, addition of the furoxan group, which
releases NO, gives the molecule a protective activity comparable
to that of the parent rabeprazole. This effect could lead to a
better balance between antisecretory (PPl-dependent) and
protective (NO-dependent) activities in the hybrid derivative
that would favour gastroprotection over acid suppression.

In addition, the anti-H. pylori activity of these products against
metronidazole-resistant strains makes them a new interesting
class of rabeprazole derivatives worthy of further development.

The syntheses of all the products described in this work and
the optimisation of the preparation of intermediates 2 - 7, which
is only described in patent literatures, as well as the procedures
for the biochemical and pharmacological characterisation of the
rabeprazole derivatives 10-13 are discussed in the Supporting
Information.

This work was patrtially supported by a MIUR (COFIN 2001) grant.
We are grateful to Dr. Patrizia Naldini (Janssen-Cilag Co.) for the
kind gift of a sample of rabeprazole.
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sporine." 2 Both of these compounds are produced by non-
ribosomal peptide synthetases (NRPS), which are complex
enzymes organized in modules that catalyze multistep reac-
tions.*> 4 A module needed for the incorporation of one amino
acid into the final product comprises an adenylation (A) domain
for substrate recognition, a 4'-phosphopantetheine-dependent
carrier protein that holds the activated substrate and the
growing chain, and a condensation (C) domain for peptide
bond formation. Additionally, the activated substrate may also
be altered by NRPS-associated optional domains that epimerize,
methylate, or N-formylate, or by postsynthetic enzymes that
glycosylate or halogenate the substrate; these alterations make
the final products not easily accessible through chemical
synthesis.”! A domains activate, in addition to proteinogenic
amino acids, a number of nonproteinogenic amino acids as well
as carboxy acid. These domains specifically activate one
substrate as the corresponding acyl adenylate at the expense
of adenosine triphosphate (ATP).® Two crystal structures of A
domains have been solved. The crystal structure of the
gramicidin S-synthetase A (GrsA) phenylalanine-activating A
domain from Bacillus brevis led to the elucidation of the so-called
“nonribosomal code,” which allows the prediction of the
specificity of an A domain.” % This prediction was limited to
amino-acid-activating A domains until the structure of dihy-
droxybenzoate-adenosine monophosphate ligase (DhbE) was
solved recently, which further extended the code to include
carboxy-acid-activating A domains."™ Although the NRPS A
domains exhibit the same enzymatic activity as other adenylate-
forming enzymes, such as aminoacyl tRNA synthetases of
ribosomal protein synthesis, these enzymes are not related on
either the sequence or the structural level.'>™ |nstead, A
domains are structurally related to the luciferase from Photinus
pyralis.'® We present herein the application of the first A domain
inhibitors. Not only did these acyl adenylate analogues prove to
be excellent inhibitors, their modification with linkers, which
allows binding to a matrix, enlarges the number of possible
applications.

Aminoacyl tRNA synthetases have successfully been inhibited
by the aminoacyl analogues 5’-O-[N-(aminoacyl)-sulfamoyl]
adenosine.l'” For instance, the alanyl-tRNA-synthetase from
Escherichia coli can be inhibited by the alanyl derivative of this
compound.'® Following this approach, we synthesized the
corresponding 5'-O-[N-(phenylalanyl)-sulfamoyl] adenosine (1)
and 5-O-[N-(leucyl)-sulfamoyl] adenosine (2) to test whether
these analogues also inhibit A domains based on the similarity in
enzymatic activity of such domains. Two A domains were chosen
to test the functionality of the analogues 1 and 2. We chose the
GrsA A domain (PheA) because it has been crystallized in the
presence of the substrates adenosine monophosphate and
phenylalanine, which vyielded a detailed insight into the
mechanism of binding and catalysis of this domain. The second
A domain, LeuA, is the excised A domain of the surfactin
synthetase C (SrfA-C) from Bacillus subtilis. The corresponding
gene fragments of the A domains, namely PheA and LeuA, were
cloned (Figure 1) and the proteins were produced as strep-tag Il
fusions in E. coli and subsequently purified by streptactin affinity
chromatography.
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which have become important elements of modern medicine.
The sphere of activity of these compounds is vast and ranges
from antibiotic to immunosuppressive, cytostatic to toxic effects.
For instance, among these peptides are important antimicrobial
agents such as the heptapeptide vancomycin, and immunosup-
pressive substances such as the cyclic undecapeptide cyclo-
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sporine." 2 Both of these compounds are produced by non-
ribosomal peptide synthetases (NRPS), which are complex
enzymes organized in modules that catalyze multistep reac-
tions.*> 4 A module needed for the incorporation of one amino
acid into the final product comprises an adenylation (A) domain
for substrate recognition, a 4'-phosphopantetheine-dependent
carrier protein that holds the activated substrate and the
growing chain, and a condensation (C) domain for peptide
bond formation. Additionally, the activated substrate may also
be altered by NRPS-associated optional domains that epimerize,
methylate, or N-formylate, or by postsynthetic enzymes that
glycosylate or halogenate the substrate; these alterations make
the final products not easily accessible through chemical
synthesis.”! A domains activate, in addition to proteinogenic
amino acids, a number of nonproteinogenic amino acids as well
as carboxy acid. These domains specifically activate one
substrate as the corresponding acyl adenylate at the expense
of adenosine triphosphate (ATP).® Two crystal structures of A
domains have been solved. The crystal structure of the
gramicidin S-synthetase A (GrsA) phenylalanine-activating A
domain from Bacillus brevis led to the elucidation of the so-called
“nonribosomal code,” which allows the prediction of the
specificity of an A domain.” % This prediction was limited to
amino-acid-activating A domains until the structure of dihy-
droxybenzoate-adenosine monophosphate ligase (DhbE) was
solved recently, which further extended the code to include
carboxy-acid-activating A domains."™ Although the NRPS A
domains exhibit the same enzymatic activity as other adenylate-
forming enzymes, such as aminoacyl tRNA synthetases of
ribosomal protein synthesis, these enzymes are not related on
either the sequence or the structural level.'>™ |nstead, A
domains are structurally related to the luciferase from Photinus
pyralis.'® We present herein the application of the first A domain
inhibitors. Not only did these acyl adenylate analogues prove to
be excellent inhibitors, their modification with linkers, which
allows binding to a matrix, enlarges the number of possible
applications.

Aminoacyl tRNA synthetases have successfully been inhibited
by the aminoacyl analogues 5’-O-[N-(aminoacyl)-sulfamoyl]
adenosine.l'” For instance, the alanyl-tRNA-synthetase from
Escherichia coli can be inhibited by the alanyl derivative of this
compound.'® Following this approach, we synthesized the
corresponding 5'-O-[N-(phenylalanyl)-sulfamoyl] adenosine (1)
and 5-O-[N-(leucyl)-sulfamoyl] adenosine (2) to test whether
these analogues also inhibit A domains based on the similarity in
enzymatic activity of such domains. Two A domains were chosen
to test the functionality of the analogues 1 and 2. We chose the
GrsA A domain (PheA) because it has been crystallized in the
presence of the substrates adenosine monophosphate and
phenylalanine, which vyielded a detailed insight into the
mechanism of binding and catalysis of this domain. The second
A domain, LeuA, is the excised A domain of the surfactin
synthetase C (SrfA-C) from Bacillus subtilis. The corresponding
gene fragments of the A domains, namely PheA and LeuA, were
cloned (Figure 1) and the proteins were produced as strep-tag Il
fusions in E. coli and subsequently purified by streptactin affinity
chromatography.
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Before the conduction of any further experiments, the
substrate specificity and kinetic constants of both enzymes
were determined. PheA specifically activated .- and p-phenyl-
alanine. LeuA activated L-leucine with a slight side-specificity for
L-isoleucine, as expected (not shown). To allow better compar-
ison with the inhibition studies to follow, Michaelis constants K|,
of both PheA and LeuA for their respective substrate amino acid
were determined by ATP/inorganic pyrophosphate (PP;) ex-
change assay. This assay measures the back reaction of the
adenylate formation. The use of 32P-pyrophosphate in these
assays leads to incorporation of 32P-phosphate into ATP in direct
proportion to the activity of an A domain. For this purpose, the
enzymes were incubated with either - or p-Phe in the case of
PheA, or L-Leu in the case of LeuA. PheA exhibited K, values of
9.3+0.8 um and 19.0 + 1.3 pm for -Phe and p-Phe, respectively.
LeuA had a K, value of 642 + 36 um for L-Leu. The values for PheA
differ significantly from those previously determined for the
same protein when His-tagged.” Differences in protein-tagging,
purification strategy, as well as buffer system may account for

Gramicidin

GrsA st

A domains. In addition, no
cross inhibition was observed
between the two A domains, which indicates the expected
specificity of the inhibitors (not shown). For the determination of
inhibition constants, K;, the concentration of the inhibitor was
varied while the substrate concentration was kept constant.
Three different sets of data points were collected for each of the
two A domains. The concentration of the inhibitor was plotted
against the reciprocal of the reaction rate in Dixon plots
produced using results from the ATP/PP; exchange assays. The
two K; values found for 5-O-[N-(.-phenyl)-sulfamoyl] adenosine
(1) with PheA and either L-Phe or p-Phe as substrate are the same
(within experimental error), at 61 nm and 63 nwm, respectively
(Figure 2a and b). The K; value for 5’-O-[N-(-leucyl)-sulfamoyl]
adenosine (2) with LeuA was even lower at 8.4 nm (Figure 2¢).
These values, which are up to five orders of magnitude lower
than the respective K, values of the A domains, make these
compounds especially suitable as inhibitors. It is surprising that,
despite the fact that the conformation of the adenylate formed
by A domains differs a great deal from that formed by tRNA
synthetases, the same inhibitors can be used for both classes of
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Figure 1. Modular organization of the gramicidin S and surfactin biosynthesis operons showing the exact position of the A domains chosen for cloning. Sc, Sacll; N,

Ncol, PCP, peptidyl carrier protein domain.
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Figure 2. Dixon plots of inhibition studies with the recombinant proteins and the linkerless inhibitors 1 and 2. A) PheA with inhibitor 1 and -Phe. B) PheA with inhibitor
1 and p-Phe. C) LeuA with inhibitor 2 and (-Leu. The concentration of the inhibitors was varied as follows: PheA, 0-0.05 um; LeuA, 0- 10 nm. Amino acid concentrations

were as indicated in the figure. com, counts per minute.

enzyme."™ Moreover, the kinetic and inhibitory constants for
PheA are comparable to those determined for the isoleucyl-
tRNA synthetase from Staphylococcus aureus.1* 2\

Comparison of the structure of the GrsA A domain with
bound substrate with the luciferase structure without
substrate indicated closing of the active site when the
substrate is bound, as was shown for the lysyl tRNA
synthetase from Thermus thermophilus in the presence of a
sulfamoyl analogue of lysyl adenylate.”?2 Thus, such
inhibitors may be used to study the reaction mechanism of
NRPS A domains and may also facilitate their crystallization.
Crystallization of whole NRPS modules has failed to date and
we anticipate that these inhibitors may be of value for
freezing the otherwise flexible structure of such modules in
one state and thus making crystallization possible. In
addition, these inhibitors may also open the door to
chemical genetics, that is, the use of nonproteinogenic
aminoacyl-sulfamoyl-adenosine derivatives to pre-terminate
or inhibit NRPS pathways.?! Also, to explore the possibility
of using these adenylate analogues as matrix-bound inhib-
itors, we synthesized a phenyl adenylate analogue with a
flexible 2'-O-[polyether-biotin] linker? (Compound 3). The
biotin serves as the site for attachment to a streptactin or
streptavidin matrix. We tested this linker-modified inhibitor for
functionality and found that it shows no difference in inhibition
compared to the linkerless inhibitor. As can be seen from
Figure 3, equal amounts of the linkerless inhibitor 1 and linker-
modified inhibitor 3 lead to equal inhibition, which indicates that
both inhibitors have the same K; value.

By using a method similar to that described by Keefe etal., A
domains with changed specificity could be isolated from a library
of A domains created by error-prone PCR followed by produc-
tion of the enzymes in vitro.?® Thus, these inhibitors represent
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Figure 3. Comparative study of the linkerless inhibitor 1 and the linker-modified
inhibitor 3. The concentration of both inhibitors was varied from 2 - 100 nm while the
amino acid concentration was kept constant in ATP/PP; exchange assays. Corre-
sponding columns have the same grey scale.

powerful tools to alter NRPSs with the aim of creating peptides
with novel activities.

These examples illustrate the generality of this approach to
generating selective inhibitors for NRPS A domains. Although
several hundred different substrates of A domains have been
uncovered to date, minor changes in the synthesis should suffice
to produce the desired specific inhibitor for any A domain.™
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