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Designing a polyvalent inhibitor of anthrax toxin

Michael Mourez!, Ravi S. Kane?, Jeremy Mogridge?, Steve Metallo?, Pascal Deschatelets?, Bret R. Sellman?,
George M. Whitesides?, and R. John Collier*

Screening peptide libraries is a proven strategy for identifying inhibitors of protein—ligand interactions.
Compounds identified in these screens often bind to their targets with low affinities. When the target protein is
present at a high density on the surface of cells or other biological surfaces, it is sometimes possible to
increase the biological activity of a weakly binding ligand by presenting multiple copies of it on the same mol-
ecule. We isolated a peptide from a phage display library that binds weakly to the heptameric cell-binding sub-
unit of anthrax toxin and prevents the interaction between cell-binding and enzymatic moieties. A molecule
consisting of multiple copies of this nonnatural peptide, covalently linked to a flexible backbone, prevented
assembly of the toxin complex in vitro and blocked toxin action in an animal model. This result demonstrates
that protein—protein interactions can be inhibited by a synthetic, polymeric, polyvalent inhibitor in vivo.

Anthrax toxin is produced by Bacillus anthracis, the causative agent
of anthrax, and is responsible for the major symptoms of the dis-
easel. Clinical anthrax is rare, but there is growing concern over the
potential use of B. anthracis in biological warfare and terrorism.
Although a vaccine against anthrax exists, various factors make mass
vaccination impractical. The bacteria can be eradicated from the
host by treatment with antibiotics, but because of the continuing
action of the toxin, such therapy is of little value once symptoms
have become evident. Thus, a specific inhibitor of the toxin’s action
might prove a valuable adjunct to antibiotic therapy. The toxin con-
sists of a single receptor-binding moiety, termed protective antigen
(PA), and two enzymatic moieties, termed edema factor (EF) and
lethal factor (LF)2. After release from the bacteria as nontoxic
monomers, these three proteins diffuse to the surface of mammalian
cells and assemble into toxic, cell-bound complexes (Fig. 1).
Cleavage of PA into two fragments by a cell-surface protease enables
the fragment that remains bound to the cell, PA63, to heptamerize?
and bind EF and LF with high affinity (Kq (1L nM). After internaliza-
tion by receptor-mediated endocytosis, the complexes are trafficked
to the endosome. There, at low pH, the PA moiety inserts into the
membrane and mediates translocation of EF and LF to the cytosol.
EF is an adenylate cyclase that has an inhibitory effect on profession-
al phagocytes, and LF is a protease’ that acts specifically on
macrophages, causing their death and the death of the host.

Here we report the designing and testing of a polyvalent inhibitor
of anthrax toxin that binds to heptameric PA63 and blocks its inter-
action with EF and LF. First we identified from a phage-display
library a dodecameric peptide that binds to PA63 and weakly inhibits
its interaction with the enzymatic moieties of the toxin. We then
covalently linked multiple copies of this peptide to a polyacrylamide
backbone and demonstrated that the resulting polyvalent molecule
strongly inhibited ligand binding by PA63 and toxin action in cell
culture and in an animal intoxication model.

Results

Selection of peptides by phage display. One way to prevent the
action of anthrax toxin would be to interfere with assembly of PA,
LF, and EF into toxic complexes. To develop an inhibitor of this

process, we first used phage display® to identify peptides that inter-
fered with binding of EF and LF to PA63. A protocol was devised to
select for members of a phage library that bind to PA63 and elimi-
nate those that bind to the uncleaved PA molecule (Fig. 2A). This
protocol enriched for phages that bind at or near the EF/LF binding
site of PA63. We adsorbed PA63 onto a plastic surface and added a
library of M13 phages displaying random 12-residue peptides fused
to the N terminus of the plll protein. After incubation, we washed
the surface and then added intact PA to elute phages that bound to
the whole protein. Finally soluble PA63 heptamer was added, and
phages that adsorbed to it were recovered.

After three cycles of this protocol, we isolated phages displaying
two different peptides: P1, HTSTYWWLDGAP, and P2, HQLPQY-
WWLSPG. ELISA showed that phages carrying either P1 or P2
bound to the PA63 heptamer, but not to intact PA (Fig. 2B). The
binding of both phages was inhibited by LFy, a 255-residue peptide
corresponding to the N-terminal, PA63-binding domain of LF (and
lacking its catalytic domain)®. The observation of inhibition of bind-
ing by LFy supports the notion that phages carrying P1 and P2 bind
PA63 at or near the EF/LF sites. A phage isolated in a separate screen
(M. Mourez, unpublished data) and that carried an unrelated pep-
tide (P3, EFYHGIWFYPWT) bound to intact PA as well as to PA63,
and LFy did not inhibit its binding (Fig. 2B). Phage carrying P3, but
not ones carrying P1 or P2, also bound to a polypeptide correspond-
ing to domains 3 and 4 of PA, a region believed not to participate in
EF/LF binding (data not shown).

The P1 and P2 peptides share the hydrophobic sequence YWWL;
this commonality suggests that this tetrapeptide may play a role in
binding to PA63. The sequence YWWL is not present in EF, LF, or
PA20. The side chains of three contiguous aromatic residues (Tyr22,
Tyr23, and Phe24) of the PA20 moiety of native PA do, however, con-
tact the hydrophobic surface of the PA63 moiety. We hypothesize
that the YWWL sequence may bind to PA63 at this site, which is
exposed to the solvent after removal of PA20 (ref. 3).

The P1 dodecapeptide (HTSTYWWLDGAP) was synthesized and
found to disrupt the binding of radiolabeled LFy to PA63 on Chinese
hamster ovary (CHO) cells. A control peptide (FDLPFTMSTPTP)
had no effect. The weak inhibitory activity of the P1 peptide (half-
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Figure 1. Assembly of anthrax toxin complexes and their entry into cells.
(1) Binding of PA to its receptor. (2) Proteolytic activation of PA and
dissociation of PA20. (3) Self-association of monomeric PA63 to form the
heptameric prepore. (4) Binding of EF/LF to the prepore. (5) Endocytosis
of the receptor—-PA63-ligand complex. (6) pH-dependent insertion of
PA63 and translocation of the ligand. The polyvalent inhibitor described in
this report blocked step 4.

maximal inhibitory concentration or I1Csy (1150 pM; see below) pre-
cluded its use as an inhibitor in vivo.

Synthesis of a polyvalent molecule. We- and others!%-13 have syn-
thesized molecules presenting multiple copies of ligands and found
that polyvalency can result in large enhancements in the efficiency of
interaction of ligands with surfaces displaying multiple receptors.
We synthesized a derivative of polyacrylamide that had multiple,
covalently linked copies of the P1 peptide. This polymer (polyvalent
inhibitor, or PVI) contained, on average, 22 peptide units and P00
acrylamide monomers per molecule (one peptide per 40 acrylamide
monomers). PVI bound to purified heptamer as evidenced by a
mobility shift of the heptamer in native polyacrylamide gel elec-
trophoresis (data not shown). PVI1 did not shift the mobility of whole
PA, and the polyacrylamide backbone alone did not shift that of the
heptamer.

Activity of the polyvalent inhibitor. PVI inhibited binding of radio-
labeled LFy to PA63 on CHO cells; the corresponding
underivatized polyacrylamide did not (Fig. 3A). The ICs of PVI,
expressed in terms of the molar concentration of linked peptide, was
20 nM. This value represents an apparent 7,500-fold increase in
inhibitory activity on a per-peptide basis, relative to the free peptide
(1Csp of 150 uM). Increasing the peptide density on the polyacrylamide
backbone (one peptide per 20 acrylamide monomers), or increasing
the hydrophobicity of the inhibitor by further attaching ethanolamine,
benzylamine, or tryptophan groups onto the peptide-containing poly-
meric backbone, did not lower the ICg, of PVI (data not shown).

To test the ability of PVI to inhibit the biological activity of
anthrax toxin, we incubated CHO cells with PA and LF\DTA, a
fusion of the diphtheria toxin A chain (DTA) to the C terminus of
LFy. LFNDTA binds to PA63 and enters cells by the same pathway as
EF and LF. The DTA moiety catalyzes ADP-ribosylation of elonga-
tion factor-2 within the cytosol, and causes an inhibition of protein
synthesis. This effect is easily measured!. PVI inhibited the toxicity
of a mixture of PA and LFyDTA with an ICs; of 6 nM, on a per-
peptide basis (Fig. 3B). Neither the peptide nor underivatized poly-
acrylamide influenced toxicity.

We tested the efficacy of PVI in an animal model of intoxication
using anthrax lethal toxin (Table 1). Fisher 344 rats are highly sensi-
tive to this mixture of PA and LF (ref. 15), with death occurring with-
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Figure 2. Selection of bacteriophages binding to PA63 heptamer at or
near the EF/LF site. (A) Purified heptamer was coated on a plastic surface
and a library of bacteriophages displaying 12-amino acid peptides was
allowed to bind the heptamer (steps 1, 2). Purified intact PA was added to
elute the phages that were bound to surfaces present both in intact PA
and in the heptamer (step 3); the remaining phages were eluted with
purified heptamer (step 4). (B) ELISA was done to assess the specificity
of phages displaying different peptides (P1-3; see text for sequences), or
the unselected PhD12 library as a negative control. The phages were
allowed to bind to PA63 heptamer (black and striped bars) or intact PA
(gray bars) adsorbed on the surface of a polystyrene plate. Each well was
coated overnight with 1 ug protein in PBS. LFy (10 uM) was added in
some wells coated with heptamer (striped bars) to show that it could
compete with phage binding. Phage displaying P3 did not bind to LFy
(white bars), demonstrating that it binds specifically to PA.

in hours. We challenged rats with 10 times the minimal lethal dose
(MLD) of PA and LF (1 x MLD = 50 pmol PA + 10 pmol LF).
Inclusion of PVI (12 nmol peptide) in the mixture delayed symp-
toms, and a larger amount (75 nmol peptide) eliminated toxicity. The
rats were also protected when PVI was injected 3—4 min after the
challenge with PA and LF. Mixing both underivatized polyacrylamide
backbone (125 pg) and monomeric peptide (75 nmol peptide) with
the toxin had no effect on toxicity. There was no obvious toxicity
associated with the injection of PVI during the week in which pro-
tected animals were monitored before being killed.

Discussion

The blockage of toxicity observed in our studies occurred by specific
interaction of PVI with PA63 generated in vivo on host cells, and is
not due to an interaction of PVI with native PA or LF in solution.
This conclusion is supported by the finding that PVI affected the
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Figure 3. Inhibition of toxin action in cell culture. The effects of various amounts of LFy (O), PVI (@), backbone (M) or monomeric peptide ({J), were
tested. The concentration of PVI is given as concentration of linked peptide, not the concentration of the whole PVI molecule. (A) Inhibition of toxin
association. The association of toxin is measured as the binding of 3S-labeled LFy on CHO cells incubated with PA. (B) Inhibition of toxin cytotoxicity. The
cytotoxicity is assayed by measuring the [3H]leucine uptake in cells incubated with PA and LFyDTA.

electrophoretic mobility only of PA63, and not of intact PA or LF
(data not shown). As a further test, we incubated CHO cells with PA
at 37°C and performed a western blot on cell extracts with anti-PA
antibodies to quantify binding of PA to the surface of the cells and its
conversion to heptameric PA63 (ref. 16). PVI had no effect on either
parameter (data not shown). This observation indicates that the
binding, proteolytic activation, and formation of the PA63 heptamer
were unaltered by the inhibitor.

The efficacy of PVI in blocking the action of anthrax toxin in vivo
suggests that it, or another inhibitor developed by a similar
approach, could be a useful therapeutic ally against clinical anthrax.
The approach used to develop PVI, involving the complementary
technologies of combinatorial screening of small molecules and the
generation of polyvalent ligands, may be generally useful in develop-
ing drugs and/or laboratory reagents. The use of a polymer with a
flexible backbone avoids the necessity of understanding the spatial
relationships among the binding sites on the target’ and thus
extends the applicability of our approach to targets in which these
relationships are not known. We expect the approach to be most use-
ful when the molecular target is oligomeric. It may thus be applica-
ble, for example, to the development of inhibitors of oligomeric
microbial structures or to strategies for increasing the therapeutic
potency of antitumor peptides!, growth factor receptor agonistst®,
or molecules with related mechanisms of action.

Table 1. Inhibition of anthrax toxin action in arat intoxication
model

Inhibitora AmountsP Outcome®
PA LF  Peptide
None 0.5 0.1 0 Symptoms
Peptide + backbone 05 0.1 75 Symptoms
PVI 0.5 0.1 12 Delayed symptoms
PVI 0.5 0.1 75 No symptoms

2None: Purified protective antigen (PA) and lethal factor (LF) were mixed before
injection with PBS; peptide + backbone: a mixture of monomeric HTSTY-
WWLDGAPK peptide and backbone; PVI: polyvalent inhibitor. In a separate
experiment, PVl was administered 3—4 min after the toxin.

bThe injected amounts of PA, LF, or peptide are given in nanomoles. For the PVI,
the amount is given in nanomoles of peptide grafted on the polymeric backbones.
CAfter anesthesia, four Fisher 344 rats per group were injected intravenously in
the dorsal vein of the penis!®, and the appearance of symptoms of intoxication
was monitored. In the absence of active inhibitor, animals displayed symptoms
[ h after injection. Delayed symptoms occurred after 2 h. Animals showing no
symptoms were monitored for one week and then killed.
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Experimental protocol

Phage-display selection and ELISA. Purified heptamer®®, 2 ug, was coated in
Maxisorp tubes (Nunc, Roskilde, Denmark) in PBS overnight at 4°C. The
tubes were blocked with PBS-2% BSA at 37°C for 2 h and washed with PBS.
M13 bacteriophages (1.5 x 101 plaque-forming units), present in a library
displaying 12-amino acid peptides fused to the N terminus of the plll protein
(PhD12, New England Biolabs, Beverly, MA), were allowed to bind the hep-
tamer in PBS-0.1% Tween 20 at room temperature for 60 min in round 1,
30 min in round 2, and 5 min in round 3. After binding, the wells were
washed eight times. Purified intact PA (ref. 20; 15 pg in PBS) was added at
room temperature for 1 h and then the remaining phages were eluted with
40 pg of heptamer in PBS at room temperature for 60 min in round 1 and
overnight in rounds 2 and 3. The selection was repeated three times and the
eluted phages amplified between rounds.

For ELISA, 1 pg of protein (PA63 heptamer, intact PA, or LFy), purified as
before?!, was coated in wells of a 96-well Maxisorp plate (Nunc) in PBS
overnight at 4°C. The plate was blocked for 2 h at 37°C with PBS-2% BSA.
Phages (108 plaque-forming units in PBS) were allowed to bind to the coated
surface in the presence or absence of 10 uM LFy. Bound phages were revealed
using a monoclonal anti-M13 antibody coupled to horseradish peroxidase
(Pharmacia, Uppsala, Sweden). The enzymatic activity was assayed by oxida-
tion of 3,3',5,5'-tetramethylbenzidine, measured by absorbance at 450 nm.
ELISA were performed in duplicate and repeated twice. The results of a repre-
sentative experiment are shown as mean + s.e.m.

Peptide and polyvalent inhibitor synthesis. Peptides were synthesized, their
N terminus acetylated, and their C terminus amidated by ADI Inc. (San
Antonio, TX). All peptides were purified to >95% homogeneity, and charac-
terized by HPLC and mass spectrometry. Poly (N-acryloyloxy succinimide)
(PNAS) was prepared as described?. PNAS (20 mg, 118 umol) was dissolved
in 1.5 ml of N,N-dimethyl formamide (DMF). Triethylamine (50 pl,
360 umol) and a solution of the peptide HTSTYWWLDGAPK (9.46 mg,
5.9 umol) in DMF were added. We used a peptide with an additional lysine
on the C terminus of the original P1 peptide to provide an easily accessible
primary amino group (the e-amine of lysine). The reaction mixture was
stirred overnight, and then quenched by adding aqueous ammonium
hydroxide (500 pl, 30% NH3 by weight). The control polymer (polyacry-
lamide) was synthesized by the addition of aqueous ammonium hydroxide to
a solution of the same sample of PNAS in DMF. The polymers were purified
by exhaustive dialysis against distilled deionized water, followed by
lyophilization. The size of the polyacrylamide backbone was determined by
gel filtration chromatography after hydrolysis to polyacrylic acid (number-
average molar mass, My = 65,000 Da; weight-average molar mass, My =
96,500 Da; polydispersity index = 1.48). The extent of coupling of the peptide
to the polyacrylamide backbone was determined to be 2.5% by nuclear mag-
netic resonance (NMR), by comparing the integration of the aromatic peaks
to the integration for the hydrogen a to the carbonyl group. The concentra-
tion of peptide in the polymer and of monomeric peptide was determined
using the Edelhoch method?®.
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Cell binding of radioactively labeled LFy. Confluent CHO cells in a 24-well
plate were incubated for 1 h on ice in HAM’s F12 medium buffered with
20 mM HEPES, pH 7.4, in the presence of 2 x 10 M PA cleaved by trypsin as
described elsewhere!®. LFy was labeled with [®S]methionine by in vitro—
coupled transcription and translation, as described?. After one wash with
cold PBS, radioactive LFy was added for 1 h to the cells on ice in the presence
of various amounts of LFy, PVI, underivatized polyacrylamide, or monomer-
ic peptide. The cells were then washed and lysed, and the radioactivity in the
lysate was measured. The background of LFy bound to cells in absence of PA
was subtracted and was <5% of control. The inhibition of LFy binding is
expressed as the percentage of radioactivity of the control (radioactivity
bound on cells incubated without inhibitor) that was not bound. The results
are the mean + s.e.m. of three independent experiments.

Cytotoxicity assay of LFyDTA. Toxicity was assayed using LFNDTA as
described. Briefly, confluent CHO cells in a 96-well plate were incubated
with 10-° M PA and 2 x 10-! M LFyDTA with various amounts of LFy, PVI,
backbone, or peptide. The cells were incubated for 4 h at 37°C, and then
protein synthesis was assayed by monitoring [*H]leucine incorporation in
cellular proteins'. The amount of radioactivity incorporated in the absence
of inhibitor was <2% of control. The inhibition of toxicity is expressed as
the percentage of radioactivity of the control (radioactivity recovered from
cells incubated without LFyDTA). Each experiment was done in duplicate.
The results are the mean + s.e.m. of three independent experiments.
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Rat intoxication. Purified PA (40 pg) and LF (ref. 21; 8 pg) diluted in PBS
were mixed with PBS, a mixture of 125 ug of peptide, and 125 pg of poly-
acrylamide, 72 pg or 450 pg of PVI (the total volume injected per animal
was 200 pl). Fisher 344 rats (250-300 g, Harlan, Indianapolis, IN) were
injected intravenously in the dorsal vein of the penis'® after anesthesia by
intraperitoneal injection of ketamine and acepromazine. Four rats per
group were injected with the different mixtures, and the appearance of
symptoms of intoxication monitored. When the symptoms were obvious,
the rats were Kkilled to avoid wunnecessary distress. In post-
challenge protection experiments, four rats were injected with PA and LF
diluted in PBS. After 3—4 min, a new syringe was used to inject at the same
site PVI1 diluted in PBS.
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