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Abstract

We describe the synthesis of activated homopolymers and copolymers of controlled molecular weight
based on the controlled radical polymerization of N-acryloyloxysuccinimide (NAS) by reversible
addition fragmentation chain transfer (RAFT). We synthesized activated homopolymers in a range
of molecular weights with polydispersities between 1 and 1.2. The attachment of an inhibitory peptide
to the activated polymer backbone yielded a potent controlled molecular weight polyvalent inhibitor
of anthrax toxin. To provide greater control over the placement of the peptides along the polymer
backbone, we also used a semi-batch copolymerization method to synthesize copolymers of NAS
and acrylamide (AAm). This approach enabled the synthesis of copolymers with control over the
placement of peptide-reactive NAS monomers along an inert backbone; subsequent functionalization
of NAS with peptide yielded well-defined polyvalent anthrax toxin inhibitors that differed in their
potencies. These strategies for controlling molecular weight, ligand density, and ligand placement
will be broadly applicable for designing potent polyvalent inhibitors for a variety of pathogens and
toxins, and for elucidating structure-activity relationships in these systems.
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Introduction

Polyvalency —the simultaneous interaction between multiple ligands on one entity and multiple
receptors on another — is used extensively in nature to increase the affinity of interactions that
may be inherently weak.1~* We and others have also used this concept to synthesize polyvalent
inhibitors for pathogens and toxins that are orders of magnitude more potent than the
corresponding monovalent inhibitors.>~16 These polyvalent inhibitors consist of multiple
copies of asuitable ligand (e.g., a peptide or asugar) attached to a scaffold.1 =19 Linear polymers
are attractive scaffolds for the polyvalent display of ligands!:2:12:13,:20=22 'and polymeric
polyvalent inhibitors are often synthesized by the reaction of ligands with activated polymers
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— homopolymers or copolymers containing reactive monomers. °:6,9,11-13,23-26 .
acryloyloxysuccinimide (NAS) is a commonly used reactive monomer and homopolymers of
NAS have been widely used to synthesize inhibitors for a variety of pathogens and toxins.>:%
12,27,28 Greater control over the placement of reactive NAS monomers in the polymer scaffolds,
and the resulting ability to control ligand density and ligand placement would be important for
elucidating structure-activity relationships and for designing well-defined potent polymeric
inhibitors. This manuscript describes an approach for achieving such control by using
reversible addition-fragmentation chain transfer (RAFT) polymerization.

RAFT polymerization is an attractive controlled radical polymerization technique.2%40 For
instance the copolymerization of NAS with N-isopropylacrylamide by RAFT has been used
to form core or shell crosslinked thermoresponsive micelles that may find applications in drug
delivery, sensors and diagnosis.31:32 Relogio et al. reported the copolymerization of N,N-
dimethylacrylamide and NAS by RAFT to obtain random and block copolymer precursors
onto which different side-groups (e.g., hydrophabic, ionic, or fluorescent) could be statistically
grafted via the reactive NAS units.33 Favier et al. have synthesized copolymers of NAS with
N-acryloylmorpholine using RAFT and achieved molecular weights upto 80 kDa, with low
polydispersities.3* RAFT has also been used for the synthesis of comb-like branched polymers
of poly(n-butyl methacrylate), with controlled backbone and branch chain length, using NAS
to generate the branch points.3°

Here, we describe the use of RAFT polymerization to synthesize controlled molecular weight
homopolymers of NAS (pNAS) and copolymers of acrylamide and NAS (p(AAm-co-NAS)).
The technique described here allows for the synthesis of activated homopolymers, as well as
copolymers with a well-defined distribution of NAS monomers along the backbone. We also
demonstrate the use of these activated scaffolds to design polyvalent inhibitors of anthrax toxin
with control over ligand spacing along the polymer backbone (Scheme 1). These controlled
molecular weight activated scaffolds should be broadly applicable not only for the design of
polyvalent inhibitors for other toxins and pathogens, but also for fundamental studies exploring
the recognition of chemically heterogeneous surfaces by both random and well-defined
heteropolymeric ligands.41—44

Experimental

Materials and Methods

Acrylamide (>99%, Aldrich, Allentown, PA) was recrystallized twice from acetone. 1,3,5-
Trioxane (99.5%) and anhydrous diethyl ether (99.5%) were obtained from Acros (Somerville,
NJ) and used as received. NAS 4° and the chain transfer agent (CTA), 3-
benzylsulfanylthiocarbonylsulfanylpropionic acid 46 were synthesized as described in the
literature. DMF (99.5%, Acros) and DMSO (99.5%, Acros) were dried over CaH, and distilled
under reduced pressure. Acetone (99.5%, Acros) was dried over K,COg. 4,4'-Azobis(4-
cyanovaleric acid) (AICV), (75%, Aldrich, Allentown, PA) was purified by recrystallization
from methanol. Peptide, Ac-HTSTYWWLDGAPK-AmM, was purchased from Genemed
Synthesis Inc. (San Antonio, TX). Spectra/Por 3 (MWCO 3,500) membrane used for dialysis
was obtained from Fisher Scientific (Rancho Domingez, CA). Quantitative 1H NMR spectra
of pNAS and p(AAm-co-NAS) were recorded on a Varian Unity 500 MHz spectrometer in
DMSO-dg at room temperature. 13C NMR spectra were also obtained on the same spectrometer
in DMSO-dg at room temperature. No hydrolysis of active ester units was observed

during 13C NMR analysis.
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Synthesis of Homopolymers of NAS by RAFT

Kinetics

The polymerization reactions were carried out under a dry nitrogen atmosphere using standard
Schlenk techniques. A typical polymerization procedure for pNAS with a degree of
polymerization (DP) of ~120 (polymer 2, Table 1) is described below. A Schlenk tube (20 mL)
was charged with NAS (1.36 g, 8.0 mmol) in anhydrous DMF (4 mL, 2M solution) and 3-
benzylsulfanylthiocarbonylsulfanylpropionic acid (10.8 mg, 4x10~° mol) (CTA). A solution
of AICV (50 pL, 1.2 mg, 4x10-5 mol) in anhydrous DMF was transferred to the Schlenk tube.
The [M]/[CTA] ratio was maintained at 200, while the [CTA]/[Initiator] ratio was kept at 10.
A small fraction (ca. 50 L) of the sample was taken out from the DMF solution for IH NMR
analysis. The Schlenk tube was flushed with N, gas for a period of 1h before heating the system
at 70 °C for a period of 2 h. Finally, a small fraction of the sample (ca. 50 uL) was taken out
and characterized by *H NMR spectroscopy (in DMSO-dg) to determine monomer conversion
(60%). The remaining polymer solution was precipitated with anhydrous acetone (ca. 400 mL)
and the polymer was recovered by centrifugation. The polymer was further washed several
times with anhydrous acetone and immediately dried under vacuum for a period of 24 h (yield:
0.80 g, ~ 60%). The absence of residual monomers in the polymer was confirmed by 1H NMR
(in DMSO-dg). IH NMR (500 MHz, DMSO-dg, 3 ppm): 7.1-7.83 (m), 3-3.2 (br), 2.6-2.9 (br),
1.7-2.3 (br). 13C NMR (500 MHz, DMSO-dg, & ppm): 25.3, 32.9, 37.8, 16.8, 172.7. Elemental
Analysis: Calculated: C=49.47,H=4.12, N=8.24,S=0.47, Found: C=49.30,H =4.12, N
=8.14, S =0.66.

The kinetics of the polymerization was followed by withdrawing samples from the
polymerization mixture at different intervals of time and analyzing the residual monomer
concentrations by *H NMR in DMSO-dg. Monomer concentrations were calibrated by
comparing the integration of the peaks due to the vinyl protons of the monomers with those of
an added standard 1,3,5-trioxane.34

Removal of End Groups

The trithiocarbonate end group was removed according to the procedure reported by Perrier et
al.4” Typically pNAS (0.2 g, DP 120) and AIBN (100 mg, 25 times higher than pNAS, mol/
mol) were dissolved in anhydrous DMF (2 mL). The solution was heated at 80 °C for 90 min.
The homopolymer was precipitated in 200 mL of anhydrous acetone, collected by
centrifugation, and dried under vacuum for a period of 24 h (yield: 0.19 g, 95%). The absence
of the trithiocarbonate end group was confirmed by elemental analysis. A similar procedure
was used to remove the terminal trithiocarbonate end group on the copolymers. 1H NMR after
end group removal (500 MHz, DMSO-dg, 6ppm): 7.1-7.83 (m), 3-3.2 (br), 2.6-2.9 (br), 1.7—
2.3 (br). 13C NMR (500 MHz, DMSO-dg, 5 ppm): 25.3, 32.9, 37.8, 16.8, 172.7. Elemental
Analysis after end group removal: Calculated: C = 49.46, H =4.12, N = 8.24. Found: C =
49.30,H =4.19, N = 8.34.

Synthesis of copolymers of AAM/NAS by RAFT

Based on knowledge of acrylamide/NAS semi-batch copolymerization kinetics, we
synthesized copolymers of acrylamide and NAS with well-defined spacing between NAS units.
A representative procedure, for the synthesis of copolymers with an average of 30 acrylamide
monomers between two NAS units, is described below. A Schlenk tube (20 mL) (A) was
charged with acrylamide (0.84 g, 12.0 mmol), anhydrous DMSO (4.0 mL, 3 M solution), and
3-benzylsulfanylthiocarbonylsulfanylpropionic acid (10.8 mg, 4 x 107> mol) (CTA). A
solution of AICV (ca. 50 pL, 1.2 mg, 4 x 1075 mol) in DMSO was transferred to Schlenk tube
A. Inanother Schlenk tube (B), acrylamide (0.28 g, 4 mmol) was dissolved in anhydrous DMSO
(4.0 mL, 1.0 M solution). The molar ratio of total monomer to CTA was 400. The contents of
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both the tubes were flushed with N, for a period of 1h. The acrylamide solution from Schlenk
tube B was placed in a 5 mL airtight syringe and continuously added to acrylamide solution
of Schlenk tube A over a period of 6 h at 70 °C using a PHD-2000 model syringe pump (Harvard
Apparatus, South Natick, MA). In another Schlenk tube (C) NAS (40 mg, 0.24 mmol) was
dissolved in anhydrous DMSO (600 pL), and the contents of this tube were also flushed with
N»; 200 pL of this solution was added to Schlenk tube A at three separate times —after 90, 126,
and 162 minutes. Samples were withdrawn from Schlenk tube A every hour for analysis of
M, by ASEC.

Biofunctionalization

Biofunctionalization of the polymers (pNAS or poly(AAm-co-NAS)) was carried out as
indicated below. A representative procedure for the biofunctionalization of poly(AAm-co-
NAS) is described here. The polymer was dissolved in anhydrous dimethyl sulfoxide (DMSQO)
(100 mg/mL) followed by the addition of peptide (Ac-HTSTYWWLDGAPK-Am; 20mg/mL
in DMSO) and triethylamine. The reaction was carried out overnight at room temperature
followed by quenching of the unreacted active ester groups with NH4,OH. The polymer solution
was dialyzed against MilliQ water for 48 h to remove unreacted peptide and other organic
reagents. The extent of peptide attached was determined by *H NMR spectroscopy (yield of
peptide attached to NAS side chain ~ 50%). 1H NMR (500 MHz, D,0, & ppm): 0.55-0.65 (br),
0.8-0.85 (br), 0.9-1.0 (br), 1-1.7 (br), 1.75-1.85 (br), 2-2.2 (br), 2.5-2.95 (br), 3.55-3.85 (br),
4.0-4.5 (br), 4.7-4.8 (br), 4.9-4.95 (br), 6.5-6.8 (br), 7-7.4 (br).

Binding Assay

CHO-K1 cells were grown to confluency in 24-well plates and then incubated on ice with
trypsin-activated (2x1078 M) PA for 2 h. The cells were washed twice with cold PBS

and 35S-labeled LFy was added either in the absence or presence of inhibitor for 1 h. The cells
were washed three times with cold PBS, lysed, and the cell-associated 3°S-LFy was measured
by scintillation counting. The level of non-specific binding, determined as the amount of 35S-
LFy associated with cells in the absence of PA, was subtracted from values obtained in the
presence of PA. The percentage of inhibition was calculated by dividing the radioactivity of
the inhibitor-containing samples by that of the sample without inhibitor. The results are the
mean + s.e.m. of three independent experiments.

Cytotoxicity Assay

The efficacy of the polyvalent inhibitor was evaluated by measuring the inhibition of
cytotoxicity due to the anthrax lethal toxin in a mouse macrophage cell line, RAW264.7. The
cells were grown in RPMI medium supplemented with 5% fetal calf serum (Hyclone) and then
plated onto a 96-well plate. A mixture of PA (102 M), LF (3 x 10710 M), and various
concentrations of the polyvalent inhibitor was added to the cells. After 4 h of incubation at 37
°Cin CO3 (5 %), 20 pL of a mixture of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) and phenazine methosulfate
(PMS) was added to each well and incubated for 1 h. The amount of formazan product generated
from the reduction of MTS by live cells was determined by measuring the absorbance at 490
nm. The half-maximum inhibitory concentration (ICsp) of the polyvalent inhibitor was
evaluated by measuring cell viability at different inhibitor concentrations.

Characterization of polymers by aqueous size exclusion chromatography (ASEC)

Polymers (after end group removal) were allowed to react with an aqueous ammonium
hydroxide solution followed by dialysis and lyophilization. The molecular weight of the
resulting polymers was analyzed by ASEC using a light scattering detector and a phosphate
buffer as the eluent (pH 7.0, 100 mM NaCl, 25 mM NaH,PO4, 25 mM NayHPOy, flow rate =
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1 mL/min, dn/dc = 0.165 mL/g). Analysis was carried out at 25 °C. ViscoGEL column
(GMPWXL, Mixed Bed, dimensions: 7.8 mm x 30 cm) was used with a Waters 2487 Dual
wavelength UV/vis absorbance detector, Waters 2414 refractive index detector, and a Viscotek
270 Trisec Dual Detector (A = 670 nm) inline with the column. OmniSEC 4.0 software was
used to determine the molecular weight.

Results and Discussion

Synthesis of Homopolymers of NAS by RAFT

We first developed a method that uses RAFT to synthesize the activated homopolymer poly
(N-acryloyloxysuccinimide) (pbNAS) with control over its molecular weight (Fig. 1A). RAFT
has emerged as an attractive controlled radical polymerization technique that is compatible
with a wide variety of monomers and can even be used to carry out polymerization in agueous
systems. 2948 RAFT involves a reversible addition-fragmentation chain transfer in the presence
of a chain transfer agent (CTA).2% Here we selected 3-
benzylsulfanylthiocarbonylsulfanylpropionic acid as the CTA and AICV as the initiator. NAS
(2 M solution in DMF) was polymerized using different monomer to CTA ratios ([M]/[CTA]).
As shown in Figure 1B, approximately linear consumption of NAS was observed for
conversions up to ca. 40 % for [M]/[CTA] ratios between 100 and 400. The rate of
polymerization decreased with increase in [M]/[CTA] ratio. However, an induction period was
observed for the initial 30 minutes when the polymerization reactions were carried out at [M]/
[CTA] ratios ranging from 200-400. Such a “induction period” has been observed in acrylate
polymerization by RAFT using trithiocarbonates as chain transfer agent and is attributed to
impurities such as oxygen present in the system.*9 As seen in Table 1, varying the [M]/[CTA]
ratio from 100 — 400 enabled us to synthesize a series of controlled molecular weight pNAS
polymers (degree of polymerization, DP, ranging from ca. 80 — 200). Characterization by
ASEC revealed that the polymers had a narrow size distribution with polydispersities ranging
from 1.1 - 1.2 (Table 1).

Synthesis of Controlled Molecular Weight Polyvalent Inhibitors of Anthrax Toxin

Next, we demonstrated the use of controlled molecular weight pNAS polymers to synthesize
polyvalent inhibitors of anthrax lethal toxin (LeTx). LeTx, which is responsible for symptoms
and death in anthrax, consists of two protein components — an enzymatic moiety (LF) and a
cell-binding moiety, protective antigen (PA). PA binds to receptors on the surface of
mammalian cells, and is then proteolytically cleaved, resulting in the formation of heptamers
([PAg3]7) that bind LF.50

To synthesize polyvalent inhibitors, we functionalized the polymers with the peptide Ac-
HTSTYWWLDGAPK-Am, which binds to [PAg3]; and inhibits the binding of LF.2 We first
allowed the controlled molecular weight pNAS polymers (DP ~ 80 and 120) to react with the
peptide Ac-HTSTYWWLDGAPK-Am and then with ammonium hydroxide. The number of
peptides per polymer chain was held constant (ca. 3); we reasoned that using pNAS polymers
with different degrees of polymerization would enable the average spacing between the
peptides on the polymer backbone to be varied (Scheme 1).

We first tested the ability of the inhibitors to prevent toxin assembly — the binding of LF to
[PAg3]7. The inhibitory potency was quantified in terms of the half-maximal inhibitory
concentration (ICsg), which we report on a per-peptide basis. As seen in Figure 2A, the 1Cgq
value was significantly lower for the polymeric inhibitor with DP = 120 than for the inhibitor
with DP = 80, although the number of peptides per polymer chain was the same in each case.
Next, we tested the efficacy of these inhibitors at preventing cell death due to anthrax lethal
toxin (Fig. 2B). While the inhibitor with DP = 80 did not significantly inhibit cell death at
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concentrations as high as 1078 M in this more stringent cytotoxicity assay, the inhibitor with
DP =120 had an ICsq value of 36 nM on a per-peptide basis. These results suggest that the
spacing between peptides for the inhibitor with DP = 120 is more conducive for a polyvalent
interaction between the inhibitor and [PAg3]7. Control polymers (without pendant peptide) did
not significantly inhibit cytotoxicity at all concentrations tested (Fig. 2B). Since the monovalent
peptide does not inhibit cytotoxicity at concentrations as high as 2 mM (data not shown), the
controlled molecular weight inhibitor shows an enhancement in potency on a per-peptide basis
by almost five orders of magnitude.

Design of Well-Defined Polyvalent Inhibitors with Control over Ligand Spacing

While the previous results (Fig. 2) suggest that the spacing between peptides influences the
potency of polyvalent anthrax toxin inhibitors, it would be desirable to achieve greater control
over the placement of peptides on the polymeric scaffold. To that end, we used RAFT for the
semi-batch copolymerization of acrylamide (AAm) and NAS. We reasoned that adding the
more reactive NAS to the polymerization mixture at specific time intervals would enable the
spacing between activated NAS monomers to be controlled, given the greater reactivity of
monomers containing active estersl3. Subsequent reaction with ligands (e.g., peptides) would
generate inhibitors with controlled molecular weights and ligand spacings (Scheme 1).

We first carried out a semi-batch homopolymerization of acrylamide; knowledge of the kinetics
of acrylamide polymerization was used to guide the times at which NAS was added to the
polymerization mixture to generate copolymers with control over the spacing between NAS
groups. For arandom heteropolymer containing “i” peptides randomly distributed along a chain
composed of DP repeat units, the average spacing between adjacent peptides would be ca. DP/
(i+1). For a random heteropolymer with DP = 120 and i = 3 (Fig. 2A), the average spacing
between adjacent peptides would therefore be ca. 30 units. We also previously synthesized a
series of polyvalent anthrax toxin inhibitors with DP =200 and tested the effect of peptide
density on potency.12 We observed an initial sharp increase in potency with increasing peptide
density, followed by a plateau where potency was independent of peptide density. The peptide
density at the transition corresponded to an average number of peptides per polymer chain of
6+2.12 For a random heteropolymer with DP =200 and i = 6, the average spacing between
adjacent peptides would be ca. 28.6 units, which is also close to the spacing of 30 units estimated
above. We therefore first synthesized a copolymer, poly(AAm-co-NAS) having three NAS
blocks, with ca. 30 acrylamide units between adjacent NAS blocks. NAS was added to the
polymerization mixture after 90, 126 and 162 minutes (Fig. 3A). Characterization by NMR
spectroscopy indicated that 90% of the added NAS monomer was consumed within 5 min and
complete consumption took place within 10 minutes. Characterization by ASEC confirmed
that the average spacing between NAS units was 31 = 1.1 (Fig. 3A). We also synthesized a
second copolymer, poly(AAm-co-NAS) having three NAS blocks, in which the average
spacing between adjacent blocks was 18 + 0.8 (Fig. 3B). These well-defined polymers were
functionalized with the [PAg3]7—binding peptide Ac-HTSTYWWLDGAPK-Am, and the
resulting polyvalent inhibitors were tested for their efficacy in neutralizing toxin-induced
cytotoxicity. The polyvalent inhibitor with a spacing of 31 units between adjacent peptide-
functionalized blocks demonstrated two orders of magnitude greater potency than inhibitors
with a spacing of 18 units (Fig. 3C), confirming the ability to tune inhibitor activity by
controlling the ligand spacing.

Conclusion

We have developed a new RAFT-based approach for synthesizing activated homopolymers of
NAS of controlled molecular weight and demonstrated the use of this approach to generate
potent polyvalent inhibitors of anthrax toxin. We also describe the use of RAFT to synthesize
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ntrolled molecular weight copolymers of NAS, in which we can control the placement of

NAS groups along the polymer backbone. These methods enable the synthesis of polyvalent
inhibitors with control over molecular weight, ligand density, and ligand spacing. Finally, the
work also illustrates how results from studies using random heteropolymers (Fig. 2) can be

us
de

ed to guide the design of more well-defined polyvalent inhibitors (Fig. 3). The methods
scribed in this work could be useful for elucidating structure-activity relationships for

polyvalent inhibitors for a variety of pathogens and toxins. The ability to synthesize controlled
molecular weight random and defined heteropolymers would also be useful for fundamental

studies of pattern recognition41=44,51-58 \yith applications ranging from biosensor design to
bioseparations and the design of potent therapeutics.
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Figure 1.

(a) Polymerization of NAS by RAFT. i: 3-benzylsulfanylthiocarbonylsulfanylpropionic acid,
DMF; ii: AICV, DMF, 70 °C, 2.5 h; iii: AIBN, DMF, 90 °C, 1.5 h. (b) Plot indicating monomer
conversion as a function of time for NAS polymerization at [M]/[CTA] values of 100 (4p),
200 (), 300 (m), and 400 (A).
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Figure 2.

Inhibitory activity of polyvalent inhibitors of anthrax toxin derived from controlled molecular
weight homopolymer, pNAS. (a) Inhibition of the binding of the anthrax lethal factor, (b)
Inhibition of toxin-induced cytotoxicity at various concentrations of polymeric inhibitors with
DP =80 (o) and DP =120 (e). Control polymer (polyacrylamide) did not show any inhibitory
activity at concentrations tested (A).
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Figure 3.

Characterization of polyvalent inhibitors based on poly(AAm-co-NAS) copolymers.
Characterization of molecular weight during semi-batch RAFT copolymerization for polymers
with an average spacing of (a) 31 and (b) 18 units between adjacent NAS blocks. (c) The
inhibitory activity of the resulting peptide-functionalized polyvalent inhibitors in a cytotoxicity
assay.
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Scheme 1.

Design of polyvalent inhibitors with control over molecular weight and ligand spacing. The
linear polyvalent inhibitors displaying peptides (black ovals) are shown bound to the PAg3
heptamer at the peptide-binding sites (circles). The spacing between peptides on the linear
scaffold is either too short (left panel) or is sufficient (right panel) to allow a polyvalent
interaction.
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