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ABSTRACT: We describe a process for engineering a synthetic polymer nanoparticle (NP) that functions as an effective, broad-
spectrum metalloproteinase inhibitor. Inhibition is achieved by incorporating three functional elements in the NP; a group that in-
teracts with the catalytic zinc ion, functionality that enhances affinity to the substrate-binding pocket and by fine-tuning the chemi-
cal composition of the polymer to strengthen NP affinity for the enzyme surface. The approach is validated by synthesis of a NP
that sequesters and inhibits the proteolytic activity of snake venom metalloproteinases from five clinically relevant species of
snakes. The mechanism of action of the NP mimics that of endogenous tissue inhibitors of metalloproteinases. The strategy pro-
vides a general design principle for synthesizing abiotic polymer inhibitors of enzymes.

Introduction:

Enzyme inhibition is a therapeutically important approach to
regulate many biological processes. To realize efficacy it is
often necessary to incorporate multipoint interactions between
enzyme and inhibitor. For example small molecule inhibitors
often include combinations of interactions with both the cata-
lytic group and the substrate-binding site (S-pocket), as bind-
ing to either individual element often will not provide suffi-
cient selectivity/potency.1‘3 In addition to small molecule in-
hibitors, multi-point interactions with peptides, proteins and/or
enzymes can also be realized with functional copolymers or
nanoparticles (NPs).4‘18 Polymers/NPs may also inhibit target
enzymes by binding in the vicinity of the active site, thereby
blocking access to the active site” '*'" "7 or by an allosteric
mechanism."*" Conjugation of enzyme inhibitors/receptors to
polymers/NPs represents another approach.m’ " In one exam-
ple the inhibitor benzamidine was incorporated in a trypsin
imprinted polymer particle to regulate its activi‘[y.16 Polymer
inhibitors can offer an additional advantage over small mole-
cule inhibitors because of their molecular weight, binding to
the enzyme can take place over a large surface area to enhance
selectivity” and/or potencylﬁ. The inhibitory action of poly-
mers can be switched on/off'"'> and/or influence enzyme con-
formation.*” " or in other cases coupled with enzyme seques-
tration.'*"® In addition, polymers allow for alteration of their
chemical and/or physical properties to provide tailored circula-
tion time and/or routing under biophysical conditions.””*

Drawing on this background we undertook an effort to create a

synthetic polymer NP inhibitor that targets snake venom met-
alloproteinases (SVMPs). Our polymer inhibitor design took
inspiration from the endogenous tissue inhibitors of metallo-
proteinases (TIMPs), proteins that are responsible for regulat-
ing the proteolytic activity of matrix metalloproteinases
(MMPs).zG'27 An X-ray crystal structure of an MMP-TIMP
complex established inhibition arises from collective interac-
tions that include binding to the catalytic zinc cation (Zn) and
S-pocket in addition to multiple contacts with the enzyme
surface over a contact area >1,300A2.28'29 The biomimetic
TIMP described in this report is realized by incorporating the-
se three elements in the NP.

SVMPs are a diverse family of proteins responsible for the
myotoxic, hemorrhagic and dermonecrotic effects of enven-
omation, and are found in multiple species of venomous
snakes.**' Traditional immunological antivenom can be an
effective treatment if administrated in a timely manner. How-
ever delays in this process are often unavoidable which con-
tributes to 250,000-500,000 debilitating morbid injuries each
year from snake envenomation victims.”> A fast acting trans-
dermal intervention at the site of envenomation could serve to
mitigate this damage. Since the intra- and inter-species com-
position of snake venom varies within families of protein tox-
ins, inhibition of the entire SVMP family requires a broad-
spectrum inhibitor.”® A recent report described a polymer NP
that inhibits phospholipase A, variants from snake venom.'®?
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(a) Synthesis of NPs with candidates for active site binding group (Zn-binding and S-pocket binding)
| W W
kgﬁj/ \\gh HE) kgOH » »
NIPAm AAc " "
APS, TEMED ‘ki‘)/ 100 mM HCI O
SDS SD
)Lg N H,O H O, rt.,15h
40 C,3h
N\/\/\)’\ /[ ENOJO\/) PN o . /O(j o ~ )O\/)
\© “P)éLN No Ao
THP-PHX THP-C1PHX A f
THP-PHX THP-C1PHX C1PHX
R1 Z
o o o
ng\/\/\)LN U )I\“/N\/\/\)LN/( ’MéLN’O\(OJ “A [ oo ol OH
THP-HX MHPM © . H "
THP-HX MHPM HX

(b) Synthesis of NPs with candidate for enzyme surface binding group
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(C) Synthesis of NPs with combination of active site binding group and enzyme surface binding group
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Figure 1. Overall process described in this work. (a) The candidates for binding groups to the catalytic zinc cation, substrate pocket
and controls, and (b) enzyme surface were independently screened. (c) Then, the selected candidate groups were combined then

evaluated.

An abiotic SVMP inhibitor would complement the PLA2 se-
questrant and together could function as a broad-spectrum
antidote to mitigate tissue damage at the site of envenomation.

The SVMP family is subdivided into PI to PIII classes accord-
ing to their domain organization. Each class often includes
variants/isoforms and post-translational modifications.”
SVMPs belong to a superfamily of metalloproteases, the
metzincins which include, in addition to SVMP, MMP and a
disintegrin and metalloproteinase (ADAM). Most in this fami-
ly share a similar catalytic domain that contains a zinc ion
coordinated by three histidine residues.” The role of mamma-
lian members of this family in cancer/inflammation has pro-
duced an extensive literature of small molecule inhibitors for
these enzyme families.””*’ We identified a hydroxamate group
from this literature as a candidate for the Zn-binding group.
However, the reported ICsy of acetohydroximate for MMP is
~25 mM.*' This alone would be insufficient for effective inhi-
bition. A common design feature of metzincin inhibitors is to
introduce a hydrophobic group in proximity to the hydrox-
amate functionality. X-ray crystal structures have attributed

the increased efficacy of the inhibitor to interactions at the S-
pocke‘[.3

Resunts and Discussion:

Identification of the binding group to the catalytic zinc
cation and substrate pocket.

Cross-linked NIPAm (2%) NPs containing 20% of (6-
methacrylamidohexanoyl)-S-phenylalanine hydroxamate
(PHX) displaying proximate hydroxamate and benzyl groups
as binding elements for the Zn and S-pocket with a six-carbon
spacer were synthesized using general procedures described in
the literature (Figure la, NP1 in table Sl).“‘44 To reveal the
importance of a carbon spacer, NPs with 20% of methac-
rylamidohexanoyl-S-phenylalanine hydroxamate (C1PHX)
was also synthesized (NP2). The contribution of the combina-
tion of Zn and S-pocket binding was investigated using NPs
with 6-methacrylamidohexanoyl hydroxamiate (HX) or (6-
methacrylamidohexanoyl)-S-phenylalanine-methyl ester
(MHPM) displaying either a hydroxamate or a benzyl group
(NP3 and NP4). A NP without active site binding groups was
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also synthesized as a control (NPS5). Acrylic acid (AAc) 5%
was incorporated in all NPs. In the absence of AAc NPs were
observed to aggregate in PBS. Since the hydroxamate is an
effective radical inhibitor,” it was protected with a 2-
tetrahydropyranyl group (THP) during the polymerization
(THP-PHX, THP-C1PHX and THP-HX). The THP group
was removed by acid treatment following polymerization. The
inhibitory effect on SVMP was evaluated by the azocasein
assay ~ using venom from Crotalus atrox, a SVMP rich ven-
om"’ (Figure 2a and b, SI4) (final concentration of NPs and
venom were 0.5 mg/mL and 0.05 mg/mL, respectively). Inhi-
bition (%) was quantified using EDTA as a positive control,
which irreversibly removes metal ions from proteins (Figure
2¢). NPs with PHX showed 28+7% of inhibition, while NP
with C1PHX showed significantly lower inhibitory effect,
indicating the importance of the carbon spacer for the hydrox-
amate and benzyl group binding to the Zn and S-pocket at the
buried active site cavity of the enzyme. In addition, NPs with
comparable amounts of either HX or MHPM did not inhibit
SVMPs even though these functional groups contain the six-
carbon spacer. **' These results revealed that incorporation of
both hydroxamate and benzyl groups to the Zn and S-pocket
are required for inhibition. The absence of inhibition by NPs
with 5% AAc alone indicates that AAc itself is not a strong
candidate for binding to and deactivating the enzyme active
site.

A docking simulation using analogue ligands supported the
experimental results (SIS)‘52 The binding free energies of cal-
culated conformations was evaluated by the RMSD based
cluster histogram and indicate a higher affinity of PHX for the
active site of SVMP than HX and MHPM (Figure 2d). The
docked model revealed the PHX group binds to both Zn and
S-pocket (Figure 2¢). The buried PHX analogue in the active
site cavity also confirms the importance of the six-carbon
spacer (Figure S5). From these results, we can conclude that
PHX can function by binding to the Zn and S-pocket at the
enzyme active site.

Identification of groups that contribute to binding to the
enzyme surface

Although modest inhibition was achieved by PHX containing
NPs, further improvement of the inhibitory effect was sought
by enhancing the intrinsic affinity of the NP to SVMPs. To
that end, we evaluated enzyme surface binding formulations.
These were examined independent of active site binding
groups. Functional monomers that included aliphatic or aro-
matic hydrophobic groups were chosen since SVMPs are
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known to be relatively hydrophobic proteins.*”>***

A library of 2% crosslinked NIPAm NPs containing 40% of
candidate groups was screened for inhibition of Crotalus atrox
venom using the azocasein assay (Figure 1b and 2f, NP6-NP10 in
table S1). NPs with IBAm and PAm were synthesized with 5%
AAc for the the same reason mentioned above. NPs incorporating
bifunctional groups, N-acrylamido-S-leuicine (ALeu) and N-
acrylamido-S-phenylalanine (APhe) showed higher potency than
NPs having the same hydrophobic group but without a carboxylic
acid, N-isobutylacrylamide (IBAm) and N-phenylacrylamide
(PAm), indicating the importance of bifunctional structures for
SVMP binding and inhibition.*>’ Interestingly a NP having N-
benzamidineacrylamide (ABA) showed comparable potency with
a NP having APhe, indicating that electrostatic interactions be-
tween the NPs and SVMPs alone may not dominate the NP-
protein interaction and support the proposition that the NP-protein
interactions are ‘local.” This result also indicates that the dom-
inate locus of binding of these functional groups is not at the cata-
lytic zinc cation site, but rather at the enzyme surface.

Bifunctional monomers such as APhe are more effective at
enzyme inhibition than monofunctional ones (PAm). To un-
derstand this result we measured the diameter of NPs with
APhe 40% and PAm 40% in water and PBS by dynamic light
scattering (Figure S2). APhe was significantly larger in PBS
pH 7.5) than that in water where most carboxylic acids are not
charged. This indicates that APhe containing NPs are highly
hydrated in PBS due to the intra-particle electrostatic repulsion
between charged carboxylate anions. On the other hand, PAm
containing NPs in PBS was comparable in size to those in
water indicating this NP is significantly dehydrated in PBS.
Note that NPs with PAm also contain 5% of AAc for colloidal
stability. In aqueous solution, hydrophobic groups incorpo-
rated in polymer NPs can form hydrophobic clusters within
polymer networks.™ This would alter the functional group
presentation of the NP and perhaps suppress the accessibility
of proteins into the interior of the NP. Therefore, there appears
to be a critical role of bifunctional monomers that contain both
hydrophobic and charged groups in proximity by allowing
polymer networks to swell providing greater protein access to
the functional groups of the NPs. It is important to note that
enzyme inhibition is used to evaluate NP-protein affinity.
Binding and inhibition are not strictly linked since NP binding
to the enzyme could occur remote from the active site. Despite
this caveat, the inhibition by APhe NPs would suggest some
fraction of the NP binding occurs in the vicinity of the active
site blocking access to the active site. These results identified
APhe as an effective binding group to the enzyme surface.
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Figure 2 (a) Protein composition of Crotalus atrox venom” (b) Crystal structures of P-I (PDB ID: 2W13) and P-III (PDB ID:
2DWO0) class SVMP. The conserved catalytic domain and catalytic zinc cation are green and light blue in both structures, respec-
tively. (c) Inhibition of SVMPs from Crotalus atrox venom (0.05 gL'l) by NPs (0.5 gL'l) with 20% PHX (NP1), C1PHX 20%
(NP2), 20% HX (NP3), 20% MHPM (NP4) or without candidate groups for binding to the active site (NP5). All NPs contain 5%
AAc. (d) RMSD based cluster histogram of free energy of ligand-enzyme complex. (e) Docking results of the active site of P-I
SVMP, BaPI and ligand analogues of PHX (black), HX (white) and MHPM (gray) (e) The docked model of PHX analogue (ma-
genta) and active site of BaPl. Residues in S-pocket and Zn are green and light blue sphere, respectively. His142, His 146, His
152 and hydroxamate form a pyramid like structure around the catalytic zinc cation, indicating the coordi-
nation of hydroxamate with the zinc cation. (f) Inhibition of SVMPs from Crotalus atrox venom (0.05 gL_l) by NPs (0.5 gL'l) with
candidate groups for the enzyme surface binding, IBAm (NP6), PAm (NP7), ALeu (NP8), APhe (NP9) and ABA (NP10). NPs
without charged groups, NP6 and NP7 contain 5% AAc.
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Optimization of the three functional elements in the NP.

Finally, a NP library was generated to find the optimum com-
bination and population of the functional elements that include
active site binding groups, PHX, and a group that enhances
enzyme surface-binding, APhe (Figure 1c, NP11-NP16 in
table S1). The comparison of potency of NPs having either
20% of PHX or 20% of APhe revealed that the PHX group
alone is more effective than APhe alone. Importantly the in-
hibitory effect was dramatically improved by the combination
of PHX and APhe (Figure 3a). The potency of NPs having the
same feed ratio of APhe reached a plateau when PHX was
10%. Whereas, the potency increased with an increase in the
percentage of APhe when PHX was fixed. This behavior indi-

cates that PHX and APhe play different roles for enzyme
binding and inhibition. PHX selectively binds to the active
site, and the contribution of APhe arises in part from restrict-
ing access to the active site of the bound enzyme. Since APhe
interacts with the enzyme surface, increasing the amount of
APhe could enhance multivalent binding to the enzyme. We
established the optimal composition to be a 2% BIS cross-
linked NIPAm NP with PHX 20% and APhe 40%, NP16
(Figure 3b and 3c). In addition to the direct combination of
Zn, S-pocket and surface binding, the hydrophobic nature of
the NPs provided by APhe may also enhance the intrinsic
affinity of PHX to the catalytic zinc cation since the lower
dielectric medium favors the binding of small molecule lig-
ands to the zine cation. ?
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Figure 3 (a) Inhibition of SVMPs from Crotalus atrox venom (0.05 gL'l) by NPs (0.5 gL'l) with combinations of PHX and APhe.
(b) Chemical structure of optimized NP with PHX 20% and APhe 40% (NP16). (c) Illustration of the binding interface between
SVMP and NP with the active site binding group, PHX displaying hydroxamate (red) functionalized with proximate benzyl
(green) and enzyme surface binding groups, APhe (blue). The catalytic zinc cation, substrate pocket and exposed hydrophobic
surface of the enzyme are shown as a cyan sphere, green and blue, respectively.

Broad-spectrum SVMPs inhibitory effect of NP with PHX fectively inhibited all SVMP venoms (102+12% of inhibition)

20% and APhe 40% (NP16) with comparable ICs, values (10117 ug/mL) despite the di-
versity of the SVMP population and composition of these
The broad-spectrum SVMPs inhibitory effect of NP16 was venoms (Figure 4f). Despite a slight reduction in inhibition
confirmed by using venom from Bitis arietans, Bitis gabonica, (75+£10%) the NP was effective in the presence of whole hu-
Echis ocellatus and Echis carinatus in addition to Crotalus man serum (Figure 4g). We also observed that the inhibitory
atrox (Figure 4a-e and SI4). The choices represent a group of effect was independent of the pre-incubation period of the NP-
medically relevant venoms all rich in SVMPs but with dis- venom mixture indicating the fast action of NP (Figure S3).
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Figure 4. (a)-(e) SVMP inhibitory effect of NPs containing PHX 20% and APhe 40% (NP16) for (a) Crotalus atrox, (b) Bitis ari-
etans, (¢) Bitis gabonica, (d) Echis ocellatus and (e) Echis carinatus venom as a function of NP concentration. (f) ICsy of NPs with
PHX 20% and APhe 40% for SVMPs from five species of venomous snakes. (g) Effect of human serum (0 (white), 12.5 (gray)
and 25 vol% (black)) on the inhibitory effect of NP16 (0.5 gL'l) for SVMPs. (a)-(g) The concentration of venom was 0.05 gL‘l.
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SVMPs toxin affinity and selectivity of PHX 20% and
APhe 40% NPs (NP16),

The SVMP affinity and selectivity of NP16 was investigated
by a pull-down filter experiment (Figure 5 and SI6). After
filtration of a mixture of NPs and Crotalus atrox venom, the
enzymatic activity of unbound SVMPs in the filtrate was
quantified. Approximately 70% of SVMPs were sequestrated
by NP16, a value substantially larger than a NP with 40% of
APhe alone (NP9). The NP-protein complexes were repeated-
ly washed and eluted to assess the stability of the complex.
Interestingly, little SVMP was released from the NP16 (black
circles in Figure 6a), whereas almost all SVMP proteins were
released from the NP9 (78+10%) after several washings
(white circles in Figure 6a). From these results, we conclude
that the combination of binding groups led to the increase of
binding capacity and affinity of the NP for the target enzymes.
It was also revealed that NP16 sequestrated more than 50% of

“ ¢ = Protein-NP Wash
( 9A Filtration M ) o
. @ complex 10 times
0965 Unbound "
Filtration

° " \= proteins
A @ Q l
o

(2) Quantification of unbound SVMPs
in filtrate by enzymatic assay

(1) Incubation of
NPs and venom

SVMP even at a ten-fold excess of venom/NP (g/g) indicating
a large binding capacity of NP16 (Figure S6).

After the repeated washings and filtration of the complex of
venom and NP16, strongly bound proteins from Crotalus
atrox venom by the NP were run and visualized on an SDS-
PAGE gel to assess the selectivity of NP for the target en-
zymes (Figure 6b). Despite the complexity of whole venom,
the gel revealed only two dominant bands. Following trypsin-
digestion and analysis by mass spectrometry of the bands, we
established the protein composition of the two bands was
comprised of SVMPs, members of the PI family, atroxase, Ht-
e and atrolysin-B in the lower MW band (~23KD) and mem-
bers of the PIII family, VAP2B and VAP2A in the higher MW
band (~68KD) (Figure S8 and Table S3). The results confirm
that the inhibitory effect of NP16 was due to the highly selec-
tive sequestration and inhibition of PI and PIII components of

SVMP.
Strongly bound proteins by NP

Elution of proteins by using
SDS-PAGE sampe buffer

(3) Electrophoresis and visualization by SDS-PAGE

(4) In-gel tryptic digestion following mass spectrometric analysis
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Figure 5. Procedure of pull-down filter experiment. (1) The mixture of NP (1 gL'l) and Crotalus atrox venom (1 or 5 gL'l) was
incubated in PBS at 37°C. The mixture was filtrated by ultrafiltration (MWCO: 300 kDa, 5 kG, 20 min) to remove the NP-protein
complex from solution. (2) Unbound SVMPs in the filtrate was quantified by enzymatic assay. The NP-protein complex on the
filter was repeatedly washed and filtrated to elute weakly bound proteins. Eluted proteins after each washing was quantified by
enzymatic assay. (3) Proteins strongly bound by the NP were analyzed by SDS-PAGE and (4) in-gel tryptic digestion followed by
mass spectrometric analysis.
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Figure 6. (a) Accumulated proteolytic activity of SVMPs (%) in flow-through and eluted fractions after washings. Black circles

and white circles indicate non-bond and eluted SVMPs from NPs with PHX 20% and APhe 40% (NP16 @) and NP with APhe
40% alone (NP9 O), respectively. (b) SDS-PAGE visualization of Crotalus atrox venom and strongly bound proteins by NP16.
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Conclusion

By mimicking the mechanism of action of endogenous tissue
inhibitors of metalloproteinases (TIMPs), we have developed
an effective broad-spectrum synthetic polymer NP inhibitor of
a family of metalloproteinases. The mimic utilizes the collec-
tive interactions of three variables, binding to the catalytic zinc
cation (Zn) and substrate-binding pocket (S-pocket) in addi-
tion to modulating binding of the NP to the enzyme surface.
The pull-down filter experiment followed by proteomic analy-
sis confirms that inhibition arises from sequestration of PI and
PIII, the two important classes of the SVMP family with high
selectivity and affinity, from the complex mixture of Crotalus
atrox venom. The synthetic polymer inhibitor provides broad
coverage of SVMPs from multiple species of medially im-
portant venomous snakes. Our results demonstrate the poten-
tial of NPs to be engineered to function as an abiotic antidote
of snake envenoming. We believe this strategy is general for
the systematic and rational design of effective polymer inhibi-
tors for target enzymes.
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