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Abstract

Enterovirus 71 (EV71) is a highly infectious pathogen primarily responsible for Hand, Foot, and
Mouth Disease, particularly among children. Currently, no approved antiviral drug has been
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developed against this disease. The EV71 3C protease is deemed an attractive drug target due

to its crucial role in viral polyprotein processing. Rupintrivir, a peptide-based inhibitor originally
developed to target the human rhinovirus 3C protease, was found to inhibit the EV71 3C
protease. In this communication, we report the inhibitory activities of 30 Rupintrivir analogs
against the EV71 3C protease. The most potent inhibitor, containing a P2 ring-constrained
phenylalanine analog (compound 9), was found to be two-fold more potent than Rupintrivir
(ICso value 3.4+0.4 versus 7.3+0.8 uM). Our findings suggest that employing geometrically
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constrained residues in peptide-based protease inhibitors can potentially enhance their

inhibitory activities.

Introduction

Enterovirus 71 (EV71) is a single-stranded, positive-sense RNA
virus belonging to the genus Enterovirus, family Picornaviridae'.
This highly infectious pathogen is spread through the oral-fecal
route and is primarily responsible for Hand, Foot, and Mouth
Disease (HFMD) in humans, particularly young children, with
outbreaks occurring in the Asia-Pacific region including
Australia, China, Malaysia, Singapore, Taiwan, Thailand and
Vietnam?”. Infection symptoms include fever, vomiting, vesicular
rashes on the hands, feet, buttocks, and oropharyngeal ulcers?.
Although the disease is generally self-limiting, a small percentage
of patients develop severe neurological complications including
encephalitis, aseptic meningitis, and poliomyelitis-like flaccid
paralysis“. The virus is highly contagious; a 2008 outbreak in
China resulted in 488955 human infections with 126 fatalities
and, more recently, a 2011 outbreak resulted in more than 1.6
million human infections causing more than five hundred deaths®.
These grim statistics highlight an urgent need for the development
of antivirals against EV71 as there is a current lack of effective
drugs for treating this disease®.

An appealing drug target is the viral 3C cysteine protease
which plays a crucial role in cleaving virus-encoded polyproteins
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into mature viral proteins specifically at the polyprotein’s Gln—
Gly peptide bond junction6’7. Indeed, peptidomimetics mimicking
the protease’s recognition substrate ALFQ-X, with ‘X’ represent-
ing a reactive electrophile like an aldehyde or an acrylate Michael
acceptor, have been shown to inhibit the EV71 3C proteaseg_lo.
Rupintrivir (AG-7088; Figure 1A), a peptide-based drug candi-
date with an electrophilic ethyl propenoate Michael acceptor at its
C-terminus, was originally developed as a human rhinovirus virus
(HRV) 3C protease inhibitor by Agouron Pharmaceuticals'*™"”.
Recently, Rupintrivir showed promising results when used for
treating EV71-infected mice'®. The rationale for this was because
HRYV, like EV71, belongs to the same Picornaviridae family of
viruses, suggesting that a viral protease inhibitor developed for
HRYV might also be effective on EV71 '2. When bound to the viral
3C protease active site, the ethyl propenoate moiety reacts with
the protease’s nucleophilic Cys147 —SH via a Michael addition to
form an S—C covalent bond, irreversibly inhibiting the protease.
Indeed, this mechanism of action was further supported by X-ray
crystallography studies using co-crystals of Rupintrivir bound to
the EV71 3C proteaseg’lo. However, it must be emphasized that
Rupintrivir was originally optimized to target the HRV 3C
protease and not EV71. A primary sequence comparison between
the two viral proteases revealed a 43% sequence identity over
183 residues, suggesting that there might be room for further
structural optimization for the EV71 3C protease. In this
structure—activity relationship (SAR) study, we report the syn-
thesis and inhibitory activities (ICso) of 30 Rupintrivir analogs
against the EV71 3C protease.

RIGHTS LI N Hiy



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by University New South Wales on 03/30/15

For personal use only.

2 M. J Y Ang et al.

(A)

D T T

B e

J Enzyme Inhib Med Chem, Early Online: 1-8

Figure 1. (A) Schematic diagram of Rupintrivir showing P1, P2, P3, and P4 regions using conventional terminology'’. The ethyl propenoate moiety is
depicted in red; (B) the stick model of Rupintrivir (green) in the EV71 3C protease catalytic site (3SJO.pdb). Protease residues involved in ligand
interaction are numbered and shown as CPK representations, the cyan sphere represents fluorine and white hashes represent possible interactions;
(C) Cpd. 2 showing the extra H-bond between the P2 NH and S128; (D) Cpd. 9 with its P2 phenylpyrrolidine moiety oriented in the S2 subsite; (E) the
CPK model of Cpd. 16 showing its P3 cyclohexyl sandwiched between S128 and G164; (F) Cpd. 21 showing hydrophobic interactions between its P4
N-cap and F170 phenyl group (green CPK representation) in the S4 subsite. Figures C—F were obtained from molecular modeling.

Methods

The general synthetic procedure for compounds 2-31 is outlined
in Scheme 1. Detailed synthetic protocols and spectral data can be
found in the Supplementary notes. Inhibitory activities of the
synthesized peptidomimetics were generated using a published
EV71 3C protease inhibition assay17 (see Supplementary infor-
mation for details) and are summarized in Table 1. Molecular
modeling and energy minimization were performed using
Macromodel 9.9  (Schrodinger, New York, NY) (see
Supplementary information for details).

Results and discussion

Rupintrivir (compound 1; Figure 1A), used as a reference in
this study, possessed an ICs, value of 7.3 +0.8 pM against the
EV71 3C protease (Table 1), close to the 2.3+0.5puM
previously reported'’. A structure of Rupintrivir bound to the

EV71 3C protease active site obtained using X-ray crystallog-
raphy (Figure 1B; 3SJO.pdb)’ revealed several noteworthy
features: (a) the overall protease active site was relatively
shallow with the exception of the S1 and S2 subsites; (b) the
catalytic Cys147 formed a S—C covalent bond to the inhibitor’s
ethyl propenoate moiety; (c) the S1 subsite appeared to
accommodate a 5-membered lactam well with H-bonding
interactions to Thr142 and Hisl61 of the protease; (d) the
relatively narrow S2 subsite could accommodate the P2 phenyl
and is involved in 7—m interactions with His40 while the
aromatic para-F was likely involved in electrostatic interactions
with the cationic Arg39; (e) the S3 subsite was located above
the inhibitor backbone, sandwiched between protease residues
Ser128 and Glyl64 with the P3 sidechain being solvent-
exposed; (f) the S4 subsite spanned a relatively large but
shallow area, suggesting that the potential for further P4
optimization might be somewhat limited.
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Scheme 1. General synthetic procedure for compounds 2-31. Reagents and conditions: (a) swell 2-chlorotrityl chloride resin in DMF, 25 °C, 30 min;
(b) appropriate Fmoc-protected amino acid: Fmoc-R;-OH, DIPEA, CH,Cl,, 25°C, 30 min; (¢) 20% piperidine in DMF (v/v), 25°C, 30 min; (d)
appropriate Fmoc-protected amino acid: Fmoc-R,-OH, HBTU, HOBT, DIPEA, DMF, 25 °C, 1h; (e) appropriate carboxylic acid: R3COOH, HBTU,
HOBt, DIPEA, DMF, 25°C, 1h; (f) 95% TFA in CH,Cl, (v/v), 25°C, 30 min; (g) (S,E)-ethyl 4-amino-5-(S-2-oxopyrrolidin-3-yl)pent-2-enoate, DIC,

HOBT, DMF, 25°C, 16h.

Our SAR study started with the P2 residue. The first analog,
compound 2 (Table 1), was identical to Rupintrivir except that the
backbone methylene between P2 and P3 was substituted with NH
(Figure 1C). Surprisingly, this did not significantly affect its ICs
value compared with Rupintrivir (ICsy value 6.2+0.6 versus
7.3+0.8uM), suggesting that the additional hydrogen bond
between the P2 and P3 amide NH to the Serl28 side-chain
hydroxyl did not play a significant role in binding (Figure 1C).
We next moved the aromatic para-F to the ortho- and meta-
positions (compounds 3 and 4, respectively) and observed
approximate two-fold reduction in inhibitory activities
(Table 1). This suggested that the protease preferred a para-F
and that the electrostatic-like interaction between the para-F to
Arg39 played an important role in inhibitor binding. We further
tested this hypothesis by removing the fluorine (compound 5). As
expected, a two-fold reduction in inhibitory activity was observed
compared with compound 2 (ICsy value 13.0+1.9 versus
6.2+0.6 UM, respectively; Table 1). Substituting the para-F
with para-trifluromethyl and para-carboxyl moieties (compounds
6 and 7, respectively) yielded interesting results; the para-CF;
(compound 6) substitution resulted in similar activity to para-F
(compound 2) with ICs, values of approximately 6 UM while the
para-COOH (compound 7) substitution abrogated inhibitory
activity (ICso value >100puM), suggesting that the carboxyl
group was too large to fit into the S2 subsite. To further explore
the S2 subsite specificity, we replaced the P2 phenyl with a
5-membered thiophene (compound 8), a known phenyl group
bioisostere'®. Intriguingly, this improved inhibition almost two-
fold compared to the P2 phenylalanine of compound 5 (ICs, value
7.5+0.9 versus 13.0 + 1.9 uM), suggesting that thiophene was a
suitable bioisostere for phenylalanine. In our final P2 analog, we
substituted the P2 phenylalanine with a 3-phenylpyrrolidine
moiety which could be considered as a geometrically constrained
phenylalanine analog (compound 9; Table 1). Interestingly, assay
results revealed it to be approximately four-fold more potent than

compound S with a P2 phenylalanine (ICs, value 3.4 + 0.4 versus
13.0+1.9uM) and two-fold more potent than the reference
compound Rupintrivir (ICsy value 3.4 +0.4 versus 7.3 + 0.8 uM).
Molecular modelinglg_21 suggested that the 5-membered pyrroli-
dine moiety could fit into the active site with the phenyl ring
optimally oriented in the S2 subsite (Figure 1D). In addition, the
highly constrained ring structure could have played a significant
role in reducing the entropic binding penalty, resulting in a two-
fold increase in inhibitory activity over Rupintrivir. This finding
could potentially open avenues towards the design of new
peptidomimetic inhibitors containing geometrically constrained
phenylalanine surrogates.

We next shifted our focus to the P3 residue. Close inspection
of the X-ray crystal (3SJO.pdb) of Rupintrivir’s P3 valine residue
revealed that its N-terminal NH and C-terminal CO were involved
in H-bonding to Glyl64 while the iso-propyl side-chain was
flanked by Ser128 and Gly 164 and was mainly solvent exposed
(Figure 1B). Thus, any P3 variation was not expected to affect
ICsy values significantly. Surprisingly, our analog with a P3
glycine (compound 10; Table 1) caused a five-fold decrease in
inhibitory activity compared with compound 2 (32.8 +4.1 versus
6.2+ 0.6 uM). We postulated this to be due to the higher entropy
penalty paid on ligand-protease binding since glycine, lacking a
side-chain, was significantly more flexible than valine in com-
pound 2 (Table 1). Replacing the P3 valine with alanine
(compound 11) altered the ICsq value slightly (7.7 +£0.5 versus
6.2+ 0.6 uM), while an amino iso-butyric acid residue replace-
ment (compound 12) resulted in a two-fold decrease in inhibitory
activity over compound 2 (13.4 + 1.1 versus 6.2 +0.6 uM). The
latter result suggested that the P3 subsite was too small to fit an
extra o-methyl group. Replacing the P3 valine with more bulky
residues (compounds 13-19; Table 1) proved detrimental to
inhibitory activities (Table 1). For example, substituting the P3
valine with cyclohexylglycine (compound 16) resulted in a three-
fold decrease in inhibitory activity over compound 2 (18.3 +1.7
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Table 1. Structures and inhibitory data of Rupintrivir analogs against EV71 3C protease.
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Table 1. Continued
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Table 1. Continued
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Table 1. Continued
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versus 6.2 + 0.6 uM; Table 1). Molecular modeling suggested it to
be due to unfavorable steric hindrance between the cyclohexyl
ring and flanking residues Ser128 and Gly164 (Figure 1E).

Our final series of analogs involved varying the P4 N-cap. In
Rupintrivir, this was represented by a 5-methylisoxazole-3-
carbonyl moiety (compound 1; Table 1). Closer inspection of
Figure 1(B) revealed its N to be involved in intramolecular
H-bonding to the P3 valine NH while its aromatic O and carbonyl
O were H-bonded to Asnl65 and Serl28, respectively
(Figure 1B). This intricate H-bonding network, although origin-
ally optimized for the HRV 3C protease, seemed coincidentally
well suited for the EV71 3C protease as both viral proteases
shared a relatively high (43%) sequence identity. Indeed, our first
P4 analog, with an acetyl N-cap (compound 20) exhibited a 1.5-
fold decrease in inhibitory activity compared with compound 2
(9.5+0.7 versus 6.2 + 0.6 uM; Table 1) and we attributed this to
the loss of intermolecular H-bonding interactions with Asnl165
which were present for the 5-methylisoxazole-3-carbonyl N-cap
(Figure 1B). Interestingly, replacing the acetyl with an iso-propyl
moiety (compound 21) did not alter inhibitory activity signifi-
cantly when compared with compound 2 (ICsy value 7.2 +£0.6
versus 6.2+ 0.6 uM; Table 1). This was postulated to be due to
hydrophobic interactions between the iso-propyl and the phenyl
group of Phel70 located in the S4 subsite (Figure 1F). Replacing
the N-cap with phenyl and the larger naphthalene moieties
(compounds 22-25) resulted in less potent inhibitors (ICs values
ranging from 12.9 to 33.3 uM; Table 1), suggesting that larger
ring systems were unsuitable for the protease’s S4 subsite.

We postulated this to be due to steric hindrance caused by Asn165
located at the edge of the S4 subsite. On this premise, we focused
our attention to 5-membered isoxazole analogs (compounds 26—
31; Table 1). The 5-membered 3-furoate moiety of compound 26
exhibited a 1.5-fold decrease in inhibitory activity compared with
compound 2 (9.3 £0.7 versus 6.2 + 0.6 uM, respectively) and was
suspected to be due to the loss of the intramolecular H-bonding
interaction between the P4 aromatic N and the backbone amide
NH of the P3 valine (Figure 1B). Compound 27 with a 2-furoate
moiety suffered a more than 2-fold decrease in inhibitory activity
compared to compound 2 (ICsy value 16.1+1.9 versus
6.2+ 0.6 uM, respectively; Table 1) and this was attributed to
the loss of H-bonding to Asnl65 located at the edge of the S4
subsite. Intriguingly, removing the 5-methyl group from the P4
isoxazole (compound 28; Table 1) did not significantly affect its
ICso value when compared with compound 2 (7.0 +£0.9 versus
6.2+ 0.6 uM, respectively; Table 1), suggesting that the isoxa-
zole’s methyl group did not play a significant role in hydrophobic
interactions in the S4 subsite. Indeed, replacing the methyl group
with longer and bulkier alkyl groups did not alter ICsgs
significantly (compounds 29-31; Table 1), suggesting that the
potential for further P4 optimization might be limited.

Conclusions

EV71 is a highly infectious pathogen primarily responsible for
HFMD, particularly in children. To date, there are no effective
antiviral drugs to treat this disease™®. The EV71 3C protease is
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deemed an attractive drug target due to its role in viral polyprotein
processing. Rupintrivir, a peptide-based HRV 3C inhibitor, has
been shown to inhibit EV71 3C proteaseg‘lo. As Rupintrivir was
originally designed to inhibit the HRV 3C protease, we postulated
that there could be room for further optimization against the EV71
protease. Our SAR study using Rupintrivir analogs identified
compound 9 to be the most potent inhibitor. Compound 9
contained a P2 ring-constrained phenylalanine analog that was
two-fold more potent than Rupintrivir in our protease inhibition
assay (ICsy value 3.4+0.4 versus 7.3+0.8 uM, respectively).
This suggested that employing geometrically constrained residues
was a plausible strategy to improve the inhibitory activities of
peptide-based protease inhibitors and should provide valuable
insights into the design of future peptide-based antivirals against
HFMD.
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