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ABSTRACT: The Zika virus presents a major public health concern due to severe fetal neurological disorders associated with
infections in pregnant women. In addition to vaccine development, the discovery of selective antiviral drugs is essential to
combat future epidemic Zika virus outbreaks. The Zika virus NS2B-NS3 protease, which performs replication-critical cleavages
of the viral polyprotein, is a promising drug target. We report the first macrocyclic peptide-based inhibitors of the NS2B-NS3
protease, discovered de novo through in vitro display screening of a genetically reprogrammed library including noncanonical
residues. Six compounds were selected, resynthesized, and isolated, all of which displayed affinities in the low nanomolar
concentration range. Five compounds showed significant protease inhibition. Two of these were validated as hits with
submicromolar inhibition constants and selectivity toward Zika over the related proteases from dengue and West Nile viruses.
The compounds were characterized as noncompetitive inhibitors, suggesting allosteric inhibition.
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n recent years, the Zika virus has emerged from a neglected have entered phase 1 clinical trials.” Particularly concerning for
member of the flavivirus genus to a health-threatening Zika (and dengue) virus vaccination campaigns are potential
pathogen.' Although most infections are asymptomatic, cross-reactions between Zika and dengue virus antibodies,
neurological complications such as the Guillain—Barré where the resulting antibody-dependent enhancements can
syndrome have been reported in a small proportion of patients. lead to increased viremia and severity of the disease, as
The link between severe disorders in fetuses (microcephaly) observed previously for consecutive infections with different

and Zika virus infections in pregnant woman prompted the
WHO to declare Zika virus a Public Health Emergency of
International Concern in 2016." Since then, the virus has
circulated in almost all Caribbean and Latin American
countries, continental USA (e.g., Florida and Texas), Africa,
Southeast Asia, and several Pacific islands with infections
reported in 84 countries and territories around the globe. In
contrast to other prominent examples of flaviviruses, such as
dengue or West Nile, the Zika virus can be transmitted not

dengue virus serotypes.” Therefore, alternative specific antiviral
therapeutic options are needed for the treatment of
symptomatic patients and infected pregnant women.

Like other flaviviruses, Zika virus comprises a single-
stranded positive sense RNA genome that encodes a viral
polyprotein, which is post-translationally processed by host-cell
proteases and the viral NS2B-NS3 protease into three

only by Aedes aegypti and Aedes albopictus mosquitos, but also Received: November 7, 2018
through sexual contact.”> About 30 potential Zika virus Accepted: January 2, 2019
vaccines are currently being evaluated, out of which only four Published: January 4, 2019
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Figure 1. Design of macrocyclic peptide libraries for screening. The peptide libraries for screening were synthesized by genetically reprogrammed
translation of a new mRNA library that was more focused on hydrophobic residues than previous libraries. The codon table for the genetic code
used is shown in panel A with Met replaced with N-chloroacetyl-tyrosine (ClAc-Y) for the initiation AUG codon or N-methyl-leucine (M°L) for all
downstream AUG codons. (B) Structures of the noncanonical amino acids used. (C) Peptide libraries were synthesized by translation of a
semirandom mRNA template comprising an AUG start codon, 8—10 NNS codons (N = A, G, C or U; S = G or C), a UGC (Cys) codon, and a
linker sequence for covalent linkage of each peptide and mRNA. Translation of this library under the genetic code shown leads to formation of a
semirandomized peptide library that cyclizes spontaneously to produce a macrocyclic peptide library. *Two libraries were synthesized, one initiated

with ClAc-L-Y and one initiated with ClAc-p-Y.

structural (C, prM/M, E) and seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, NSS). The NS2B-
NS3 protease of flaviviruses is considered a promising antiviral
drug target, and several lead compounds have already been
discovered for the corresponding dengue virus proteases.’
NS2B-NS3 is a serine protease, which consists of the N-
terminal domain of NS3 and a short cofactor from the
hydrophilic core sequence of NS2B. For in vitro screening
campaigns, three different Zika virus NS2B-NS3 protease
(ZIKVpro) constructs have been proposed and crystallized.
First, a construct with a covalent linker peptide between NS2B
and NS3 (gZiPro) was adopted based on previous successful
dengue and West Nile virus protease constructs.” Two
additional unlinked versions have been described, which are
based on either NS2B/NS3 coexpression (bZiPro)® or an
autocleavage site in the linker peptide between NS2B and NS3
(€ZiPro).° The C-terminal tetrapeptide of NS2B in eZiPro was
shown to interfere with access of substrate to the active site.’

Few ZIKVpro inhibitors have been described so far.” The
most effective ones are substrate-derived peptide analogs that
bind covalently to the catalytically active serine residue (e.g,
cn-716, Figure 2).4’8’9 However, due to conserved features in
substrate recognition among serine proteases, these com-
pounds display only poor selectivity between flaviviral and host
proteases.” Therefore, alternative non-active-site inhibitors that
do not mimic the substrate or transition state may exhibit
decreased off-target effects. Recently, natural products as well
as compounds derived from previous West Nile virus screening
campaigns have been reported to act as micromolar allosteric
inhibitors of ZIKVpro.'”'" In view of the limited coverage of
chemical space offered by natural products and compound
libraries, as well as common bias for promiscuous binders, we
set out to identify completely new structural scaffolds de novo
by capitalizing on recent advances in mRNA display
techniques.

Small (<2 kDa) macrocyclic peptides are appealing starting
points for such drug discovery. A key strength of macrocyclic
peptides is that high-affinity ligands can be isolated for nearly
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any target rapidly using display screening approaches (phage
display, mRNA display, etc.).'”> Moreover, display screening
can be combined with genetic code reprogramming
techniques, allowing the screening of libraries incorporating
structural characteristics such as backbone N-methylation and/
or D-stereochemistry, which have been shown to improve
biostability and membrane permeability, and therefore making
the resulting hit compounds better starting points for drug
discovery efforts than canonical peptides.'”~'" In the present
study, we have used such a screening approach (Random
nonstandard Peptide Integrated Discovery, RaPID; Figure S1)
to identify potent macrocyclic peptide ligands of ZIKVpro.
These peptide ligands were specific noncompetitive inhibitors
for ZIKVpro, and several were found to display submicromolar
inhibition constants (K;). This study highlights the ability of
such screening approaches to rapidly identify potent inhibitors
of newly discovered targets such as those from emerging viral
diseases.

In order to identify novel inhibitors of ZIKVpro, we
designed two macrocyclic peptide libraries for affinity screen-
ing by RaPID display. The libraries were constructed using a
genetically reprogrammed in vitro translation approach and
were designed to include five N-methyl residues (MeG, Mer,
Mep Meg Mep) and the unnatural amino acid N-methyl-4-O-
methyl-tyrosine (MYy,.) (Figure 1A,B). Each library was
initiated with either L- or D-N-chloroacetyl tyrosine, in order to
induce spontaneous macrocyclization following translation
(Figure 1C)." The genetic code was designed such that the
noncanonical amino acids replaced Met (allowing for
reprogramming of translation initiation) and all of the
canonical residues except Lys, which have charged side chains
at neutral pH (ie, Asp, Glu, and Arg). Additionally, the
random region of the peptide library was limited to a
maximum of 10 codons, making the overall library both less
charged and smaller than an(y previously reported comparable
cyclic peptide libraries.">'>'°~*" The total theoretical diversity
of both libraries combined exceeded 5 X 10" macrocyclic
peptides, making the total number of compounds screened
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Table 1. Affinity and Inhibitory Activity of Macrocyclic Peptides against Flaviviral Proteases

ZIKV (gZiPro)® ICso/uM
Cpd. sequence” K/uM (ICso/uM) Kp/, ﬂMd ZIKV (bZiPro)® DENVprof WNVpro®

1 -S-Ac-YWKIMY, NTLVNIC-NH, 0.80 + 0.08 0.02 1.5+ 0.1 >10 >10
(1.32 + 0.03)

2 -S—Ac-YMeY, [ KMeERMesMey, KMoy, My, KC-NH, 0.44 + 0.03 0.009 025 + 0.01 1.7 + 0.1 39 + 04
(0.62 + 0.04)

3 -S-Ac-YTNFYLYPYMeY, FC-NH, 2.0 + 02 0.008 22+ 0.1 >20 >20
(33+02)

4 -S—Ac-YMGIAKYNMeY,, MY, IPC-NH, 204 + 2.3 0.009 46 +03 >20 >20
(16.5 + 0.9)

5 -S-Ac-YTLPFHN™*GTFFC-NH, >100 0.005 >50 >20 >20

6 -S-Ac-p-YAIIMY,, YNKYMLNC-NH, 3.5+ 04 0.168 32+ 04 >20 >20
(71 +02)

“The N-terminal thioether-acyl moiety (—S-Ac—) forms a macrocycle through the side chain of the underlined cysteine residue. ™Yy, N-methyl-
4-O-methyl-tyrosine; M°F, N-methyl-phenylalanine; ™°S, N-methyl-serine; M°G, N-methyl-glycine; L, N-methyl-leucine; p-Y, D-tyrosine. bZika
virus NS2B-NS3 protease (linked construct) C80S/C143S (1 nM). Substrate: Bz-Nle-Lys-Lys-Arg-AMC. ‘Inhibition constants (K;) were
calculated from measurements at four different substrate concentrations using a noncompetitive inhibition model (nonlinear least-squares fits). Half
maximal inhibitory concentrations (ICs,) for a substrate concentration of 15 uM are reported in parentheses. “Dissociation constants (Kp) were
determined by surface plasmon resonance using immobilized Zika virus NS2B-NS3 protease (gZiPro). “Zika virus NS2B-NS3 protease (unlinked
construct; 0.5 nM). Substrate: Bz-Nle-Lys-Lys-Arg-AMC. Half maximal inhibitory concentrations (ICs,) were calculated for a substrate
concentration of 15 yM.”] Dengue virus serotype 2 NS2B-NS3 protease (100 nM). Substrate: Abz-Nle-Lys-Arg-Arg-Ser-3-(NO,) Tyr. Half maximal
inhibitory concentrations (ICs,) were calculated for a substrate concentration of S0 M. West Nile virus NS2B-NS3 protease (150 nM).
Substrate: Abz-Gly-Leu-Lys-Arg-Gly-Gly-3-(NO,) Tyr. Half maximal inhibitory concentrations (ICs,) were calculated for a substrate concentration
of 50 uM.
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Figure 2. Chemical structures of synthesized hit compounds 1 and 2 that were identified as nanomolar noncompetitive inhibitors of the Zika virus
NS2B-NS3 protease. Compound cn-716 is a previously published” covalent active-site inhibitor of the Zika virus NS2B-NS3 protease, which has
been used in this study for comparison.

several orders of magnitude greater than is typical using The selected compounds were further analyzed with respect
conventional high-throughput methods. to their actual potential to inhibit the catalytic activity of the
Iterative affinity screening of these libraries against the linked ZIKVpro construct (gZiPro) in a biochemical assay. All
linked ZIKVpro construct (gZiPro) immobilized on magnetic compounds except 5 showed significant inhibition of ZIKVpro
beads led to the identification of six families of macrocyclic substrate processing below a 100 yM cutoff (Table 1, Figure
peptide ligands (alignments of the 100 most frequent SS). Notably, § is the only analyzed peptide macrocycle that
sequences from each library are shown in Figure S2). The lacks the unnatural O-methyl-tyrosine side chain. Despite
most abundant member of each of these was synthesized by having no influence on catalytic activity, compound $ binds to
solid phase methodology omitting the C-terminal linker ZIKVpro with extraordinary affinity (K = S nM), indicating a
sequence (i.e., all residues C-terminal of the cyclizing cysteine). tight binding event that is likely to be distant from the
All six of these displayed high affinity for ZIKVpro with substrate binding site without any impact on the structural
dissociation constants (Kp) in the range of 5—168 nM as integrity of the catalytic center. Therefore, compound $ linked
determined by surface plasmon resonance experiments (Table to any reporter molecules (e.g., via a C-terminal amide bond)
1, Table S1 and Figure S4). All of these compounds contain at might have applications in selective probing of ZIKVpro
least one unnatural modification in the peptide backbone and without perturbing its activity. This exemplifies a major
five out of six include the unnatural amino acid N-methyl-4-O- advantage of the presented affinity screening over conventional
methyl-tyrosine (M°Yy,.), suggesting that these features are high-throughput screening methods for protease inhibitors,

crucial for high affinity. which usually focus on inhibition only.
170 DOI: 10.1021/acsmedchemlett.8b00535
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To exclude any construct-specific artifacts, we further
assessed the activity of the unlinked ZIKVpro construct
(bZiPro) in the presence of compounds 1—6 using the same
biochemical assay. The ICs, values observed for gZiPro and
bZiPro were mostly similar (Table 1, Figure $6), indicating
that the linked (gZiPro) and unlinked (bZiPro) constructs are
equally suitable templates for drug discovery campaigns.
Compounds 1 and 2 displayed the strongest inhibition of
ZIKVpro with inhibition constants firmly in the nanomolar
range (Table 1). These two macrocyclic peptides are
structurally unrelated (Figure 2) and may therefore serve as
independent starting points for further optimizations. In
contrast to the previously reported ZIKVpro active-site
inhibitor cn-716, which showed strong inhibition of thrombin
(ICs = 0.5 uM) and trypsin (IC5y = 0.05 uM),” neither
compound 1 nor 2 displayed thrombin or trypsin inhibition at
the highest assayed concentrations of 25 and 50 uM,
respectively (data not shown), highlighting their specificity
toward ZIKVpro.

Mechanistic studies with gZiPro at various substrate and
inhibitor concentrations revealed a noncompetitive inhibition
mode for compounds 1—4 and 6, as evidenced both by
nonlinear least-squares data fits (Table S3) and Cornish—
Bowden plots. As an example, Figure 3A shows the Cornish—
Bowden plot for the most active peptide 2, where the abscissa
intersection point clearly indicates noncompetitive binding.**
As expected for the noncompetitive binding model, the degree
of inhibition was independent of the substrate concentration,
even at multiples of the K value. Due to the size of substrate
and macrocyclic inhibitor, both cannot occupy the active site
simultaneously, suggesting that compounds 1—4 and 6 may act
as allosteric antagonists of ZIKVpro activity. Allosteric
inhibitors have been reported previously for dengue virus
NS2B-NS3 proteases at different sites of NS3,”>** which may
also act by <perturbing the essential interactions between NS2B
and NS3.”® The K, values were all larger than the Ky values
determined by SPR (Table 1), suggesting induced conforma-
tional changes in the protease that affect catalysis to different
degrees (in the most extreme case, compound § binds with
high affinity but does not affect the catalytic rate at all). This
observation is consistent with the hypothesis that the peptides
might be allosteric inhibitors.

Although, in principle, resistance may easily evolve against
allosteric inhibitors of viral proteases, such inhibitors can be
valuable therapeutics in combination with substrate-derived
active-site inhibitors. Established reverse transcriptase inhib-
itors for the treatment of chronic HIV infections are a
prominent example.”® As drug-like active-site inhibitors of
flaviviral proteases suffer from low affinity, their combination
with allosteric antagonists is a promising route toward
antiflaviviral therapeutics with adequate pharmacokinetic
properties. To support the potential allosteric binding mode
indicated by the noncompetitive inhibition data, we performed
the activity assay with bZiPro in the presence and absence of
compound 2 and the covalent active-site inhibitor cn-716
(Figure 3B). As expected, the simultaneous presence of
inhibitor 2 and cn-716 inhibited the ZIKVpro activity more
strongly than the individual compounds at identical concen-
trations, indicating synergistic inhibition of ZIKVpro (Figure
3B). As cn-716 is known to occupy the active site by binding
covalently to the active-site serine residue 135, this is strong
evidence for compound 2 binding to a site distant from the
substrate-binding site. Unfortunately, attempts to verify the
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Figure 3. (A) Cornish—Bowden plot for compound 2 and Zika virus
NS2B-NS3 protease (gZiPro). The intersection point (—K;) of the
four independent linear fits with the abscissa indicates a non-
competitive inhibition mechanism with a K; value of 0.44 uM.>> The
same value was obtained from nonlinear least-squares fits using a
noncompetitive binding model (Graphpad Prism 7.0; Table S3). (B)
Inhibition of Zika virus NS2B-NS3 protease (bZiPro) activity by the
noncompetitive inhibitor 2 and the covalently binding active-site
inhibitor cn-716. Addition of compound 2 in the presence of cn-716
results in synergistically decreased protease activity, suggesting that 2
binds at an allosteric site.

allosteric binding mode by NMR spectroscopy or X-ray
crystallography have failed to date because of the low solubility
of the inhibitors.

To further assess the specificity of the discovered inhibitors,
we tested their performance with dengue and West Nile virus
proteases (Table 1). Only compound 2 showed significant
inhibition of both proteases in the low micromolar range with
selectivity indices of 4 and 9 in favor of ZIKVpro over the
dengue and West Nile virus proteases, respectively. Com-
pounds 1 and 3 displayed selectivity indices greater than 10 in
favor of ZIKVpro. Only compound 4 showed similarly weak
inhibition constants around 20 yM for all three viral proteases.
The selectivity of our new inhibitors toward ZIKVpro is in
stark contrast to the broad cross-reactivity of previously
described flaviviral protease inhibitors, which are predom-
inantly active-site inhibitors.” As the active center is highly
conserved, selective targeting has been difficult in the past.
Consequently, several compounds that were previously
discovered as inhibitors of dengue and West Nile virus
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proteases have also been reported to inhibit ZIKVpro or even
human serine proteases.” The completely new structural motifs
of the present study thus not only allow an increase in
inhibition by noncompetitive interactions but also selective
probing of ZIKVpro.

The most active compound 2 (K; = 0.44 uM, Ky = 0.009
UM; gZiPro) exhibits multiple noncanonical structural features.
Half of all backbone nitrogen atoms of peptide 2 are
methylated, and it contains four unnatural O-methyl-tyrosine
side chains, representing a chemical complexity that would
require several optimization cycles underpinned by successful
structure—activity relationships if starting from a canonical
peptide library. None of the selected screening hits showed
evidence for competitive inhibition at the active site of the
protease. This bias toward the enrichment of sequences that
may target exosites rather than the active site of ZIKVpro
suggests that active-site interactions of macrocycles were of
significantly lower affinity during the screening (preventing
enrichment of those sequences). This in turn may suggest low
druggability of the active site of ZIKVpro (and closely related
flaviviruses) by classical competitive inhibitors. This con-
clusion is supported by a previous study that aimed to identify
high-affinity active-site inhibitors in a library of substrate
analogues, where interactions with key residues in the active
site could be established, but only an additional covalent bond
with the catalytic serine residue yielded affinities in the
nanomolar range (as in cn-716, Figure 2).*® Alternatively, the
absence of competitive inhibitors in the present work may be
related to the deliberate exclusion of arginine (to avoid
pharmacokinetic liabilities). All flaviviral proteases share the
recognition of basic residues (arginine and lysine) in the
nonprime substrate site with a particular preference for
arginine in P}, and most peptide-based inhibitors address this
recognition motif.”*”*’~*° By excluding arginine from our
screening library, we not only avoided an amino acid with a
potentially negative impact on drug-likeness but apparently
also favored the selection of noncompetitive inhibitors.
Therefore, the observed bias may simply be attributed to the
experimental setup.

The two most active compounds from this screening
campaign, 1 and 2, displayed no cytotoxic effects at
concentrations up to 12.5 yM after 24 and 48 h of incubation
with Huh-7 cells (Figure 4). At higher concentrations,
cytotoxic effects became apparent only for compound 2. In
summary, both macrocyclic peptides, 1 and 2, combine
nanomolar dissociation and inhibition constants with unusual
(noncompetitive) inhibition mechanisms, excellent selectivity
against human proteases, and low cytotoxicity. Our study
demonstrates that display screenings offer an excellent way to
rapidly generate selective probes and tool compounds that can
modulate the enzymatic activity of the target protein from fully
active (5) to highly inhibited (2). Future attempts will focus
on further derivatizations of the identified and validated hits 1
and 2 to allow deeper insights into structure—activity
relationships and facilitate in-cell studies and the generation
of structural data by X-ray crystallography and NMR
spectroscopy. These studies will capitalize on chemical
opportunities provided by the exocyclic C-termini of these
compounds that can readily be tagged with reporter molecules
or moieties that modulate solubility or cellular uptake without
altering the macrocyclic peptide structure.

In conclusion, we present the first macrocyclic peptide
inhibitors of ZIKVpro identified through a RaPID screening
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Figure 4. Effect of compounds 1 and 2 on the metabolic activity of
Huh-7 cells (% reduction compared to nontreated). The dotted lines
indicate an 80% cell-viability cutoff. Neither compound shows
significant cytotoxic effects at concentrations up to 12.5 uM: (A)
24 h and (B) 48 h incubation.

technique that is orthogonal to conventional high-throughput
approaches. With a single selection screen and no further
optimizations, we identified unnatural peptides of remarkable
affinity, inhibitory activity, and target selectivity. Most
importantly, our results indicate that noncompetitive inhibitors
can be made that are highly active and may present excellent
options for probes, tools, and potential drug candidates in
comparison to active-site inhibitors that have been unsuccess-
fully pursued for a very long time. Future work will assess
whether a combination of competitive and noncompetitive
inhibitors indeed offers a superior approach for the develop-
ment of antiviral agents against Zika, dengue, and related viral
infectious diseases.
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