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ABSTRACT: Zika virus infections in humans were identified in
several African countries in the 1950s and spread globally in the
mid-2010s. Cases began to surge in South America around 2016,
coinciding with a rise in severe developmental disorders in babies
born to infected mothers. Gaining a deeper understanding of ways
to treat infection is crucial. To this end, we sought to investigate
the dynamics of Zika Virus Protease NS2B-NS3, a drug target that
will enable eCective treatment of infection and may be invaluable
in treating more lethal variants that may eventually emerge.
Specifically, we employed hydrogen−deuterium exchange mass
spectrometry on NS2B-NS3 to observe which regions of the
protein are quick or slow to exchange, and how these exchange
patterns change in the presence of an allosteric inhibitor. From
these studies, we observe that Zika Virus Protease populates the open conformation when it is unbound or bound to the allosteric
inhibitor MH1. We further identified a single substitution in NS3, A125C, that directly blocks allosteric inhibition. The observed
deuterium uptake patterns provide a detailed view of Zika Virus Protease dynamics in unbound and inhibitor-bound states, allowing
us to visualize how allosteric binding at NS3 prevents closure of NS2B and propagates structural perturbations that together result in
protease inhibition. Importantly, our studies predict that interactions between the NS2B cofactor and the NS3 core determine the
potency of this class of inhibitors across the flaviviral proteases. Pan-flaviviral inhibitors would provide invaluable antiviral modalities,
and insights from these studies should aid in their development.

S INTRODUCTION
Zika virus is a member of the Flaviviridae family which consists
of over 90 diCerent positive-sense single-stranded RNA viruses,
most of which are mosquito-borne pathogens that cause
devastating diseases and have pandemic potential.1 Zika virus
is of particular concern since it is reported in more than a dozen
countries annually and is carried by mosquitoes that now live in
ever expanding parts of the globe.2 In addition to insect
transmission, Zika virus can also be sexually transmitted.3 Zika
infection causes mild fever in healthy adults but can result in a
fatal fever in young children and newborns. Most concerningly,
Zika infection also causes severe microcephaly in developing
fetuses4 that leads to death or profound disabilities at birth.5
The Zika virus genome encodes a polypeptide that is

subsequently cleaved by host and viral proteases into three
structural and seven nonstructural (NS) proteins. The Zika
Virus NS2B-NS3 Protease (ZVP) is a serine protease that is
highly conserved among Flaviviridae. It is composed of two
polypeptides: the NS3 core, which contains the residues of the
catalytic triad (His51, Asp75, and Ser135) and the separate
NS2B cofactor. ZVP function is essential for the Zika viral
lifecycle as it enables viral replication and assembly, making it an

appealing drug target.6 Interpretation of our previous data led us
to conclude that an inhibitor of ZVP, MH1 (Figure 1A)
interacted with both NS2B andNS37 and was reliant on residues
67−83 of the NS2B cofactor. The exact binding site and
mechanism of inhibition had not been elucidated, likely because
of the mobility of the NS2B cofactor. The NS2B cofactor has
been observed in multiple conformations of various flaviviral
proteases (Figure 1): the open-extended (Figure 1B),8 open-
folded (Figure 1C),9 open-flexible (Figure 1D), and fully closed
(Figure 1E).10 In general, structures of ZVP with an active site
inhibitor adopt the closed conformation while allosteric
inhibitors and the unliganded protein adopt an open
conformation, which has been suggested to be an inactive
conformation. In the closed conformation key interactions hold
NS2B in contact with NS3 (Figure 1F). ZVP has high sequence
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and structural homology with other flavivirus proteases
including Dengue, West Nile, and Japanese Encephalitis viruses
(Figure 1G). Several static structures of these proteins have been
reported. While these static structures do not fully describe
NS2B conformational diversity in solution, and several lack clear
electron density for key regions of NS2B, the conformational
states of NS2B trapped in these crystal structures are likely
populated in solution by ZVP as well.
Existing information about ZVP in solution under diCerent

conditions (unbound, allosterically bound, active-site bound)
clearly demonstrates its conformational diversity. When ZVP is
bound at the active site with covalently modifying peptides,
NS2B adopts a closed conformation (Figure 1E), which has
been revealed by NMR interactions present between Lys117 of
NS3 and Leu74/Val76 of NS2B.11 Conversely, when ZVP is
unbound, or bound by allosteric inhibitors, FRET experiments
and 19F-NMR both exhibit signals representative of an inactive,
open ZVP conformation.12 Allosteric inhibition has been
reported with fragments,13 naturally occurring compounds,14
and inhibitor Ia12 at a predicted allosteric pocket.15 Leveraging
binding to a specific conformational state of ZVP may be key to
modulating its activity in a controlled manner.
To selectively and potently target ZVP for antiviral develop-

ment, a deeper understanding of the structural ensemble of the
protease is necessary to predict which conformational states can

be most eCectively targeted. Prior NMR studies have provided
excellent insights into the behavior of ZVP, but several regions,
including 14% of NS2B and 10% of NS3 remain unassigned. In
addition, conformational exchange sometimes renders key
regions intractable to detection by NMR.16,17 Hydrogen−
Deuterium Exchange Mass Spectrometry (HDX-MS) has
proven extremely useful for monitoring protein dynamics and
providing detailed information about interactions between and
within biomolecules.18−23 Within the Zika polyprotein, only the
envelope protein has been studied using this technique.24
Additionally, HDX has been employed to interrogate the
dynamics of NS1, NS2B-NS3, and NS5 fromDengue virus.25−27

We therefore hypothesize that observing reduced exchange in
ZVP peptides in the presence of MH1 by HDX will identify a
binding site and enable further characterization of this
interaction. In this work we applied HDX-MS to provide new
insights into the conformational ensemble of unliganded ZVP
and observe interactions between ZVP and MH1 in greater
detail.

S MATERIALS AND METHODS
Protein Expression & Purification. A pETDUET-1

plasmid for the expression of unlinked ZVP (bZiPro) was
generated by Dahai Luo and obtained (Addgene plasmid #
86846). The sequence of NS2B and NS3 of ZVP are derived

Figure 1. States of NS2B observed in crystal structures of flaviviral proteases. (A) The allosteric inhibitorMH1 is composed of two functional moieties
required for potent inhibition. (B−E) Cartoon representations of viral proteases DVP (blue/orange) or ZVP (purple/yellow) representing the range
of observed NS2B conformations. (B) DVP NS3Δ11−20 with NS3 (orange) and NS2B (blue) in an open-extended conformation. (C) DVP with
NS2B (blue) in an open conformation folded back against NS3 (orange). (D) ZVP with NS3 (yellow) and NS2B (purple) in an open-flexible
conformation in which the C-terminus is disordered. E. ZVP with NS2B (purple) in the closed conformation. (F) Inset of closed conformation of ZVP
with NS2B residues (purple) required for MH1 binding identified previously using ZVP-DVP hybrid proteases. Residues in NS3 (yellow) that make
polar contacts (<3.5 Å) with NS2B in the 66−83 region are shown as sticks with hydrogen bonds shown as dashed lines. (G) Sequence alignment of
selected homologous flaviviral proteasesZika Virus Protease (ZVP), Dengue Virus Protease (DVP), Japanese Encephalitis Virus Protease (JEVP),
Yellow Fever Virus Protease (YFVP), and West Nile Virus Protease (WNVP). UniProt accession numbers for sequences used for alignment: ZVP-
Q32ZE1, DVP-P17763, JEV-G3FEX6, WVV-Q9Q6P4, and YFV-Q074N0. Residues highlighted in dark blue are fully conserved across five indicated
proteases and residues highlighted in light blue are partially conserved.
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from the zika virus polyprotein, UniProt ID Q32ZE1. This
expression plasmid for ZVP was transformed into BL21(DE3)
electrocompetent E. coli and plated onto Luria−Bertani (LB)
plates containing 100 μg/mL ampicillin.
Cultures of transformed cells were grown in LB media with

100 μg/mL ampicillin at 37 °C until the OD600 reached 0.6−0.8.
At this point, IPTG was added to a final concentration of 1 mM,
and the temperature was reduced to 25 °C for 4 h for protein
expression. The cells were pelleted by centrifugation (4,700 rcf
for 10 min at 4 °C), stored at − 80 °C, and then freeze−thawed
in lysis buCer (50 mM Tris, pH 8.5, 50 mM NaCl, 5% glycerol,
and 2 mM imidazole) before being lysed in a Microfluidizer
(Microfluidics). The lysate was clarified by centrifugation at
27,000 rcf at 4 °C for 1 h. The supernatant was loaded onto a 5
mL HisTrap nickel-a6nity column (GE Healthcare) pre-
equilibrated with lysis buCer. The column was washed with
wash buCer (50mMTris, pH 8.5, 50mMNaCl, 5% glycerol, and
10 mM imidazole) before being eluted with elution buCer (50
mM Tris, pH 8.5, 50 mM NaCl, 5% glycerol, 300 mM
imidazole). The eluted protein was diluted ≥ 5x in Q-column
BuCer A (50 mMTris, pH 8.5, 5% glycerol) and loaded onto a 5
mL HiTrap Q-column (GE Healthcare). A linear NaCl gradient
was used to elute the proteins using buCer B (50 mM Tris, pH
8.5, 1 M NaCl, 5% glycerol). Protein eluted with ∼ 250 mM
NaCl was assessed for purity by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and immedi-
ately stored at − 80 °C until further use. Expression conditions
and purification of A125C ZVP were similar to the unlinkedWT
ZVP.
Mutagenesis. The A125C ZVP expression plasmid was

generated in-house using the Phusion Polymerase protocol
(Thermo Scientific). A master-mix was made with the following
components at the specified concentrations: template DNA
(150 ng); dNTPs (200 μMeach nucleotide, premixed); forward
and reverse primers, both containing variant codon (500 nM,
each primer); DMSO (2−3% v/v); and Phusion polymerase
(0.02 U/μL). 0.5x GC BuCer (NEB) was added to a final
concentration of 1x. No additional MgCl2 was added.
Autoclaved water was added to a final volume of 250 μL, then
the master mix was split into 8 PCR tubes, each containing 25
μL. PCR was carried out using a C1000 Touch Thermal Cycler
(BioRad) with the following settings: Initial denaturation at 98
°C for 45 s; denaturation at 98 °C for 20 s; annealing for 45 s
using a temperature gradient from 56 to 80 °C; extension for 2−
3 min at 72 °C (time depends on length of template). Steps 2−4
were repeated for 20 cycles. A final extension step was conducted
after the 20 cycles at 72 °C for 5 min. PCR product was
confirmed by agarose gel. Successful amplification was followed
by a DpnI digest to remove template DNA, phosphorylation
with PNK at free 3′ ends, and finally ligation using T4 DNA
ligase. LigatedDNAwas transformed into chemically competent
E. coli for plasmid amplification. DNA was extracted and
miniprepped using a QIAprep Spin Miniprep Kit. Miniprepped

plasmids were evaluated by Sanger sequencing (Eurofins
Genomics) to confirm mutation.

ZVP Activity Assay. ZVP protease activity was tested using
50 nM ZVP and 5 μM peptide substrate, Pyr-Arg-Thr-Lys-Arg-
7-amino-4-methylcoumarin (Pyr-RTKR-AMC; Bachem). λex =
355 nm and λem = 460 nm were used to monitor the release of
AMC over the course of 10 min, taking fluorescent measure-
ments every 11 s. Reactions were performed at 25 °C. Assays
were performed in 100 μL reaction volumes in Costar 96-well
flat-bottom plates (Corning) on a SpectraMax M5 Spectropho-
tometer (Molecular Devices).

MH1 Synthesis & Characterization. All chemicals were
obtained from commercial suppliers and used without further
purification unless otherwise specified. 2-(3H-[1,2,3]triazolo-
[4,5-b]pyridin-3-yl)-1,1,3,3-tetramethylisouronium hexafluoro-
phosphate (HATU) (Oakwood Chemicals), benzofuran-2-
carboxylic acid, sodium acetate (NaOAc), and N,N-diisopropy-
lethylamine (DIPEA) (Millipore Sigma), N,N-dimethylforma-
mide (DMF) (Acros Organics), 4-imino-4,5-dihydrothiazol-2-
amine hydrochloride (Thermo Scientific), acetylacetone (TCI
Chemicals), and anhydrous sodium sulfate (Fisher Scientific)
were used as received.

Synthesis of 5,7-Dimethylthiazolo[4,5-b]pyridin-2-amine
(1). In a 25 mL round-bottom flask charged with a magnetic stir
bar, 4-imino-4,5-dihydrothiazol-2-amine hydrochloride (2
mmol) and acetylacetone were dissolved in 2 N NaOH (5
mL) (Scheme 1 step a). The reaction was stirred at room
temperature for 2 h. The precipitate thus formed was filtered and
washed using cold water and used as-is. The product was
colorless and obtained in 76% yield. 1H NMR (400 MHz,
DMSO) δ 7.84 (s, 2H), 6.71 (s, 1H), 2.38 (s, 3H), 2.30 (s, 3H).

Synthesis of N-(5,7-Dimethylthiazolo[4,5-b]pyridin-2-yl)-
benzofuran-2-carboxamide (MH1). Under inert atmosphere
benzofuran-2-carboxylic acid (0.3 mmol) and HATU (0.45
mmol) were dissolved in dry DMF followed by the addition of
5,7-dimethylthiazolo[4,5-b]pyridin-2-amine (1) (0.3 mmol)
and DIPEA (0.6 mmol) (Scheme 1 step b). The reaction was
stirred at room temperature for 48 h andmonitored by thin layer
chromatography (TLC). After completion, the crude product
was extracted with dichloromethane, washed with brine, and
dried over anhydrous sodium sulfate. The resulting crude
product was purified using CombiFlash chromatography. The
product was a pale-yellow solid obtained at 68% yield. 1H NMR
(400 MHz, DMSO) δ 13.48 (s, 1H), 8.15 (s, 1H), 7.88 (d, J =
7.9 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H), 7.56 (t, J = 7.9 Hz, 1H),
7.41 (dt, J = 8.9, 4.4 Hz, 1H), 7.09 (s, 1H), 2.54 (dd, J = 6.7, 2.1
Hz, 6H). 13C NMR (101 MHz, DMSO) δ 156.44, 155.01,
141.77, 127.98, 126.83, 124.09, 123.46, 119.51, 112.90, 112.14,
23.90, 19.91. MS2 (ES+) m/z 324.26, MS2 (ES-) m/z 322.39.

MH1 Incubation for HDX Sample Preparation. For
samples containing ZVP andMH1, the inhibition was confirmed
prior to subsequent analysis as a means of monitoring binding.
Protease inhibition was achieved by incubating ZVP at 26 μM

Scheme 1. Synthesis of MH1a

aReagents and conditions: (a) 2 N NaOH in H2O; and (b) HATU, DIPEA, and DMF.
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with 5-fold molar excess of MH1 (130 μM) for 1 h at room
temperature. AnMH1 stock was always diluted to achieve a final
DMSO concentration of 10% to avoid inhibitor precipitation.
Importantly, the addition of the protein solution into a tube that
already contained concentrated MH1 was required to observe
consistent enzyme inhibition. Once bound, protease activity was
tested at 50 nM ZVP in the presence of 5 μM RTKR-AMC in
technical replicates before preparing samples for HDX. To
ensure the ZVP-MH1 complex remained intact throughout the
time-course of the experiment, remaining undiluted protein
sample after the HDX experiment was also tested for activity
against RTKR-AMC (Figure S8).
HDX Data Collection & Data Analysis. All residue

numbering reported for peptides from HDX followed the
numbering of the closed ZVP structure 5H4I. 6xHis tag with
flexible linker followed by thrombin cleavage site
(MGSSHHHHHHSSGLVPR) were not included in analysis.
HDX experiments were performed using an initial stock of 26
μM ZVP in 50 mM Tris, pH 8.5, 50 mM NaCl, and 5% glycerol
in H2O. For samples without MH1, 10 μL of DMSO was added
to a total sample volume of 100 μL, and for inhibitor-bound
protein samples, 5 μL of 2.6 mM MH1 was added to a total
sample volume of 100 μL. The protein samples were incubated
at room temperature for 1 h and then handled by the PAL Auto
Sampler system equipped with nanoACQUITY for separation
(Waters Corp.), which performed all subsequent sample
preparation and manipulations for the HDX.
HDX was initiated by dilution of each sample 13-fold with

D2O exchange buCer (10 mM phosphate pD 7.5, 200 mM
NaCl), and the mixture was incubated at predetermined HDX
time points (0.17, 1, 10, and 60 min) at 25 °C. At the indicated
HDX time point, an aliquot from the exchange reaction was
removed, and deuterium labeling was quenched by adding equal
volume of quench buCer (100 mM phosphate, pH 2.0, 200 mM
NaCl) at ∼ 0 °C. For the nondeuterated samples, the same
procedure was performed in H2O buCers. Quenched samples
were introduced into a 2.1 × 30 mm Immobilized protease type
XIII/pepsin column (NovaBioAssays) at 41.6 μL/min in 0.1%
formic acid at 0 °C for a 2 min digest. Peptide fragments were
collected at 0 °C on a C18 VanGuard trap column (1 mm × 50
mm; Waters) for desalting for 2.5 min at 100 μL/min with 0.1%
formic acid in H2O. Peptides were then separated with an
acetonitrile (ACN) gradient through a 1.8-μm HSS T3 C18 2.1
× 5 mm ACQUITY UPLC column (Waters) using a 7 min
gradient, 5−35% ACN; 1 min, 35−85% ACN; 3 min hold, 85%
ACN; 1 min 85% back to 5% ACN (total LC time of 12 min) at
40 μL/min at 0 °C. Fragments were subsequently mass-analyzed
using a Synapt G2Si ESI-Q-ToF mass spectrometer using ion
mobility which yields improved peptide identification (Waters).
Between sample injections, a wash step was performed to
minimize peptide carry-over. Each exchange time point was
tested in triplicate.
Accurate mass and collision-induced dissociation (CID) in

data-independent acquisition mode (MSE)28 and ProteinLynx
Global Server (PLGS) version 3.0 (Waters) were used to
determine the identity of the peptides in the undeuterated
protein samples analyzed on the same UPLC-ESI-Q-ToF
system used for HDX-MS experiments. Peptides generated
from PLGS were imported into DynamX version 3.0 (Waters)
with the following peptide quality thresholds: file threshold = 3,
MS1 signal intensity ≥ 5,000, maximum sequence length of 20
amino acids, maximum mass error of 1 ppm, LC retention time
within 0.5%, and minimum products per amino acid of ≥ 0.3.

Automated results were manually inspected to ensure that the
corresponding m/z and isotopic distributions at identified
charge states were properly assigned to the appropriate peptide.
DynamX 3.0 was then used to generate the relative deuterium
incorporation plots and HDX heat map for each data set. The
relative deuterium incorporation of each peptide was
determined by subtracting the weight-averaged centroid mass
of the isotopic distribution of undeuterated control sample from
that of the deuterium-labeled samples at each labeling time
point. Back exchange analyses were performed on unbound
ZVP. Assessment of unbound and MH1-bound ZVP peptides
were performed under identical experimental conditions, thus
negating the need for back exchange correction in the
determination of the deuterium incorporation for both states.29
Exchange diCerences between unbound and MH1-bound states
were determined by subtracting deuterium uptake values from
identical peptides found in both data sets at all time points
(Figure 4A-B).
The fractional relative deuterium uptake was calculated by

dividing the relative deuterium uptake of each peptic peptide by
its theoretical maximum uptake. All HDX-MS experiments were
performed in triplicate on two separate days, and statistical
filtering of HDX data was performed using Deuteros to isolate
confomationally active peptides (Figure 5A).30 A confidence
limit of 99% was used to identify regions of ZVP that were
significantly and consistently protected due to MH1 binding.

DiRerential Scanning Fluorimetry. 27.7 μM ZVP was
incubated with or without 138 μM MH1 (5x excess) for 1 h at
room temperature in 25 mM (4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid) (HEPES), pH 7.5, 75 mM NaCl. The
reaction sample was diluted to 25 μM ZVP with a final
concentration of 5x SYPRO Orange dye (50x stock) before
stability was measured in a CFX Connect RT-PCR detection
system (BioRad) using a 50 μL reaction volume per well.
Unfolding reactions were performed with technical duplicates.
Fluorescence was measured every 0.5 °C over the range of 25−
95 °C. The melting temperature (TM) was calculated by fitting
the curves to buCer-subtracted values using Prism (GraphPad
software). For sequential DSF with both MH1 and DTNB,
MH1 was added to ZVP at 5-fold molar excess for 1 h at room
temperature before DTNB was added (final concentration −
10x excess/250 μM) and incubated for another hour at room
temperature. DiCerent orders of addition (MH1-DTNB and
DTNB-MH1) were tested, and appropriate dilutions were made
such that the concentration of enzyme assayed was always 25
μM. Statistical analysis performed in Graphpad Prism.

DTNB Reaction with ZVP Variants. The total protein
concentrations of WT ZVP and A125C ZVP were determined
by measuring 280 nm absorbance and a molar extinction
coe6cient of 41,970 M−1 cm−1. Thirty μM ZVP in 50 mM pH
8.5 Tris, 50 mMNaCl, and 5% glycerol was then incubated with
300 μMDTNB for 1 h. The concentration of sulfhydryl for each
sample was determined by measuring the absorbance (412 nm)
of the released yellow product from theDNTB reaction with free
thiol, 2-nitro-5-thiobenzoate (TNB). The released TNB
concentration was calculated using Beer’s Law using the molar
extinction coe6cient for 2-nitro-5-thiobenzoate of 14,150 M−1

cm−1. After confirming the DTNB reaction with ZVP, enzyme
activity assays were performed at 50 nM ZVP with 5 μMRTKR-
AMC substrate. BuCer containing 2 mM DTT was used to
reverse the DTNB reaction.
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S RESULTS
High Peptide Redundancy Achieved Using a Mixed

Protease Column, which ORers Extended Substrate
Specificity. HDX-MS is a valuable technique for probing
protein dynamics and is particularly well-suited for identification
of specific interactions taking place on a molecular level. We
applied this technique to obtain a deeper understanding of ZVP
dynamics and to further characterize an allosteric binding site on
ZVP. During HDX, proteins are transiently incubated with
deuterium allowing replacement of backbone amide protons
with deuterons in regions that are highly mobile or solvent
exposed. The best assessment of exchange throughout the
protein is enabled with greater peptide coverage and higher
redundancy. Digesting unliganded ZVP on a porcine pepsin
column yielded 23 peptides for NS2B (96.2% coverage) and 63
peptides for NS3 (98.3% coverage), resulting in redundancy
values of 4.9 and 4.1 peptides/residue for each protein
respectively (Figure S1). While excellent coverage was achieved
using pepsin, an increase in unique peptides from the addition of
a second protease would drastically improve the resolution of
dynamic information.18 To this end we utilized a column
containing both porcine pepsin, and protease type XIII/
aspergillopepsin-1, which has a broadened specificity, allowing
for the generation of a greater number of unique peptides. Using
the pepsin/XIII mixed bed column, we obtained 43 peptides
(98.1% coverage) for NS2B and 209 peptides (98.3% coverage)
for NS3 (Figure 2A), which improved our redundancy values to
8.4 and 14.6 peptides/residue, respectively (Figure 2B, C). This
represented an 87% increase in the number of NS2B peptides
and a 256% increase for NS3 peptides (Figure 2C) which
allowed for finer localization of deuterium and positively
contributed to the assessment of ZVP conformation and
dynamics in solution.

ZVP NS2B-NS3 Dynamics Suggest that the Open
Conformation Is Dominant in Solution.HDXdata obtained
from ZVP oCers dynamic information across both NS2B and
NS3. Notably, NS2B experienced either a moderate or rapid
deuterium uptake from the earliest time point, ultimately
replacing over half of its exchangeable amide hydrogens after 1 h
(Figure 3A, S2). More protection was observed in NS2B
residues 50−64 at 10 s, resulting in a slower exchange compared
to the remainder of the NS2B cofactor (Figure 3A). NS2B 51−
57 forms a beta-strand that interacts with a β sheet in NS3
composed of residues 21−29 and 32−42. NS2B 51−57 form
this interaction in all 195 crystallized structures in all
conformations of ZVP as well as for most observed
conformations for the 22 crystallized structures of Dengue
Virus Protease (DVP) (Figure 1A-D), underscoring that some
protection was expected in this region. Nevertheless, the fact
that even the most stable portion of NS2B undergoes a high
degree of exchange suggests that NS2B transiently dissociates
from NS3 entirely, at least in this construct.
In contrast to NS2B Pep51−61, the flanking peptides Pep46−52

and Pep76−86 were fully exchanged at early time points (Figure
3B), suggesting that both the N- and C-terminal regions of
NS2B are highly dynamic. In the closed conformation of ZVP,
NS2B 66−83 forms nine distinct hydrogen bonds (Figure 1F),
three of which engage highly conserved side chains. If the NS2B
66−83 region adopted the closed conformation consistently, we
would expect that the observed exchange, particularly at early
time points, would more closely mirror that of NS2B residues
50−64, which appear stably bound in all existing crystal
structures. Instead, this region was much more susceptible to
exchange (Figure 3A, B). A great strength of our approach is that
regions of ZVP for which no density has been observed in crystal
structures due to their mobility are observable by HDX (Figure
3A, C, D). Peptides from regions of NS2B that are ordered in the

Figure 2. Improved HDX Coverage and Redundancy using a mixed protease column. (A) Peptides (bars) observed after protease digestion and mass
spectral analysis of the NS2B protease cofactor (top, bright blue bars) and NS3 core (bottom, blue bars). Residue numbering of NS2B (44−96) and
NS3 (1−177) follows the convention of the ZVP crystal structure 5H4I; therefore, both polypeptides contain residues numbered 44−96. (B) The
redundancy observed at each residue is mapped onto NS2B (left) or NS3 (right) with the other protein colored gray (PDB 5H4I). Green-red
triangular scales represent the number of peptides in which each residue is found. (C) Peptide count, coverage, and redundancy obtained for data sets
using each digestion method.
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closed conformations but disordered in the open conformation
(Pep46−52, 76−86 in Figure 3B) show rapid uptake, suggesting that
NS2B assumes a constitutively open conformation which
infrequently samples the closed conformation.
The conformational state of ZVP was also informed by the

exchange patterns observed in the NS3 core of the protease
(Figure 3D). Overall, several regions of NS3 showed more
variability in exchange relative to the cofactor, presumably

because NS3 forms a stable, folded core with some exposed and
some unexposed regions. The most protected regions of NS3
exhibited 20−40% exchange over the course of 1 h, while more
dynamic regions experienced up to 50% exchange from as early
as 10 s of deuterium incubation (Figure 3D). Within NS3, the
active site region experienced the highest level of protection, and
several other regions that showed high protection from exchange
were found within secondary structures that are present in many

Figure 3. Exchange of unbound ZVP revealed the conformational state in solution. (A) Exchange heatmap for NS2B as a function of D2O incubation
time annotated with the secondary structures observed in the open-flexible conformation (PDB ID 5T1V). Arrows represent beta strands, helices
represent alpha-helices, and solid lines represent flexible loops. Crystallographically disordered regions are depicted by dashed lines. Colors represent
the level of exchange of each residue, calculated by DynamX (Waters) which is derived from the shortest peptide containing that residue. (B)
Deuterium uptake plots of peptides derived from the NS2B cofactor. Peptides shown (left-to-right) in uptake plots represent 3, 12, and 7 peptides in
their respective regions showing similar behavior. (C) Zoom-in on ZVP in the cartoon representation with alpha carbons colored according to the 10-s
HDX data. The closed conformation of NS2B (PDB ID 5H4I) residues 66−83 (gray dots) is superimposed onto the structure of NS3 in the open ZVP
(cartoon only, PDB ID 5T1V). (D) Exchange heatmap of NS3 is annotated and colored as in panel (A). (E)Deuterium uptake plots of peptide derived
from theNS3 core. Peptides shown (left-to-right) represent 5, 15, and 17 peptides in their respective regions showing similar behavior. (F) Zoom-in on
ZVP with alpha carbons colored according to the 10 s HDX data. NS3 residues 157−171 from closed ZVP (cartoon and dots) is superimposed onto
the structure of the rest of NS3 in the open ZVP (cartoon only).
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reported closed conformations (Figure 3D). Rapidly exchanging
regions within NS3 were limited to the termini, and showed
similar temporal exchange to NS2B, albeit with slightly more
uptake. Importantly, Pep121−127 and Pep146−153 showed partial
protection and slow exchange (Figure 3E). These peptides are
derived from regions that are at least partially buried in the NS3
core in all conformations. In contrast, Pep158−164 was fully
exchanged at the 10-s time point suggesting that it resides in a
highly exposed or dynamic region. Notably, in the closed state,
NS3 residues 158−171 are crystallographically ordered and feed
through a cavity primarily composed of residues 123−128 and
146−157 (Figure 3F, S3). The fast deuterium uptake for
Pep158−164 (Figure 3E) is therefore consistent with adoption of
an open conformation (Figure 3F). If ZVP existed in a closed
conformation, residues 158−171 would be expected to show
greater protection than was observed. Together these data
suggest that ZVP actively samples open conformations, and very
few, if any, molecules stably occupy a closed conformation.
These data are consistent with prior solution-based studies.11,17
MH1 Blocks the Closed Conformation of NS2B. We

have previously reported on a novel inhibitor of ZVP,MH1, that
appears to interact with the interface between NS2B and NS3.7
Several ZVP-DVP hybrid proteins demonstrated that NS2B
residues 67−83 from ZVP are required for MH1 binding.
Specifically, when these ZVP residues were replaced by the
homologous sequence from DVP, a noticeable decrease in both
protease inhibition and stabilization from MH1-binding were
observed.7 Given our new understanding of the degree of NS2B
mobility from HDX, we hypothesized that this approach might
elucidate the binding site for MH1. In the presence of MH1, the
NS2B cofactor exchanged rapidly, similar to the unbound state,
although fewer peptides were observed (Figure S4). To visualize
the diCerences, deuterium uptake in the presence of MH1 was
subtracted from the uptake values for identical peptides in the
unliganded state. Ultimately, the bulk of the cofactor
experienced a similar extent of exchange over 1 h (up to 50−
60% of exchangeable amide hydrogens) with or without MH1
(Figure 4A). Only Pep59−75 from NS2B exhibited a notable
increase in exchange in the presence ofMH1 (Figure 4A). These
patterns of exchange indicate that NS2B remains predominantly
solvent exposed with no significant structural changes upon
binding MH1. Transition to the closed state would be expected
to produce a greater protective eCect than was observed because
18 residues must transition from a solvent-exposed state to a
more stable conformation binding NS3 (Figure 3C). Overall,
these data suggest that MH1 does not directly contact NS2B
when bound to ZVP.
In contrast to NS2B, NS3 experienced noticeable changes in

deuterium uptake upon MH1 binding (Figure 4B). Highly
exchanging peptides were observed at both termini with and
without MH1 (Figure 4B), suggesting that both termini are as
mobile in the MH1-bound state as in the unbound state.
Peptides from the N-terminus of NS3 (Pep0−15, 5−11, 5−23,
Pep12−22, 12−23, and 16−22) for which no density is observed
crystallographically, exchanged most of their amide protons by
10 s and did not exhibit any significant change in uptake in the
presence of MH1 (Figure S4). A single peptide, Pep4−22,
underwent ∼ 10% more exchange (∼1.5 Da) in the presence of
MH1. Given that six of seven peptides show no increase in
deuterium uptake suggests that the behavior of the N-terminus
was unchanged by binding MH1. Conversely, the C-terminus of
NS3 experienced a mild, more consistent increase in exchange.
Pep150−169, 154−167, 161−167, 161−177, and 165−177 each undergo

approximately 5−10% more exchange in the presence of
MH1. These peptides reside in a region of NS3 for which
crystallographic density is present in closed structures and
absent in all open structures. This increase indicates a more
dynamic C-terminus with MH1 bound, suggesting MH1
decreases the closed conformation of NS2B.
While the NS3 termini are exchangeable, only one additional

region of NS3 (63−78) showed increased deuterium uptake in

Figure 4. DiCerences in deuterium uptake due to MH1 binding. (A)
Deuterium uptake diCerences for 20 NS2B peptides observed in both
unbound and MH1-bound HDX data sets. Blue tones signify peptides
that were protected from exchange upon MH1 binding. Red tones
signify peptides that underwent additional uptake in the presence of
MH1. (B) Deuterium uptake of 64 NS3 peptides identified in both
unbound and MH1-bound HDX data sets. DiCerence thresholds were
chosen to visualize minor, intermediate, and major exchange diCer-
ences. Coloring is as in panel (A). (C) Uptake diCerences in NS2B and
NS3 after 1min of D2O incubation, colored as in panel (A), are mapped
onto the closed conformation of ZVP in cartoon (left) and surface
(right) representations and show protection at the Protease Cap. (D)
Uptake diCerences after 1 h of D2O incubation are mapped onto the
closed conformation of ZVP show protection only at later time points at
the Protease Base.
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the presence of MH1 (Figure 4B). Most residues within this
region are highly solvent exposed crystallographically in both the
open and closed conformations of ZVP. However, in the closed
conformation two residues from NS3, Lys73, and Asn152, are
involved in interactions with Gly82 of NS2B. All three residues
are conserved in flaviviral proteases (Figure 1G), and these
interactions may be important when NS2B adopts the closed
conformation. Specifically, the small Gly82 side chain permits
the closed conformation of NS2B, whereas any other side chain
should sterically block this unusually close interaction. In the
absence ofMH1,NS2B can sample the closed conformation, but
when MH1 is bound, there was an increase in uptake in both C-
terminal peptides in NS2B and in this closely interacting region
in NS3. This suggests that MH1 blocks the Lys73 and Asn152
interactions with Gly82, preventing the closed conformation.
Protection by MH1 Is Temporally Distinct from Active

Site Stabilization. DiCerences in exchange reveal areas
impacted by MH1, however, more scrutiny is required to
distinguish exchange diCerences that are direct results of
inhibitor binding from those arising from conformational shifts.
Significant diCerences in protection were calculated using
Deuteros and occurred at the Protease Cap (residues 106−
153) at early incubation times (Figure 4C). Additional
protection at the Protease Base (residues 31−51) was readily
apparent at later incubation times (Figure 4D), leading us to
inquire whether MH1 directly binds to one of these sites. Given
the locations of these protected regions in ZVP structures, it is
unlikely that a single MH1 molecule directly engages both sites.
The temporal diCerence in these protective eCects also indicate
protection may arise from diCerent sources.
Eight NS3 peptides in the Protease Cap between residues 106

and 153 (Figure 4B), which reside near the NS2B 67−83
binding region in the closed ZVP conformation, showed
significant protection between 10 s and 10 min of D2O
incubation. In this region, several peptides showing no
diCerences in uptake between the two states (Pep108−116 and
Pep109−116, 110−116; Figure 5A) overlap with those showing
significant protection (Pep106−125 and Pep109−125), which help
identify residues that are not involved in MH1 binding.
Furthermore, Pep129−140 and Pep129−142 experienced no

significant impact from inhibitor binding, suggesting that
MH1 binding does not require NS3 residues 129−140. Lastly,
Pep150−161, 150−169, and Pep151−157 did not experience a significant
diCerence in exchange in the presence of MH1, while Pep146−153
and Pep147−153 were protected. This allowed us to further refine
the potentialMH1-binding pocket to two smaller regions inNS3
− residues 117−128 and 141−149 (Figure 5B). These regions
reside near the Protease Cap, where NS2B binds NS3 only in the
closed conformation. If ZVP adopted the closed conformation
in an MH1-bound state, NS2B residues 67−87 (Figure 5C,
purple dots) would also likely experience some level of
protection due to inhibitor-protease interactions hindering
exchange. Interestingly, 141−149 are situated near 117−128,
specifically forming a pocket centered between Ile147-Gly148-
Leu149 andAla125-Val126 (Figure 5B) that with subtle changes
in conformation may be large enough to accommodate MH1.
Binding in this region could result in the increased protection
exhibited by peptides surrounding this pocket.
Similar analysis of the Protease Base region, which exhibits

diCerential protection in the presence of MH1 at long time
points (1 h), was performed on peptides near residues 31−51
(Figure S5A-C). Residues 47−51 are unambiguously protected
at these long time points; however, inconsistencies were
observed when interpreting the protection of individual residues
that are observed in multiple peptides in this region, providing
less certainty in protection of residues 31−46. The protection in
the Protease Base also produced a smaller number of high
confidence peptides than Protease Cap. The Protease Base
consisted of residues very close to the active site (residues 47−
51). We hypothesize that the protection of the Protease Base at
late time points results from stabilization of an inactive
conformation rather than from direct interactions with MH1.
The fact that the inactive S135A ZVP variant still binds and is
stabilized byMH1, and thatMH1 requires NS2B 67−83 region7
which does not interact with the Protease Base, further suggests
that MH1 does not directly interact with this region. Thus, we
focused on subsequent interrogation of potential MH1 binding
sites within the Protease Cap region rather than in the Protease
Base.

Figure 5. Protection identified key MH1-binding regions. (A) Sixteen NS3 peptides between residues 105 and 169 that either were protected from
deuterium exchange in the presence of MH1 (green) or were unaCected (black). Regions 1 and 2 isolated from diCerential analysis of eight highly
impacted peptides. Protection was determined to be statistically significant using Deuteros. (B) Regions 1 and 2 (green) in ZVP NS3 in the open
conformation with Ala125 shown in spheres and active site residues shown as sticks. (C) Regions 1 and 2 (green) mapped onto NS3 in the open
conformation (surface) with the closed conformation of NS2B (dots) to show Ala125 accessibility in both conformations.
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NS3 A125C Disrupts MH1 Binding to ZVP. We
recognized that more thorough interrogation of the protective
eCects in the Protease Cap was required to pinpoint residues
critical for inhibitor binding. We have previously demonstrated
that a double cysteine ZVP mutant, C80A/C143A, binds MH1
with similar a6nity to WT ZVP,7 suggesting that C143 is not
essential for MH1 inhibition. Peptides in the region of 117−128
experienced early and substantial protective eCects as a function
of MH1-binding (Figure 5A; average 35% uptake unbound vs
21% uptakeMH1 at 1 min), suggesting that the 117−128 region
may be involved in direct MH1 binding. One substitution in this
region, A125C, allows chemically triggered allosteric modu-
lation of both DVP9 and ZVP15 activity by 5,5′-dithiobis(2-
nitrobenzoic acid) (DTNB), biarylamine, and other cysteine-
reactive probes, suggesting this sensitive residue as a candidate
for the MH1 inhibition mechanism.
To assess whether A125C ZVP was involved inMH1 binding,

we first confirmed that the substitution did not compromise the
structural integrity of the protease core by diCerential scanning
fluorimetry (DSF). The A125C ZVP variant retained stability,
similar to WT ZVP (Figure 6A). In addition, A125C ZVP
showed no decrease in intrinsic activity against a peptide-based
RTKR-AMC substrate (KM = 7.6 μM, kcat = 0.4 s−1 vs KM = 11.0
μM, kcat = 0.36 s−1 for WT ZVP), further indicating that the
substitution did not have a negative impact on folding or activity.
When either WT or A125C ZVP was incubated with DTNB, a
color change in the solution and an increase in absorbance at 412

nm suggested a reaction between cysteines and the probe had
occurred. The activity of ZVP A125C, but not WT ZVP, could
be inhibited by reaction of DTNB, and was fully reversed by
addition of the fresh reductant (Figure 6B). WT ZVP binds
MH1 with an IC50 of 0.89 μM while A125C showed a clear
decrease in inhibition potency of MH1 by about an order of
magnitude relative to WT (Figure 6C) (IC50 = 10 μM),
suggesting that Ala125 is involved in MH1 binding and
inhibition. When incubated with DTNB, there was a noticeable
color change in the solution for both proteins, however A125C
ZVP reacted 68% more than WT ZVP, as monitored by an
increase in Abs412, indicating release of thionitrobenzoic (TNB)
acid. This reaction resulted in the complete inhibition of A125C
ZVP while WT ZVP retained 98% activity.
We previously reported a correlation between MH1

inhibition and thermal stability (Tm) measured by DSF for
ZVP. Tm was particularly useful for assessing MH1 engagement
in inactive variants.31 Given that A125C ZVP was completely
inactivated by DTNB, activity could not be used to monitor the
impact of MH1 binding, therefore we utilized DSF to observe
MH1 binding. Despite a clear reaction between A125C ZVP and
DTNB, no accompanying stabilization was observed by DSF
(Figure 6E, F), in line with previous observations of DVP
A125C and DTNB.9 This retention of Tm suggests that A125C
ZVP and ZVP A125C-DTNB retained similar folded states. As
expected, owing to the lack of an introduced cysteine at the
sensitive location, WT ZVP stability was also unaCected after

Figure 6. NS3 A125C impacts MH1-mediated inhibition while retaining ability to bind. (A) DSF of WT ZVP (black) and A125C ZVP (blue)
exhibited similar thermal stability. Standard deviation shown in gray or blue, respectively. (B) DTNB-mediated inhibition of A125C ZVP and recovery
of activity with the addition of fresh reductant. (C) 2-fold serial dilution of MH1 from 100 μM−0.09 μMonWTZVP (black) and A125C ZVP (blue).
IC50 marked with vertical lines. (D) Initial velocity of WT ZVP (top) or A125C ZVP (bottom) incubated with MH1, DTNB, or a combination of
both. (E) TM obtained fromWTZVP (top) or A125C ZVP (bottom) from samples in panel (D). Red-dashed line represents TM fromDMSO control.
(F) Representative DSF of one biological replicate. Vertical lines represent TM from WT ZVP control (solid line) and TM from ZVP incubated with
MH1. Data from panel (B) obtained from two technical replicates. Data from panels (C−E) obtained from biological triplicates. Data were averaged
and statistical analysis performed in Graphpad Prism. ***p < 0.001.
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reacting with DTNB (Figure 6E). WT ZVP is inhibited byMH1
while A125C ZVP was not inhibited at the same inhibitor
concentration, however, WT ZVP and A125C ZVP were both
stabilized to a similar extent, suggesting that MH1 binding
occurred using both variants. WhenWTZVPwas incubated first
with MH1 and then with DTNB, or vice versa, an increase in Tm
and a decrease in activity was observed similar to MH1 alone
(Figure 6D). Thus, inhibition and stabilization displayed byWT
ZVP with either combination of DTNB/MH1 appeared to
predominantly reflect MH1 binding. In contrast, a unique trend
was observed with ZVP A125C, which was not inhibited with
MH1 alone. When DTNB was added to ZVP A125C, either
before or after addition of MH1, the thermal stability increased
by 10 °C, greater than either molecule invoked independently
(Figure 6E, F). This suggests that DTNB and MH1 can interact
synergistically only in the A125CZVP variant.We speculate that
the covalent addition of a bulky aromatic ring at A125C-DTNB
made additional productive interactions with MH1, allowing
binding that led to the observed stabilization.

S DISCUSSION
This study provides the first HDX data set for ZVP in both
unliganded and an allosterically bound condition, oCering
insight into NS2B and NS3 dynamics from a new perspective.
Up to this point, ZVP has been interrogated using both solution
NMR and crystallography, which provide an extensive
foundation for understanding the diCerent conformational
states of ZVP and how these states change or respond in the
presence of small molecules.10,11,14,16,17,32−35 In our studies,
unbound ZVP displayed highly exchanging regions present at
early deuterium incubation times at both termini of each
protein, indicating a more solvent-exposed state. These results
are consistent with previous studies using various techniques
that show that the open conformation of ZVP is the most
frequently observed state in solution,11,12,17 underscoring the
reliability of HDX for ZVP investigation. Furthermore, cellular
studies using variants of ZVP that cannot adopt the closed
conformation exhibit a decrease in viral replication due to
impeded protease activity.6 The open ZVP conformation is
catalytically inactive, so locking the protein in this conformation
impedes viral replication due to the decreased production of
functional viral proteins from the polyprotein precursor. Given
the ability of HDX to provide functional insights, it became
feasible to assess the impact of MH1 on ZVP using this
approach.
When ZVP was bound by MH1, the HDX pattern mirrored

that of the unliganded ZVP. Specifically, both unliganded and
MH1-bound ZVP showed similar exchange patterns at the C-
termini of both NS2B and NS3, as well as the N-terminus of
NS3. The similarities in exchange between these states strongly
indicated that MH1 binding did not shift the conformation from
an open to a closed state as occurs for active site inhibitors. The
appearance of two isolated protected regions from our
diCerential deuterium uptake analysis (Figure 4B) suggests
that MH1-binds near the Protease Cap. Intriguingly, MH1
appears to bind ZVP similarly to other allosteric inhibitors.
Allosteric inhibition of ZVP activity has been achieved using
reactive chemical probes with a sensitive ZVP variant,15
flavonoids,14 or other allosteric inhibitors (Figure S6).12,13
Molecular docking of the flavonoids predicted binding near NS3
residues Lys73-Gln74, Gly124-Ala125, Asn152, and Ile165
These residues are located near NS3 residues 117−128, a region
in which we observed significant, early protective eCects from

MH1 binding. This suggests thatMH1 and these flavonoids may
bind similar regions in ZVP. Additionally, 19F-Trp fluorescence
was used to observe interactions of the allosteric inhibitor Ia with
Trp83/Trp89 of NS3 and Trp61 of NS2B.12 Ia binding results in
a spectrum similar to unbound ZVP, while an active-site
inhibitor shifted the peaks of Trp50 in NS3, which is
immediately adjacent to the conserved active site residue
His51. The Ia binding site is adjacent to the proposed site for
flavonoids. Recently, fragments that inhibit ZVP have been
identified by crystallographic screening, yielding 6 structures
containing molecules involved in allosteric binding at two
diCerent sites.13 Two compounds, x0130 and x0777, both bind
to allosteric site #2 (AS2’), composed of NS3 residues Phe116,
Ile123, Ala164, Ile165 and NS2B residues Leu78 and Phe84,
which are adjacent to Ala125. These studies on allosteric
inhibition of ZVP include interactions occurring near, or
adjacent to, the Protease Cap within NS3, highlighting this
region for allosteric control of ZVP activity without directly
engaging the active site.
The Protease Cap, which is composed of NS3 residues 117−

128 and 141−149, displayed early protection from exchange in
the presence of MH1, indicating that this region was critical for
binding. Within this region, Ala125, a conserved residue across
several flaviviral proteases (Figure 1F), has been used to probe
allosteric regulation whenmutated to a cysteine. AlthoughMH1
potency for A125C ZVP was diminished by about an order of
magnitude compared to WT ZVP, MH1 stabilized A125C and
WTZVP similarly. Stabilization was not observed from the DVP
A125C-DTNB complex,9 or in our experiments with A125C
ZVP and DTNB. A synergistic stabilization of A125C ZVP was
observed when MH1 and DTNB were both present, however
the mechanism for this interaction remains unclear. We
speculate that covalent modification of A125C ZVP does not
result in stabilization because it does not induce major
conformational changes required for a more tightly folded
core. This results in ZVP remaining in the open conformation,
which is consistent with A125C ZVP melting temperatures in
the presence or absence of DTNB. In the presence of bothMH1
and DTNB, interactions, possibly with NS3 Phe116, which is
only 3−5 Å from Ala125 in both open and closed conformations
of ZVP may stabilize the complex. This dual binding further
suggests that the potential binding site on the Protease Cap is
capable of binding a variety of pharmacophores.
We inspected diCerences in sequence between ZVP and DVP

more stringently to further understand the stabilizing inter-
actions observed between MH1 and both ZVP and DVP. MH1
stabilizes WT ZVP structure, but if NS2B residues 67−83 are
replaced with the homologous sequence from DVP, no
stabilization is observed.7 Interestingly, the ZVP hybrid
containing only DVP NS2B residues 67−83 is more stable
than WT ZVP. This suggests that DVP NS2B residues 67−83
alone stabilize the interaction between NS2B and NS3 in this
hybrid. Additionally, a DVP hybrid containing ZVP NS2B
residues 67−83 exhibits less thermal stability compared to WT
DVP, indicating ZVP NS2B residues 67−83 make fewer
stabilizing interactions in this hybrid. Upon closer inspection
of NS2B and NS3 in the closed conformation of DVP (PDB
3U1I) and ZVP (PDB 5H4I), we identified a series of
interactions present in DVP that are absent in ZVP that appear
responsible for these diCering stabilities. Specifically, polar
interactions occur between NS2B Asn73 and NS3 Thr115 that
are not possible in ZVP (NS2B Arg73 and NS3 Ile115) (Figure
S7). There are also possible intramolecular stabilizing
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interactions within DVP NS2B between the side chains of
residues Asp79, Asp81, Thr83, and Arg85, which ZVP is also
incapable of making primarily due to the presence of Ser85. In
DVP, the Arg85 side chain is long enough to stabilize
interactions with Asp79/Asp81 and Thr83 residues, whereas
ZVP Ser85 cannot. While a water molecule can bridge Ser85 in
ZVP to the backbone of Asp83, this interaction is likely more
transient than the salt bridge between Arg85 and Asp81 in DVP.
Together, the stabilizing interactions taking place in DVP can
explain its higher thermal stability in solution, while also
increasing the stability of a ZVP-DVP hybrid that contains some
or all of the identified sequence diCerences (Figure S7). Both
ZVP and DVP are predominantly in the open conformation in
solution.36,37 Nevertheless, this analysis suggests that in
unliganded DVP, NS2B binds to NS3 and spends a greater
fraction of time in the closed conformation than ZVP. The
relative proportion of open and closed conformations appears to
rely on interactions of NS2B 66−88 with NS3 that we identified.
The greater propensity of ZVP toward the open conformation
aCorded by the weaker interaction of NS2B with NS3 underlies
the ability of MH1 to inhibit ZVP preferentially.

S CONCLUSIONS
Our new understanding of the interactions between NS2B and
NS3 in ZVP provided new insights and a revised model of MH1
binding (Figure 7). We previously identified ZVP NS2B
residues 67−837 as important for direct MH1 binding and for
the selectivity of MH1 for ZVP over DVP. In solution, this
region likely exists in a dynamic equilibrium represented by the
four reported ZVP and DVP conformations (Figure 1B-E), with
certain conformations having more exposed regions that are
susceptible to allosteric binding. When ZVP is in an open
conformation, the MH1-binding pocket centered around

Ala125 is accessible. When bound to MH1, ZVP is unable to
adopt a closed conformation due to steric clashes betweenMH1
and the C-terminus of NS2B, blocking interactions between
NS2B and NS3 necessary to adopt the closed conformation. It
remains to be seen whether the pharmacophores in MH1 or
other allosteric inhibitors like Ia may ultimately progress toward
clinically relevant compounds. Nevertheless, the fact that MH1
targets the open conformation, which appears to impact cellular
processes as eCectively as an active site knock out,6 may mean
that this class of compounds (Ala125 pocket binders) could be
promising drug leads since they should not have on-target cross
reactivity with other host serine proteases like active site
inhibitors.
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