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ABSTRACT: Proteases are a privileged class of enzymes due to their
catalysis of an irreversible post translational modification, namely
cleavage of substrate proteins. Protease activity is essential for human
pathways including inflammation, blood clotting, and apoptosis.
Proteases are also essential for the propagation of many viruses due to
their role in cleavage of the viral polyprotein. For these reasons,
proteases are an attractive and highly exploited class of drug targets.
To fully harness the power of proteases as drug targets, it is essential
that their presence and function are detectable throughout the course
of the protease lifetime, from inactive zymogen to the fully cleaved
(mature) protease. A number of methods for detection of proteases
have been developed, however, many rely on catalytic activity, so are
not useful throughout the proteolytic life cycle. Here, we build on our
observation that the MH1 family of benzofuran-aminothiazolopyridine inhibitors of Zika virus protease (ZVP) undergo a unique
FRET interaction with tryptophan residues in the protease. The full FRET signal is only observed in higher potency binding
interactions. Moreover, this approach can distinguish two inactive variants of ZVP based on their folded or unfolded state. These
studies also probe the physicochemical basis of the FRET signal. Exploiting these types of FRET interactions may offer an
orthogonal approach for detection of this protease, which takes advantage of the relationship between the novel ligand and the core
of the protein and is therefore useful throughout the protease maturation cycle. Depending on chemical properties, this approach
may be applicable in other proteases and other protein classes.

■ INTRODUCTION
Several methods exist for direct protease detection and for the
detection of prior protease activity (cleaved substrates). Some
primary tools used to detect proteases include fluorogenic
substrates1,2 and activity-based probes,3,4 both of which rely on
reaction with the protease catalytic nucleophile to perform
proteolytic cleavage or covalently conjugate a fluorophore or
biotin. The detection of prior protease activity is accomplished
by an arsenal of tools to detect protease cleavage (for review5).
While these methods are extremely powerful, they are not
applicable in every situation, including when the protease
catalytic nucleophile has been compromised or is occluded. In
addition, many means of protease detection are ineffective prior
to zymogen activation or when a protease is blocked by an
inhibitor, such as a serpin6,7 or an IAP.8−11 Here, we report
observation of a detectable FRET signal that is only formed
upon stable ligand binding, which may be of utility in detection
of target proteases regardless of their catalytic competence.

Förster resonance energy transfer (FRET) is nonradiative
transfer of excitation energy from a donor fluorophore to an
acceptor fluorophore. The efficiency of this energy transfer
process is contingent upon several factors, including the degree
of overlap between the emission spectrum of the donor and the
absorption spectrum of the acceptor, the quantum yield of the

donor, the relative orientation of the transition dipole moment
of the donor and acceptor, as well as the spatial separation
between the donor and acceptor molecules.12,13 FRET is highly
distance-dependent, with an efficiency of 50% at the Förster
distance, which enables distance measurements between the
donor and acceptor.14 Even without the calculation of the
donor−acceptor distance, the observation of FRET is sufficient
to provide information regarding binding of a ligand.

FRET is widely acknowledged as a versatile tool for
investigating interactions between proteins and ligands, as well
as for elucidating protein conformational changes and
dynamics.15−19 Typically, FRET assays employ one fluorophore
tethered to a protein and another to a small molecule or protein
ligand or to a distal region within the same protein. However,
this dual-fluorophore approach presents challenges due to
potential heterogeneity and the risk of structural and functional
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changes through fluorophore conjugation.20 To circumvent
these issues, some studies have leveraged intrinsic fluorescence
stemming from aromatic amino acids, notably tryptophan
residues, which are present in most proteins. In theory, the
tryptophan residues in any protein could potentially act as
intrinsic FRET donor(s). While optimally excited at 280 nm,
tryptophan can be selectively excited over tyrosine at 295 nm
with λmax for emission at ∼350 nm.21 By introducing a specific
fluorescent ligand as an analytical probe for a native protein,
where tryptophan residues act as intrinsic FRET donors and the
ligand as the acceptor, a FRET-based fluorometric assay
becomes feasible upon selective tryptophan excitation. In this
work we use Zika virus protease as an exemplar to provide
insights into how small molecule inhibitors may also serve as
robust FRET reporters for the presence of the unmodified,
native protease.

Zika virus, which belongs to the flavivirus family, has a
positive-sense RNA genome that is translated into a polyprotein.
The polyprotein is then cleaved by both host22−24 and viral
proteases25−29 to release the structural and nonstructural
proteins, a process that is important for maturation of the
virus. Consequently, targeting the viral protease emerges as a
promising strategy for the development of therapeutic inhibitors
against Zika virus and related pathogens.

Zika virus protease (ZVP) consists of the chymotrypsin-like
protease domain (NS3pro) and a short NS2B “cofactor” region,
which is necessary for NS3pro’s stability and proteolytic
activity.30 After the self-cleavage of the NS2B-NS3 complex,
NS2B recruits NS3 to the ER membrane, where NS3′s protease
activity is activated through its interaction with the C-terminal
region of NS2B.31 We previously reported MH1, an allosteric
inhibitor that exhibits an IC50 of 440 nM and specificity for ZVP
compared with other flaviviral proteases.32 In addition, MH1
was greater than 5-fold more effective at preventing viral
infection of zika virus than the other flaviviruses tested including
dengue serotype 2, Japanese encephalitis, Powassan, Usutu,
West Nile, and yellow fever viruses, as assessed by the cytopathic
effect (CPE) assay. In the present study, we observed significant
FRET between ZVP’s intrinsic tryptophan residues and MH1.
This FRET was not observed with other flaviviral proteases such
as Dengue virus protease (DVP) and West Nile virus protease
(WNVP). Moreover, a correlation emerges between the
observed FRET and the extent of inhibition observed for
other MH analogs. This correlation extends toMH1’s inhibition
against ZVP variants, suggesting the potent utility of MH1 for
making FRET measurements to probe binding interactions.

■ RESULTS AND DISCUSSION
MH1 has emerged as an interesting probe for Zika virus protease
due to its potency and selectivity.32 We have carried out
investigations of the properties of MH1 to uncover more details
of its mechanism of inhibition and its potential as a therapeutic.
One of the most surprising observations of MH1 behavior is its
ability to serve as a FRET acceptor when bound to ZVP. MH1
itself is very weakly excited by 295 nm light. Tryptophan is
known to be readily excited at 295 nm. ZVP excited at 295 nm
produces a strong 340 nm fluorescence emission (Figure 1A).
Selective excitation (295 nm) of the tryptophan residues of
MH1-bound ZVP resulted in a strong MH1 emission peak
centered at 460 nm together with quenching of the tryptophan
direct emission peak at 340 nm (Figure 1A). MH1 is not
significantly excited by 295 nm excitation (Figure 1B), but is
excited by wavelengths from 330 to 370 nm. The red-shifted

location of the ZVP-MH1 emission peak relative to the
tryptophan emission peak confirms the status of MH1 as the
FRET acceptor. The increased fluorescence signal of ZVP-
bound MH1 is consistent with binding of a fluorophore to a
hydrophobic cavity, which has been shown in a number of cases
to significantly increase fluorescence.33−36 These data suggest
thatMH1 comes into close contact with one ormore tryptophan
residues, facilitating robust energy transfer. This spectral pattern
can only be observed for ZVP and not with other flavivirus
proteases such as DVP2 and WNVP (Figures 1 and S1A−C),
although the tryptophan residues are conserved in all three
flaviviral proteases (Figure S1D). This observation might be
expected since MH1 demonstrates a markedly weaker binding
affinity toward DVP2 (IC50 = 22 μM) and WNVP (IC50 = 6.9
μM) compared to ZVP (IC50 = 0.44 μM).32

To assess the impact of each tryptophan on the observed
FRET, each ZVP tryptophan residue was replaced by phenyl-
alanine and the new ZVP variants were incubated with MH1.
Phenylalanine is structurally similar to tryptophan, but has 5-fold
lower fluorescence quantum yield than tryptophan, making Trp
to Phe substitutions an effective means of assessing the
contributions of tryptophan to the observed FRET inter-
action.20 The Trp to Phe substitution experiment also aimed to
identify the potential binding site of MH1 by assessing changes
in the ZVP emission spectrum. ZVP has five tryptophan
residues. One can be found in the NS2B cofactor and the rest in
the NS3 core (Figure 2A). Expression of most Trp to Phe
variants led to no changes or modest differences in protein
expression level and activity (Figure 2B,C). However, theW89F
substitution resulted in exceedingly low protein expression (data
not shown). Incubating tryptophan-substituted variants of ZVP
with MH1 did not lead to any significant changes in the
appearance and intensity of the MH1 emission peak (Figures
2D,E and S2) indicating that all tryptophan residues are
contributing to the observed FRET, as is consistent with a
molecular orbital view of the electronic structure of ZVP.
Because W61 resides at the NS2B-NS3 interface, we were
particularly interested in whether substitution of this residue
would impact the observed FRET. Importantly, W61F retains
FRET between the protein and MH1 suggesting that it is not
simply alteration of the W61 chemical environment or
conformation that results in the observed signal, but is indeed
FRET. To promote at least 50% efficient energy transfer via
FRET, the distance between the donor and the acceptor is
typically in the range of 2−6 nm.12 In extant structures of
ZVP,37−43 the longest axis across the protein measures around
∼4.5 nm.Our prior work suggests thatMH1 binds competitively
with NS2B residues 67−83.32 The four tryptophan substituted

Figure 1. FRET is observed between the tryptophan residues of ZVP
and compoundMH1. (A) Emission spectra of ZVP, DVP2, andWNVP
incubated with MH1. An excitation wavelength of 295 nm was used to
selectively excite the tryptophan residues. (B) Excitation spectrum of
MH1. Emission was recorded at 460 nm.
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variants that could be purified are all similarly distal from this site
(Figure S2E,F). Thus, without gross conformational changes
occurring, these four tryptophan residues should collectively
contribute to the molecular orbital of ZVP and the observed
energy transfer regardless of the location ofMH1 binding. These
data (Figures 2D,E and S2) support the notion that no major
conformational changes are required in ZVP to accommodate
MH1 binding.

Emission spectra of ZVP incubated with MH-analogs (Figure
3A,B) lack the quenched 340 nm peak and the strong emission
peak at 460 nm (Figures 3C and S3). Notably these analogs do
not show any significant fluorescence under these conditions in

the absence of ZVP (Figure 3D). For FRET from tryptophans to
bound ligands to be observable, inhibitors should bind
sufficiently tightly.44 Since the MH1 analogs have IC50 values
that are significantly weaker than MH1 (Figure 3A), it is not
entirely surprising that FRET is not readily observed. However,
when the concentration of compounds MH3, MH4, and MH5
are increased (Figure 4D,F and H) the resulting emission
spectrum exhibits an increase in the 460 nm peak as was
observed for MH1 (Figure 4C,E and G). For MH2, an increase
in concentration did not translate in an increase in the 460 nm
peak (Figure 4A,B). It is possible that MH2 does not fluoresce,
but rather releases energy in a nonradiative process. For MH-

Figure 2.Trp to Phe substitutions in ZVP suggest that all the tryptophan residues contribute to the FRET observed between ZVP andMH1. (A) ZVP
structure (PDB: 5H4I) depicting the NS2B cofactor (purple) and NS3pro core domain (yellow) with tryptophan residues colored in green. (B) SDS-
PAGE gel of the purified Trp to Phe variants. (C) Phenylalanine substitutions result in differences in the activity of ZVP. (D) Emission spectra of ZVP
W → F mutants incubated with MH1. (E) RFU values measured at λ460 nm for each ZVP W → F mutants incubated with MH1.

Figure 3. At low inhibitor concentration, FRET can only be observed between ZVP and MH1 but not weaker inhibitors. (A) IC50 values of different
MH inhibitors for ZVP as previously reported.32 (B) Structures of MH compounds. (C) Fluorescence emission spectra of ZVP incubated with
different MH inhibitors. (D) Fluorescence emission spectra of MH inhibitors alone.
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analogs, the FRET emission intensity is roughly proportional to
the magnitude of inhibition. This observation can also be seen
with the emission spectrum of ZVP incubated with SM
compounds (Figures 5 and S4). SM1, SM2, SM3 and SM6,
which have IC50 values close to MH1, show an obvious increase
in the 440−460 nm peak.

To elucidate the inhibition mechanism of MH1 function, we
had previously constructed hybrid constructs of ZVP and
DVP2.32 ZVP48−100 comprises the NS3 core of ZVP bound with
the NS2B region of DVP2 spanning residues 48−100.
Conversely, DVP248−100, features the NS3 core of DVP2
bound to the NS2B region of ZVP (residues 48−100).32

MH1 inhibition of both ZVP48−100 and DVP248−100 was ∼19-
fold less potent than forWTZVP (Figure 6A). Consistently, this
reduced inhibition was reflected in minimal FRET, as
demonstrated in their emission spectra (Figures 6B and S5).
The utilization of weakly binding inhibitors and hybrid
constructs, where MH1 binds weakly, establishes a clear
correlation between binding strength and the observation of
FRET (Figure S6).

Some mutations in ZVP lead to a significant reduction or
complete loss of protease activity. For these cases, measuring
inhibition by monitoring the activity of the protease using a
fluorogenic peptide substrate is impossible. Moreover, it is
impossible to distinguish whether loss of activity is due to a
simple loss of catalytic activity or full unfolding of the protease.
Given that binding of MH1 results in FRET, it becomes feasible
to demonstrate MH1 binding to these ZVP variants by
monitoring the increase in peak intensity around 460 nm. We
focus on two inactivating mutations that cause inactivation by
different mechanisms.

The CD spectrum of the first inactive variant F84A is highly
similar to that of WT ZVP, which shows a characteristic CD
spectrum for a β-sheet containing protein. This suggests that
F84A remains folded (Figure 7B). In spite of showing a native
like fold, F84A is catalytically inactive (Figure 7E). The F84
residue on ZVP has been shown to interact with N152 of the
NS3pro and serves as an anchor for the C-terminal residues of
NS2B to NS3pro (Figure 7A).45,46 This C-terminal region is
vital for substrate processing, as it forms the negatively charged
S2 subsite responsible for recognizing the basic residue at the P2
position within the substrate.47 In ZVP, the F84A mutation
destabilizes the C-terminal region, rendering the enzyme
incapable of processing substrates and consequently impeding
our ability to monitor its activity. Incubation of ZVP F84A with
MH1 results in an emission spectrum with a prominent peak at
around 460 nm (Figure 7C). Binding of MH1 to ZVP F84A is
observed through thermal shift assay (Figure 7D). An increase in
melting temperature observed for ZVP F84A in the presence of
MH1 indicates that MH1 binds to this inactive variant. Notably,
these data provide a robust and measurable FRET signal despite
the lack of measurable protease activity due to this substitution.

Like F84A, replacing the W61 residue in the NS2B region of
ZVP leads to the inactivation of the protease (Figure 7H), but
also leads to unfolding (Figure 7B). W61 plays a crucial role in
stabilizing the folded form of ZVP as it anchors the N-terminal
residues of NS2B to NS3pro, forming an interaction with the
Q96 residue of NS3pro.48 In WNVP, mutating either W61 or
Q96 abolishes protease activity,49,50 further indicating the
importance of this region. Structural analyses of related
proteases reveal that the N-terminal residues form a β-strand
within the N-terminal lobe of the NS3pro region, visible in both
the open and closed conformations of ZVP and similar
proteases.32 This suggests that while the C-terminal region of
NS2B is dynamic, the N-terminal region of NS2B helps to retain
the NS2B cofactor in complex with the NS3pro. Thus, any
mutation disrupting the interaction between the N-terminal
residues of NS2B with NS3pro could potentially lead to
dissociation of the NS2B-NS3pro complex and hence lead to
inactivity. When the ZVPW61A variant is incubated with MH1,
both the emission spectrum (Figure 7F) and thermal shift
(Figure 7G) behavior mirror that of the ZVP W61A alone,
indicating that no binding is possible for this ZVP variant. The
absence of a prominent peak at 460 nm when MH1 is added
supports our prior conclusion32 that binding of MH1
necessitates the interaction of properly folded NS2B and NS3.
Most importantly, this establishes thatMH1 can serve as a probe
for both active and inactive ZVP so long as it is folded. This tool
provides a complement to detection by traditional (non-
conformationally specific) antibodies, which cannot typically
distinguish folded and unfolded forms a protein.

Our FRET experiments and the previously determined IC50
values establish a clear partition of the MH and SM series into

Figure 4. FRET can be observed between ZVP and MH compounds at
higher inhibitor concentrations. (A, C, E, and G) Emission spectra of
ZVP incubated with increasing concentrations of MH inhibitors. (B, D,
F, and H) Activity of ZVP incubated with increasing concentrations of
MH inhibitors.
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“weak” and “strong” inhibitors. We aimed to explain the
differences in inhibition potencies using density functional
theory (DFT) by correlating molecular properties with IC50.
Among the molecular parameters assessed�HOMO−LUMO
gaps, bond angles, bond lengths, and atomic partial charges�
the atomic partial charge exhibited the strongest correlation with
IC50, (Figure 8) with planarity appearing to also be requisite for
inhibition (Figure S7). Specifically, the sum of nonhydrogen
partial charges of the benzene ring of the benzofuran moiety

distinguishes the strong from the weak inhibitors. For strong
inhibitors, the partial charge sum is around −1.0, whereas the
partial charge sum is significantly more positive for weaker
inhibitors (Figure S8). Although these charge predictions are
likely only valid on a qualitative level, the trend in IC50 values
[strong inhibitors] < SM9 < SM7 < SM4 reflects the trend
observed for the negative partial charge sums. Note that this
trend is not linear and instead IC50 appears to increase roughly
exponentially with decreasing charge magnitude. We can

Figure 5. More potent SM compounds participate in FRET with ZVP. (A) IC50 values of SM inhibitors against ZVP as previously reported.32 (B)
Structure of SM compounds. (C) Emission spectra of ZVP incubated with SM inhibitors. (D) Emission spectra of different SM inhibitors.

Figure 6.At lowMH1 concentrations, no FRET can be observed betweenMH1 and the full hybrid constructs. (A) IC50 values ofMH1with ZVP48−100

and DVP248−100 constructs as previously reported.32 ZVP48−100 has the NS3pro of ZVP and NS2B of DVP2. DVP248−100 has the NS3pro of DVP2 and
the NS2B of ZVP. (B) Emission spectra of WT ZVP and hybrid constructs incubated with MH1.
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rationalize this with the following assumptions: (1) IC50 follows
Kd, (2) Kd is proportional to eΔG, where ΔG corresponds with
the formation of the protein−ligand complex, (3) ΔG ≈ ΔUelec
associated with the Coulombic attraction between the inhibitor
compound and the protein binding site, assuming small changes
in entropy and volume, (4) ΔUelec is linearly proportional to the
benzofuran benzene partial charge Q. We do not claim
quantitative accuracy for this trend given the significant
approximations used to model solvent effects, but this
relationship at least qualitatively matches our expectations and
indicates that a strongly negative benzofuran charge is necessary
for potent ZVP inhibition. Together our data from the MH and
SM compounds, as well as ZVP hybrids and variants underscores
the promising potential of employing FRET for monitoring
MH1 binding to folded proteases that are both active and
inactive. In fact, FRET has been employed before in monitoring
ligand binding and protein−protein interactions.51−54 Lee and
Peterson utilized FRET as a tool to quantify the binding of small
molecules to proteins, employing streptavidin and biotin as their
model system.55 Streptavidin, a tetrameric protein known for its
high affinity to biotin (Kd = 10−14 M), possesses six tryptophan
residues in proximity to the biotin binding site, making it ideal
for FRET-based investigations into small molecule-protein
interactions. They synthesized Pacific blue, acting as a FRET
acceptor, and conjugated it to various analogs of biotin that
displayed varying binding affinities for streptavidin. The Kd
values obtained from the binding curve generated by measuring
the amount of FRET observed at 460 nm correlated well with
the Kd values determined via isothermal titration calorimetry.

This correlation is in line with some prior observations. In an
unrelated study, Huang et al. demonstrated the measurement of
binding affinity using FRET, employing the signal transducer β-
arrestin-1 as their model system.56 They incorporated a
synthetic fluorescent amino acid L-(7-hydroxycoumarin-4-
yl)ethylglycine (Cou) into β-arrestin-1, serving as an acceptor
for the tryptophan present in Fab30. Upon interaction of active
β-arrestin L293Cou with Fab30, the fluorescence of Fab30
exhibited a noticeable reduction within the 300 to 400 nm range,
while displaying a significant increase in intensity at 450 nm. The
binding affinity of Fab30 was determined either by saturating β-
arrestin L293Cou with Fab30 or by a competition experiment
where wild-type β-arrestin was introduced to the β-arrestin
L293Cou/Fab30 complex. In both cases, the intensity of Cou
emission was recorded, and curve fitting was employed to
calculate the Kd values. Our results build on these prior
observations. MH1 FRET with ZVP is a robust and accurate
indicator of binding to both active and inactive variants of ZVP
so long as they remain in a folded state.

■ CONCLUSION
These studies began with the unexpected observation that the
MH1 family of inhibitors was capable of a robust FRET
interaction with ZVP regardless of the activation state of the
enzyme. Many proteases are initially expressed as inactive
zymogens, or can be inactivated by native cellular inhibitors
(e.g., IAPs and serpins).We recognized that a FRET signal could
provide a useful newmeans of tracking the presence of proteases
throughout their life cycle because, unlike most chemical tools
for protease detection, they do not require an active, accessible

Figure 7.Binding ofMH1 to inactive ZVP variants can be observed bymonitoring FRET. (A) Interaction of F84 (NS2B) withN152 (NS3) is reported
to stabilize the NS2B C-terminal region.45 W61 (NS2B), is reported to interact with Q96 and serves as an anchor for the NS2B cofactor to the NS3
core.46 (B) The CD spectra of WT ZVP, and the F84A and W61A ZVP variants. (C and F) Emission spectra of ZVP F84A or W61A incubated with
MH1. (D and G) Thermal shift of ZVP F84A and W61A with and without MH1. (E and H) Activity of ZVP F84A and W61A with increasing
concentrations of MH1.
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and unmodified active site. This study undertook a systematic
analysis of the binding and inhibition properties of the MH1
family and correlated these observations with activity. Together

these insights demonstrated that MH1 FRET with ZVP is a
robust and accurate indicator of binding to both active and
inactive variants of ZVP (so long as the ZVP variant remains
folded). We foresee that this approach may be generalizable to
other compounds with fluorescent properties similar to MH1. A
fruitful direction for future studies might include development of
probes such as MH1 by design rather than happenstance. A key
step in that process is establishing a strong working knowledge of
both the binding determinants and the characteristics that
support FRET interactions with key tryptophan residues in the
protein of interest. One of the most surprising findings of our
work is that the FRET signal was not dependent on just one or a
few of the five tryptophans in ZVP, suggesting a large working
range for the MH1-ZVP FRET signal. Our computational
analysis of the MH1 family of compounds also yielded useful
insights. For example, we observed that for MH1, the charge on
the benzofuran benzene ring is key to predicting both affinity
and inhibitory properties. A high-resolution structure of the
MH1-ZVP complex would undoubtedly add additional insights
into this FRET system. In spite of the advantages afforded by
additional structural characterization, it is clear the inves-
tigations described herein will help to lay the groundwork for the
systematic design of FRET reporters for the flavivirus proteases
as well as for many other protein classes.

■ MATERIALS AND METHODS
Plasmid Construction. Unlinked ZVP (Uniprot: Q32ZE1)

was a gift from Dahai Luo (Addgene plasmid # 86846; http://
n2t.net/ addgene:86846; RRID:Addgene_86846).38 TheDVP2
(Uniprot: P12823) unlinked construct was a gift from Thomas
Keller.57 In this coexpression system, gene encoding residues
48−100 of theNS2B cofactor were inserted into the Nde1/XhoI
sites in a separate pACYDuet vector, while the gene encoding
residues 1−187 of the NS3 protease were inserted into the
NdeI/Xho sites in the pETDUET vector. Lastly, unlinked
WNVP (Uniprot: P06935) construct, which is designed to allow
coexpression of NS2B and NS3pro in pET28a vector, was
provided by Min Chen from the Chemistry Department of
University ofMassachusetts Amherst. The ZVP48−100 hybrid was
prepared simply by deleting the NS2B region in the pET15b
vector for coexpression with the DVP2 NS2B region. DVP48−100

hybrid was constructed by amplifying the ZVP NS2B 48−100
region in the pET15b vector using restriction site overhangs for
NdeI for the forward primer and XhoI for the reverse primer and
inserting it into the NdeI/XhoI double restriction digested
pACYDuet vector. Point substitutions in ZVP (F84A*, W61A*,
W61F*, W50F, W69F and W83F) were created using site-
directedmutagenesis and validated by DNA sequencing. (Amino
acids labeled with * are NS2B residues.)

Expression and Purification. Unlinked ZVP was trans-
formed into BL21(DE3) electrocompetent E. coli and plated
onto LB plates with 100 μg/mL ampicillin. Unlinked DVP2WT
was cotransformed by transforming NS2B 48−100 in the
pACYDuet vector with NS3pro 1−187 in the pETDUET vector
and plating on LB plates supplemented with 34 μg/mL
chloramphenicol and 100 μg/mL ampicillin. Unlinked WNVP
was transformed into BL21(DE3) electrocompetent E. coli cells
and plated onto LB plates with 50 μg/mL kanamycin. ZVP48−100

and DVP48−100 hybrids were cotransformed similarly to the
DVP2 unlinkedWT construct, however ZVP48−100 requires ZVP
delNS2B in pET15b. ZVP F84A*, W61A*, W61F*, W50F,
W69F and W83F were each transformed similarly to the
unlinked ZVP. Cultures were grown in LB media with

Figure 8. Strong ZVP inhibitors have highly negative benzofuran
charges. (A) Lowest energy molecular configurations and associated
atomic partial charges (red = negative, blue = positive; radius
corresponds with charge magnitude) as computed by DFT. The sum
of nonhydrogen atoms in the benzofuran benzene ring (highlighted
with the gray box) is reported in (B).
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appropriate antibiotics at 37 °C until OD600 reached 0.6−0.8. At
this point, IPTGwas added to a final concentration of 1mM and
the temperature was reduced to 25 °C for 4 h to allow protein
expression. The cells were pelleted by centrifugation, stored at
−80 °C, and then freeze−thawed in lysis buffer (50 mM Tris,
pH 8.5, 50 mM NaCl, 5% glycerol and 2 mM imidazole) before
being lysed in a microfluidizer. 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-affinity column (GE
Healthcare) pre-equilibrated with lysis buffer. The column was
washed with wash buffer (50mMTris, pH 8.5, 50mMNaCl, 5%
glycerol and 10 mM imidazole) before being eluted with elution
buffer (50 mMTris, pH 8.5, 50 mMNaCl, 5% glycerol, 300 mM
imidazole). The eluted protein was diluted ∼5× in Buffer A (50
mM Tris, 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 Buffer B (50 mM Tris, pH 8.5, 1 M
NaCl, 5% glycerol). Protein eluted at ∼250 mM NaCl, was
assessed for purity by SDS-PAGE and immediately stored at
−80 °C until further use.

IC50 Determination. To determine the IC50 value for MH1
against ZVP, MH1 was serially diluted in ZVP activity assay
buffer (10 mMTris, pH 8.5, 20% glycerol, 1 mMCHAPS). ZVP
at 50 nM was incubated with MH1 from 100 μM to 0.098 μM
(serial dilution of 11 concentrations) for 1 h at room
temperature, in addition to a control well with no MH1
added. After incubation, the activity was measured in duplicate
in 100 μL reaction volumes in a 96-well plate. 50 μM Boc-GRR-
AMC substrate was added to a flat bottom black well plate and
the enzyme/MH1 mixture was added to initiate the reaction.
The activity was read in a SpectraMax M5 spectrophotometer at
Ex 355 nm/Em 460 nm. Rates were plotted using Prism
(GraphPad Software) and fit to log(inhibitor) vs response,
variable slope (four parameters) for IC50 determination.
Compounds MH2−MH5 and SM1−SM9 were tested in the
same manner against ZVP WT, however for these compounds
higher concentrations were used to obtain a full IC50 curve.

Inhibition Assay. 50 nM ZVP F84A and W61A sample was
prepared using activity assay buffer (10 mM Tris, pH 8.5, 20%
glycerol, 1 mM CHAPS) and was incubated with increasing
concentrations of MH1 (0−4 μM) at room temperature for 1 h.
The protease/MH1 mixture was added to 50 μM Boc-GRR-
AMC. The fluorescence signal of the substrate was read in a
SpectraMax M5 spectrophotometer at Ex 355 nm/Em 460 nm.

Tryptophan FRET Measurements. 0.5 μΜ protein or no
protein as a control, was incubated with 5 μM of the inhibitor
(MH or SM compounds) for 1 h at room temperature in 25 mM
HEPES, pH 7.5, 75 mM NaCl and 2 mM DTT. Samples were
placed in a 96-well black plate and the emission spectrum was
recorded using an excitation wavelength of 295 nm. FRET
measurements were collected using a SpectraMax M5
spectrophotometer at 25 °C.

Circular Dichroism (CD) Spectroscopy. CD spectra of 5
μΜ ZVP, ZVP F84A and W61A samples, prepared in 20 mM
sodium phosphate buffer, pH 7.4, were measured at 25 °C in 1.0
mm path length quartz cuvette from 180 to 250 nm wavelength
using the J-1500 JASCO spectrophotometer. The bandwidth
was set at 0.5 mm. Three CD scans were averaged to obtain a
single spectrum. Buffer baselines were measured to normalize
the CD scans of samples.

Differential Scanning Fluorimetry (DSF). 25 μM protein
was incubated with and without 125 μMMH1 (5× excess) for 1
h at room temperature in 25 mM HEPES, pH 7.5, 75 mM NaCl

and 2 mM DTT. The reaction was mixed with a final
concentration of 5x SYPRO Orange dye before stability was
measured in a CFX Connect RT-PCR detection system
(BioRad) using a final 50 μL reaction volume in duplicate.
Fluorescence was measured at 0.5 °C intervals over the range of
25−95 °C. The thermal melting temperature (Tm) was
calculated by fitting the curves to buffer subtracted values
using Prism (GraphPad software).

DFT Analysis. All calculations were performed in
Gaussian09 with the B3LYP hybrid functional and the split-
valence triple-ζ Pople basis set 6-311++G(d,p). Geometry
optimization was conducted with an RMS force criterion of 3 ×
10−4 a.u. The surrounding solvent was approximated using the
polarizable continuum model with H2O as the implicit solvent.
We considered the lowest energy molecular geometries for our
analysis, indicated by geometries with strictly positive normal
mode vibrational frequencies (Table S1). Mulliken atomic
charges were obtained from the geometry optimization output
files (Figure S7).
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