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ABSTRACT: Venezuelan equine encephalitis virus (VEEV) is a highly virulent pathogen inhibitor

whose nuclear localization signal (NLS) sequence from capsid protein binds to the host few strong
importin-@ transport protein and blocks nuclear import. We studied the molecular — O |\nteract|ons
mechanisms by which two small ligands, termed I1 and I2, interfere with the binding of % N

m
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ny weak

VEEV’s NLS peptide to importin-a protein. To this end, we performed all-atom replica .
ractions

exchange molecular dynamics simulations probing the competitive binding of the VEEV
coreNLS peptide and I1 or I2 ligand to the importin-o major NLS binding site. As a
reference, we used our previous simulations, which examined noncompetitive binding of the
coreNLS peptide or the inhibitors to importin-a. We found that both inhibitors completely
abrogate the native binding of the coreNLS peptide, forcing it to adopt a manifold of nonnative loosely bound poses within the
importin-a major NLS binding site. Both inhibitors primarily destabilize the native coreNLS binding by masking its amino acids
rather than competing with it for binding to importin-a. Because 12, in contrast to I1, binds off-site localizing on the edge of the
major NLS binding site, it inhibits fewer coreNLS native binding interactions than II. Structural analysis is supported by
computations of the free energies of the coreNLS peptide binding to importin-a with or without competition from the inhibitors.
Specifically, both inhibitors reduce the free energy gain from coreNLS binding, with I1 causing significantly larger loss than 12. To
test our simulations, we performed AlphaScreen experiments measuring ICS0 values for both inhibitors. Consistent with in silico
results, the IC50 value for I1 was found to be lower than that for 12. We hypothesize that the inhibitory action of I1 and I2 ligands
might be specific to the NLS from VEEV’s capsid protein.

Bl INTRODUCTION small compounds from the CL6662 scaffold family have been
examined as drug targets against VEEV.® This scaffold was
originally prepared as part of the Queensland Compound
Library Open Scaffolds collection,” with specific members,
namely G281—148S and its derivative I1 (Figure 1a), selected
based on their inhibition of the VEEV-impa complex.”
Importantly, I1 showed specificity toward VEEV’s NLS
compared to the simian virus SV40 large T-antigen NLS.®
Previously, we analyzed the binding of some of these
compounds to impa in the absence of the viral NLS,
identifying potential candidates for inhibition."” We showed
that these ligands, including I1 and I2 in Figure la, bind to the
impa major NLS binding site diffusively without forming
specific poses. We estimated from the experimental ECS0
values that the inhibitor binding free energy AG, is about —7
kcal/mol. For comparison, previous studies have argued that

Venezuelan equine encephalitis virus (VEEV) is a zoonotic
alphavirus whose highly infectious nature threatens epidemic
outbreaks.' > VEEV infections most commonly cause flu-like
symptoms in humans; however, roughly 14% of cases result in
severe neurological disorders, including encephalitis, with <1%
being fatal. Despite this, there are currently no FDA-approved
vaccines or antivirals available.” VEEV’s capsid protein has
previously been demonstrated to be a virulence factor that
suppresses host immune response, blocking the nuclear pore
complex (NPC) and disrupting nucleocytoplasmic trafficking.”
Specifically, VEEV’s capsid protein binds to the nuclear import
protein, importin-@ (impa), via its N-terminal nuclear
localization signal (NLS) region.4’5 VEEV’s capsid is also
able to bind to the nuclear export protein CRM1 via its nuclear
export signal (NES). As a result, a tetrameric complex can form
between impa, its partner protein importin-f, VEEV capsid,
and CRM1 that blocks the NPC channel and interferes with Received:  April 11, 2024
nucleocytoplasmic traffic.’ Revised:  May 31, 2024
Because this tetrameric complex plays a key role in VEEV’s Accepted: June 3, 2024

pathogenesis, inhibiting the binding between VEEV capsid and Published: June 13, 2024
either impa or CRM1 can be an effective approach to treating

the virus infection.”™’ Following this line of reasoning, several
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(b)

Figure 1. (a) Chemical structures of inhibitors I1 and I2 competing with the coreNLS peptide for binding to impa. Differences in their structures
are highlighted in yellow. Ligand structural groups are marked. (b) Native pose of the coreNLS peptide in 3VE6 PDB structure. (c, d)
Representative snapshots of the CB of the coreNLS peptide and I1 (c) or 12 (d) to impa major NLS binding site. The inhibitors I1 and I2 are
colored blue and green, respectively. Impa amino acids constituting the coreNLS binding site are colored in orange. Three tryptophan amino acids
are presented in licorice. The rest of the impa structure is in gray. The Lys6é Car atom from the coreNLS peptide is represented by a sphere. Panels
(b, d) demonstrate that although the I1 or I2 interference does not prevent the coreNLS binding to impaq, it completely abrogates the peptide

native pose.

the typical free energy of binding of an NLS sequence, e.g.,
from SV40 virus, to impa is about —10 kcal/mol."" A more
recent report indicated that some NLS sequences, for example,
from chloride intracellular channel proteins, may have
markedly lower affinities of about —5 kcal/ mol.'? Since
VEEV NLS must compete with the host proteins for binding
to impa, its AG, should be in the same range. (For brevity, we
refer to VEEV capsid NLS as VEEV NLS.) These free energy
estimates suggest that the binding affinities of inhibitors might
be sufficient to interfere with VEEV NLS binding. However, to
directly test this hypothesis, one should simulate the inhibitors
together with the viral NLS and analyze their competition for
binding (Figure 1a). The VEEV NLS sequence A;KKPKKE,,
(positions P1—P7) follows the monopartite NLS consensus
sequence K-K/R-X-K/R, placing Lys, Lys, Pro, and Lys at
positions P2—P5."* The numbering of VEEV NLS is taken
from the resolved X-ray structure, PDB entry 3VE6, depicting
the complex formed between the 12-mer VEEV NLS sequence
E,;GPSAKKPKKEA,, and the mouse impa?2 protein'* (Figure
1b). In this structure, Lys6 forms an electrostatic contact with
Aspl122 of impa, while Lys7 and Lys9 lie within the cages
formed by Trp72, Trpl1l4, and Trpl6l, forming m—cation
interactions with their indole rings. Our recent molecular
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dynamics simulations of the NLS-impa complex showed that
upon binding the 6-mer coreNLS sequence, K;KPKKE,,,
largely reproduces the native pose seen in 3VE6, while the
shorter NLS sequences, the minNLS KKPK, or K,KPKK,,,
failed to reproduce the crystallographic native binding
structure.”> We argued then that the coreNLS sequence is
sufficient for native binding, but none of the amino acids
flanking minNLS, including Lysl0 and Glull, is strictly
necessary for the native pose. This conclusion followed from
the observation that at least one other sequence KKPKIR
(PDB code 4WV6) confers the same bound pose as the VEEV
coreNLS. Our study has further indicated that the VEEV
coreNLS sequence is unique among human and viral proteins,
which interact with impa, making it a potential target for
VEEV-specific inhibitors. However, the question remains how
these binding interactions are affected by the inhibitors.

To investigate the inhibitory activities of the G281—1485
ligand family, we performed all-atom replica exchange
molecular dynamics simulations with solute tempering
(REST), probing the competitive binding (CB) of the VEEV
coreNLS peptide and G281-1485 variants, I1 or 12, to impa
the major NLS binding site (Figure 1). Our main result is that,
although these ligands do not entirely block NLS binding to

https://doi.org/10.1021/acs.jcim.4c00626
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impa, they abrogate the native binding of the coreNLS
peptide. This outcome is supported by a significant reduction
in the free energy gain from the binding of coreNLS to impa.
We found that inhibitors directly target these interactions,
primarily by masking the coreNLS amino acids. The molecular
mechanisms of inhibition are discussed.

B MODEL AND METHODS

All-Atom Explicit Solvent Model. Two systems were
simulated, each containing one inhibitor, denoted as I1 or 12, a
truncated, 211 residue importin-a (impa) protein, and the
coreNLS peptide K¢KPKKE ; from the NLS region of VEEV
capsid protein® (Figure 1). The protein structure and the
“native” bound peptide pose were taken from PDB entry 3VE6.
The mouse structure of impa was used to facilitate binding
analysis, as it is the only structure containing VEEV’s NLS
bound to impa. The RCSB PDB pairwise structural alignment
tool'® indicates that 3VE6 impa fold is nearly identical to its
human counterpart, 3FEY,"” with 98% sequence similarity and
a fitted RMSD of 0.69 A between the two. The protein was
truncated at position 211 to include the major NLS binding
site, while reducing the computational costs. The protein and
peptide were capped with neutral acetylated and amidated
groups. The inhibitors I1 and I2 were derivatives of G281-
1485° and have been taken from our previous study.'® I1
designated as G281-1564 has been studied experimentally® and
is more polar than 12 (Figure la). Both the inhibitor and
peptide centers of mass were confined, using soft harmonic
potential, to a sphere with a radius of 18 A. To include the
major NLS binding site and adjacent amino acids in the
sphere, its center was offset from the center of the major NLS
binding site. As a result, about 67% of the sphere volume was
protein-free, in which the coreNLS peptide and an inhibitor
resided. Soft harmonic restraints'® were applied to the protein
Ca beyond the sphere to preserve the native impa fold in the
absence of its autoinhibitory domain blocking importin f
binding. These restraints kept the protein structure similar to
that in 3VEG, while still allowing fluctuations. Thus, these two
simulation systems were designed to examine the CB of the
coreNLS peptide and inhibitors to impa.

The all-atom CHARMM36m force field'” was used to
model both the protein and peptide, while the CHARMM
General Force Field (CGenFF)*”*' was used for the two
inhibitors. The CHARMM-modified TIP3P model’**’ was
used for water. The systems were solvated with a water box of
roughly 58 x 58 x 77 A. A NaCl salt in a concentration of 150
mM was added while neutralizing the overall charge of the
system, for a total of 22 chloride ions and 24 sodium ions.
Aside from the ligands, the only difference between the two
systems was a slight variation in the number of water
molecules, with 7686 waters in the I1 system and 7671 in
the I2 system. This brought the total atom counts to 26,491
and 26,453, respectively.

Replica Exchange Simulations. Isobaric—isothermal
replica exchange with solute tempering (REST) molecular
dynamics®* was used to sample interactions between the
peptide, ligands, and protein. A short overview of REST
formalism is provided below with further documentation
available elsewhere.”*** A total of R = 10 REST conditions
were considered with the temperatures ranging from T, = 310
K to Ty_; = 510 K. Exchanges between replicas r and r + 1,
simulated at temperatures m and m + 1, occur at a rate of @ =
min[1, e™%], where A = f,(H,(X.)) — H,(X,) +
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/))m+l(Hm+l(Xr) - Hm+1(Xr+l))) ﬂ = (RcT)_I; H is the enthalPY;
X refers to the system coordinates, and R, is the gas constant.

The solvent—solvent and solute—solvent interactions at a
temperature T,, were scaled by the T, /T, and (T,/T,)">
factors, respectively. This scaling serves to exclude solvent—
solvent interaction energies from @ and reduce the number of
replicas while maintaining a wide temperature range and
reasonable exchange rates. The peptide and ligands were
treated as “hot” solute, solute—solvent interactions were
partially tempered, and the water, protein, and ions were left
as untempered, effectively “cold” solvent. Replica exchange
attempts occurred at 2 ps intervals, with success rates of about
0.34 for both systems.

NAMD*® was used to perform REST simulations with
periodic boundary conditions and an integration step of 1 fs.
Hydrogen-based covalent bonds were constrained by using the
SHAKE algorithm. Ewald summation was used for computing
electrostatic interactions, and van der Waals interactions were
smoothly switched off from 8 to 12 A. The temperature was
controlled using underdamped Langevin dynamics with the
damping coefficient y = § ps~". The pressure was set at 1 atm
using the Nosé—Hoover Langevin piston method with a piston
period of 200 fs and a decay of 100 fs. The «x, y, and z
dimensions of a simulation system were coupled.

Four REST trajectories were produced for each inhibitor
system. The starting structures for the REST trajectories were
prepared as follows. First, poses of the peptide and inhibitor
were selected from our previous simulations probing their
noncompetitive binding (NCB) to impa'”'® and inserted into
the sphere. After energy minimization and heating to 310 K,
the systems were simulated for 25 ns at 700 K by employing
REST energy scaling. The purpose of these high temperature
simulations was to randomize the peptides and inhibitors in
the sphere. The structures were then selected from these
simulations at the interval of 1 ns between 16 and 25 ns, with
each undergoing further 1 ns of equilibration at the respective
REST temperature. From these final equilibration steps, the
initial structures were selected for REST simulations. As a
result, each REST trajectory has unique initial structures at
each temperature.

For the competitive simulations with I1 inhibitor, each
replica in a trajectory was simulated for 200 ns, for a total of
0.8 us per temperature and 8.0 us of sampling across all
temperatures and trajectories. Due to a longer equilibration
period, the competitive simulations with 12 were performed for
400 ns per replica in each trajectory, totaling 1.6 us per
temperature and 16.0 us of sampling in all. For I1 and I2
simulations, we excluded as nonequilibrated the first 140 and
260 ns of sampling, respectively, at each temperature and
trajectory. Thus, 240 and 560 ns of equilibrated 310 K
sampling were retained for analysis of the respective systems.
Analysis of the REST performance and convergence can be
found in Supporting Information 1 (SI1).

Computation of Structural Probes. Peptide or inhibitor
binding to impa was probed by computing the contacts
between residues or ligand groups (Figure la), defined by a
minimum distance of 4.5 A between the heavy atoms. Two
molecules are assumed bound if at least one contact is formed
between them. The coreNLS native binding pose and site were
defined by using the contacts made in the 3VE6 structure
(Figure 1b). Based on this definition, we computed the
fraction of native contacts P,(j) present in the 3VE6 structure
between a given peptide residue j and impa that are also

https://doi.org/10.1021/acs.jcim.4c00626
J. Chem. Inf. Model. 2024, 64, 5262—5272


https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.4c00626/suppl_file/ci4c00626_si_001.pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.4c00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

retained in REST simulations. Thus, P,(j) = 1.0 implies that j
forms all of its native interactions. Similarly, we computed the
fraction of nonnative contacts P,,(j) among all contacts
formed by j in our REST sampling. The probabilities for impa
amino acid i to bind either the peptide or the ligand,
respectively, were computed as Py, (i) or Py;(i). The impa
amino acids with the top ten such probabilities, either for the
peptide or ligand, were selected for analysis. VMD was used to
measure hydrogen bonding,”” applying a donor (D)—acceptor
(A) cutoff distance of 3.5 A and a minimum DHA angle of
135°. All data are computed by averaging across equilibrated
data at T, = 310 K. Standard errors were computed using each
REST trajectory as an individual sample.

Conformational Ensembles and Clustering. Density-
based conformational clustering of pegtide poses was
performed using the method of Daura et al.” Prior to peptide
clustering, the sampled impa structures were aligned based on
minimal root-mean-squared deviations (RMSD) of impa side
chains from the coreNLS native binding site. The distributions
of RMSDs between peptide poses were then computed
without aligning the peptides themselves. Therefore, this
procedure captured the distributions of coreNLS binding poses
quantified by the RMSD values. A total of 10,000 poses were
sampled for each system, selected periodically from the
equilibrated REST data. Besides computing RMSD distribu-
tions, we perform peptide clustering using the RMSD cutoff R,
=2 A” and retaining clusters with a minimum of 1% of all
structures.

Computation of Binding Free Energies. To compute
the free energy of the coreNLS pegtide binding to impa AG,,
we used the MM-GBSA approach.” Then, the free energy of a
solute is

G=E, +G

solv,p + G

solv,ap

1S (1)
where E,, is the molecular mechanical energy of solute, G,
is the polar contribution to the solute solvation free energy
computed using the Generalized Born implicit solvent
model,! Giolvap is the apolar contribution to the solvation
free energy, and TS is the solute conformational entropy. We
set the dielectric constant to 78.5, estimated the solvent
accessible surface area with a probe of 1.4 A radius, and set the
nongolar surface tension coefficient to y = 0.005 kcal/mol/
A2>* The solute entropy S was given by Gibbs expression S =
—R. Yz P(E.) In P(E,,,), where P(E,,,) is the probability

distribution of E, . The bin size for E, ,, was 1 kcal/mol. The
free energy of the coreNLS binding to impa is

AG, = AE_ + AGg,, + AG TAS

solv,p solviap

2)

where AE, .., AGyp AGgy and TAS are the changes in
the terms from eq 1 upon binding. To evaluate the impact of
inhibitor on the coreNLS binding to impca, we defined A
AGy(x) = AG,(CB;x) — AG,(NCB), where x = I1 or I2 and
CB or NCB stand for CB and NCB of the peptide to impa.
The contributions of translational, rotational, or vibrational
entropies of impa and coreNLS to AG, are not accounted in
eq 2. However, we can reasonably assume that their changes
upon binding are not affected by the inhibitors. Consequently,
we excluded these terms from the analysis.

We first computed the binding free energy AG,(NCB) from
NCB simulations'® following a straightforward application of
MM-GBSA methodology. Evaluation of AG,(CB;x) for the
binding of the coreNLS to impa in the presence of the
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inhibitor x is more difficult because it requires delineation of
impa, coreNLS, and inhibitor contributions. We treat x as an
environmental factor, which upon binding to impa or the
coreNLS peptide excludes a part of their surface from the
interactions with water substituting them with the interactions
of x with impa or the peptide. Thus, the molecular mechanical
and solvation energies of x are omitted from AG,(CB;x).
Further, to compute AG,(CB;x), we need to establish if x
binds to impa or the coreNLS peptide before the formation of
the impa + NLS complex. To distinguish between the two
possibilities, we used AutoDock Vina™*** and compared the
binding affinities of x to impa and the coreNLS. The former
affinities have been computed as —6.0 + 0.1 kcal/mol for I1
and —6.2 + 0.0 kcal/mol for 12. To compute the affinity of x to
the coreNLS peptide, we performed separate REST
simulations of the peptide in water and clustered its structures
at 310 K. The centroids of the 12 largest clusters, which
together represent at least 50% of the conformational
ensemble, were used as targets for x binding. The AutoDock
Vina scores were —4.0 + 0.0 kcal/mol for I1 and —3.9 + 0.1
kcal/mol for I2. Qualitatively similar results follow if we
compute the average energies of interaction between the
inhibitors and the coreNLS or impa in the CB simulations.
Thus, because the affinity of the inhibitors x to impa is
stronger than to the coreNLS, we assumed that x binds to
impa prior to forming the impa + NLS complex. This
assumption was used in computing AGy(CB;x).

B RESULTS AND DISCUSSION

CB of the coreNLS Peptide and Inhibitor 11 to Impa.
The coreNLS peptide KKPKKE spans the NLS positions P2—
P7."° In the PDB structure 3VEG6 this peptide, while being a
fragment of a 12-mer VEEV NLS sequence, forms a native
pose tightly bound to importin-a (impa) (Figure 1b). In all,
the coreNLS peptide forms 32 native contacts with impa
amino acids (see the Model and Methods section), of which
those made by Lys6 (P2), Lys7 (P3), Lys9 (PS), and Lys10
(P6) are the most important. In particular, Lys6 establishes a
salt bridge with impa Asp122, while Lys7 contacts the side
chains of Trp114 and Trp161 forming a sm—cation interaction
with the latter. Lys9 resides in the cage formed by Trp72 and
Trpl14 and forms z-cation contacts with both. Finally, Lys10
acquires a salt bridge with Glu37.

Our first objective was to study the impact of inhibitor I1 on
the binding of the coreNLS peptide to impa. To this end, we
performed REST simulations to probe their CB to impa. Our
previous REST simulations, in which we examined an NCB of
the same peptide to impa, served as a reference. The NCB
simulations revealed that the coreNLS adopts nearly native
pose at 310 K. The new, CB simulations show that at 310 K
the coreNLS peptide still binds to impa major NLS binding
site with the probability Py ~ 0.99 + 0.00, which is similar to
the NCB value (0.97 + 0.02'°). Furthermore, in the CB
simulations, the probabilities of I1 binding to the coreNLS and
impa are 0.80 + 0.01 and 0.97 + 0.00 implying that the
inhibitor should influence the peptide—impa interactions.
Indeed, although the inhibitor does not prevent peptide
binding, its impact is nonetheless striking. Figure 2a compares
the probability distributions P(RMSD) of RMSD values
computed between the native pose and in silico coreNLS
poses in CB and NCB" simulations. NCB features an almost
unimodal P(RMSD) distribution, in which the dominant peak
represents the native cluster with the average native RMSD of

https://doi.org/10.1021/acs.jcim.4c00626
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Figure 2. Probability distributions P(RMSD) of RMSD values
computed between the native pose observed in 3VE6 structure and
coreNLS binding poses at 310 K. Panels (a) and (b) refer to the
coreNLS peptide competing with I1 or I2 inhibitors. The data in black
and gray correspond to CB and NCB,"® respectively. Approximately
unimodal NCB distribution peaking at ~2.5 A indicative of native
binding contrasts sharply with the broad CB P(RMSD) distributions
representing disordered peptide binding.

2.5 + 0.1 A gathering the fraction of 0.67 + 0.01 of all peptide
poses."> The average RMSD computed for all peptide poses is
<RMSD> = 4.6 + 0.4 A. In CB, there is a broad, multipeak
P(RMSD) distribution extending up to RMSD > 15 A and
implicating a heterogeneous bound ensemble. The average
RMSD for all peptide poses is increased to <RMSD> = 10.7 +
0.5 A that is a 2.3-fold higher than in the NCB. Critically, the
cluster collecting native peptide poses with the average RMSD
of 3.8 A is virtually obliterated as its population fraction
decreases to 0.02.

To further compare the CB and NCB of the coreNLS
peptide, we computed the binding free energy G(C,, C,,) =
—RT In P(C,, C,,), where P(C,, C,,) is the probability for a
bound peptide to form the numbers of native and nonnative
contacts C, and C,,, respectively. Figure 3 comparing G(C,,
C,.) for CB and NCB reveals that the inhibitor dramatically
shifts the peptide low free energy states. Consistent with the
RMSD analysis, NCB features a single, native-like state NCB1
with the large number of native contacts C, ~ 24 and few
nonnative interactions C,, ~ 5. The population of this state
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Figure 3. Two-dimensional free energy landscapes G(C,, C,,) are
shown as functions of the numbers of native C, and nonnative C,,
contacts for the CB of the coreNLS peptide and inhibitors I1 (a) or I2
(b). For reference, panel (c) presents G(C,, C,,) for the NCB."* The
contour lines have increments of 0.5 kcal/mol. The low free energy
states are marked. The figure shows a dramatic loss of native
interactions in the low free energy states in CB.

is 0.67. Although in CB there is also a single, dominant low
free energy state CB1 incorporating 64% of coreNLS poses, it
is wide and has almost no native content. Indeed, the number
of native contacts in CB1 is reduced 6-fold to C, ~ 4, while the
contribution of nonnative interactions remains low. The minor
state CB2 with the population of 0.08 has an elevated number
of nonnative binding interactions. The shift in the CB free
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Table 1. Impa Amino Acids with the Strongest Affinities toward the coreNLS Peptide”

,b

rank noncompeting'” competing with I1 competing with 12
amino acid i Py, (i) amino acid i Py (i) amino acid i Py, (i)

1 Trp161 0.99 + 0.00 Trp161 0.89 + 0.01 Trp161 0.88 + 0.00
2 Ser79 0.97 + 0.00 Asp200 0.74 + 0.00 Ser79 0.78 + 0.02
3 Asnll18 0.97 + 0.00 Glul96 0.66 + 0.00 Aspl122 0.76 + 0.01
4 Gly80 0.95 & 0.00 Trpl14 0.64 + 0.01 Glyso 0.76 + 0.02
N Ala78 0.95 + 0.00 Ser79 0.51 + 0.02 Asnll8 0.76 + 0.02
6 Asp122 0.95 + 0.00 Trp72 043 + 001 Glyl21 0.69 + 0.02
7 Thr85 0.95 + 0.00 Asnll8 0.42 + 0.01 Ala78 0.68 + 0.01
8 Trpl14 0.92 + 0.00 Asnl58 0.41 + 0.00 Thr85 0.67 + 0.01
9 Thr81 0.86 + 0.00 ArglS7 0.35 + 0.00 Asp200 0.59 + 0.00
10 Trp72 0.86 + 0.00 Aspl122 0.34 +£ 0.01 Glul96 0.59 + 0.00

“Amino acids in bold belong to the coreNLS native binding site. bItalicized amino acids also appear in NCB.

Table 2. Binding Interactions between the coreNLS Amino Acids and Impa Protein

j = Lys6 j = Lys7 j = Pro8
noncompeting15
P, 0.86 + 0.01 0.67 + 0.01 0.75 £ 0.01
P, 0.26 + 0.00 0.03 + 0.01 0.11 + 0.01
(Gy) 10.6 + 0.1 41+£02 26 £02
competing with I1
P, 0.18 + 0.03 0.16 + 0.02 0.24 + 0.03
P, 0.56 + 0.03 0.46 + 0.01 0.59 + 0.04
(Cy) 3.6+ 04 1.8 + 0.1 1.8 £ 0.1
competing with 12
P, 0.35 + 0.06 0.20 + 0.03 0.16 + 0.03
P, 0.33 + 0.07 0.47 + 0.07 0.77 + 0.09
(Gy) 47 £ 0.5 22+ 0.1 2.1+ 06

j = Lys9 j = Lys10 j = Glull coreNLS peptide
0.65 + 0.00 0.21 + 0.00 0.36 + 0.00 0.62 + 0.02
0.24 + 0.01 0.55 + 0.08 0.75 + 0.02 0.29 + 0.02
S.1+£02 2.8 +0.3 29+ 00 28.1 + 0.4
0.08 + 0.02 0.08 + 0.01 0.12 + 0.02 0.14 + 0.01
0.78 + 0.06 0.76 + 0.10 0.86 + 0.04 0.64 + 0.06
2.0 +£0.5 2.0+ 0.3 1.8 £ 03 129 + 09
0.0S £+ 0.00 0.03 + 0.00 0.05 + 0.00 0.17 + 0.03
0.88 + 0.07 0.92 + 0.07 0.92 + 0.02 0.64 + 0.15
25+08 2.3 + 04 1.3 +03 15.1 £ 0.7

energy basins reflects a dramatic loss of binding, including
native, interactions formed by the coreNLS peptide with impa
upon the competition from I1.

It is instructive to examine the specific changes in the
peptide and I1 binding interactions. To this end, we computed
the probabilities Pb‘P(i) of forming contacts between impa
amino acids i and the coreNLS peptide. Table 1 lists the ten
impa amino acids with the largest Pb,P(i) observed in CB and,
for reference, in NCB." This table allows us to identify the
peptide binding sites on impa and the nature of the binding
interactions. It follows from Table 1 that seven out of ten impa
amino acids are native; i.e., they also interact with the coreNLS
peptide in the PDB structure. For comparison, all top ten impa
amino acids in NCB are native. Furthermore, six amino acids
present in NCB are retained in CB. Thus, I1 does not block
the coreNLS from binding to the major NLS impa site, but, as
alluded by Figures 2a and 3a, it disorganizes peptide binding.
This conclusion is supported by the computation of the
correlation coefficient r between the Pb’p(i) vectors computed
for CB and NCB. (For this analysis, we selected impa amino
acids i with P,,(i) > 0.1 in either of the two binding
simulations.) We found r = 0.27 indicating that the I1 inhibitor
severely changes the coreNLS binding to impa. The
computations of the probabilities Py;(i) probing I1 binding
(see Table S1 in SI1) revealed a different outcome. Indeed,
nine out of the top ten impa amino acids are native, and nine
observed in NCB of I1 are present in CB. The correlation
coefficient between CB and NCB P, (i) vectors is surprisingly
strong being r = 0.97. Thus, competition from the peptide
makes little changes in 11 binding.
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Table 2 examines the binding interactions formed by the
coreNLS amino acids with impa. It follows from the table that
in CB the peptide loses about half of all interactions with impa,
reducing the number of binding contacts (C,) from 28.1 to
12.9. The fraction of retained native contacts P, is reduced
almost S-fold, from 0.62 in NCB to 0.14 in CB, while the
fraction of nonnative binding interactions P,, doubles. The
largest losses of native interactions measured by P,(j) occur at
the positions j = Lys6 (AP,(Lys6) = P,(Lys6;CB) — P,(Lys6,
NCB) = —0.70), Lys9 (—0.51), Pro8 (—0.53), and Lys7
(—0.57). As a result, the peptide binding and native interaction
along the sequence are greatly reduced compared with NCB.
Specifically, the amino acids Lys6-Lys9 retain, on average, only
17% of native interactions, while Lys10-Glull retain 10%.
These two coreNLS regions form, per residue, 2.0 and 1.8
binding contacts. This is in contrast to NCB, where Lys6-Lys9
retain 73% of native interactions and maintain 5.6 binding
contacts, whereas Lys10-Glull retain 29% and 2.9, respec-
tively. To illustrate the impact of I1, we consider the binding of
coreNLS peptide to impa tryptophan residues, Trp72, Trp
114, and Trpl61. In NCB, the coreNLS Lys7 forms a stable
m—cation contact with the side chains of Trp161 in addition to
m—cation interactions of Lys9 with Trp72 and Trpll4.
Furthermore, Lys9 resides with a probability of 0.58 in the
cage formed by Trp72 and Trp114. These specific interactions
are completely wiped out by Il as their probabilities drop
below 0.11, and the probability for Lys9 to occupy the Trp
cage vanishes. (However, coreNLS Lys and, particularly, Pro
still bind to Trp side chains without forming cages or 7—cation
interactions.) It is of note that I1 interference induces strong
nonnative binding interactions formed with anionic Glul96
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and Asp200 and with cationic Argl57. Strikingly, the first two
form the largest number of hydrogen bonds with the peptide
(0.78 and 0.68), which exceed those formed by any other impa
amino acid at least 3-fold. Thus, I1 forces the peptide to
acquire new electrostatic interactions and hydrogen bonds
outside of the coreNLS binding pose. To compare the
coreNLS dimensions in CB and NCB, we display in Figure
§7 (SI1) the probability distributions P(R,) of the radius of
gyration of coreNLS peptide R,. It is seen that P(R,) computed
for CB and NCB has similar unimodal shapes peaking at about
7 A. Therefore, I1 does not appreciably change the dimensions
of the peptide. Taken together, the RMSD and free energy
computations, the analysis of the interactions between the
peptide and impe, and the locations of the peptide binding
demonstrate that, although the coreNLS peptide still binds to
the major NLS binding site, I1 interference completely
obliterates its native pose (Figure lc).

To explore the mechanism of I1 interference, we checked if
the coreNLS peptide and I1 inhibitor compete for binding to
the same impa amino acids. The survey of Tables 1 and S1
indicates that, in CB, 50% of top ten binding impa amino acids
are shared between the peptide and the inhibitor. In NCB, this
fraction of common impa amino acids is 60%,'”"* and all five
shared in CB appear in NCB simulations. If the competition
for binding to the same impa amino acids is the basis for
inhibition, then one may expect a correlation between the
inhibitor probabilities P, (i) of binding to impa amino acids i
and the difference AP, (i) = P, ,(i;CB) — P, ,(;;NCB), which
measures the changes between peptide CB and NCB.
However, the respective correlation coefficient is only —0.11
implying that I1 binding to impa does not guide the inhibition.
This conclusion remains intact if we replace AP, (i) with the
changes in native binding interactions formed by impa amino
acids with the peptide caused by I1. Specifically, Py;(i) does
not correlate with AP (i) = P,(i;CB) — P,(;;NCB), where
P,(;CB) and P,(i;NCB) are the fractions of native binding
contacts formed by impa amino acid i in CB and NCB. The
respective correlation coefficient is = 0.13. If the interactions
of I1 with impa are not responsible for the loss of native
peptide binding, then what could be the origin of I1 inhibition
activity? We hypothesize that it is due to I1 interfering with the
coreNLS binding interactions that result in the effective
“masking” of its amino acids. We showed above that I1 is
almost always bound to the peptide. Furthermore, according to
Figure 4, I1 primarily binds to Lys6-Lys9 amino acids in the
coreNLS peptide, which are exactly the positions exhibiting the
largest losses in native binding interactions (Table 2). In fact,
we can evaluate the correlation between the probability P, (j)
of the inhibitor binding to the coreNLS amino acids j in Figure
4 and the loss of native interactions formed by j AP,(j) =
P,(j;CB) — P,(j;NCB). The resulting correlation is surpris-
ingly strong, being r —0.85 (significance p 0.03).
Interestingly, the correlation coefficient between P, (j) and
the loss in any binding interactions formed by j (AC(j)) =
(C(j;CB) ) — (C(j;NCB)) is very weak, dropping to r = —0.39.
These observations suggest that masking the coreNLS peptide
I1 interferes with its native binding interactions. However, 11
does not appear to compete with the coreNLS peptide for
binding to impa.

CB of the coreNLS Peptide and the Inhibitor 12 to
Impa. Our next objective was to examine the CB of the
coreNLS peptide and the inhibitor 12 to impa. Again, the NCB
of the coreNLS or of I2 to impa served as a reference.”
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Figure 4. Probabilities of the inhibitor binding P,,(j) to the coreNLS
amino acids j observed in the CB simulations. Data in blue and green
represent I1 and I2, respectively. The figure underscores a strong

preference for both inhibitors to interact with the N-terminus of the
peptide compared with the C-terminus.

Similar to I1 CB the coreNLS peptide remains almost always
bound to the impa major NLS binding site (P, ~ 0.96 = 0.01).
Also, because 12 binds to the coreNLS and impa with the
probabilities 0.91 + 0.00 and 0.99 + 0.00, it is, as 11, expected
to interfere with the peptide—impa interactions. Indeed,
Figure 2b shows that the probability distribution P(RMSD)
of the peptide RMSD values is broadened and dramatically
shifted to larger RMSDs compared with the NCB. The CB
P(RMSD) implicates a heterogeneous ensemble of the peptide
bound poses with most RMSD > 10 A. Furthermore, clustering
of the coreNLS poses reveals a multitude of small clusters,
none of which capture more than 8% of the poses. The cluster
closest to the native PDB structure has an average RMSD of
3.6 A and a population fraction of 0.0S. These findings are in
line with I1 CB data, but in sharp contrast to the coreNLS
NCB, in which the native cluster captures 67% of poses and
has the average RMSD of 2.5 A."> Overall, the average RMSD
for all CB peptide poses raises to <KRMSD> = 11.9 + 0.3 A that
is 2.6-fold higher than in NCB and about the same as for the I1
CB. Thus, as with 11, the inhibitor 12 disorders the coreNLS
binding poses (Figure 1d).

Further insights are gleaned from the free energies G(C,,
Cpn) = —RT'In P(C,, C,,) in Figure 3b. In contrast to the NCB
free energy landscape, the 12 interference creates three new low
free energy basins but none with a high fraction of native
interactions. In the state CBI1, the number of native contacts
C, is reduced to ~10, while the number of nonnative contacts
C,n is ~S. The two other states, CB2 and CB3, feature virtually
no native interactions and either few (C,, ~ 3 in CB2) or a
large number of nonnative contacts (C,, ~ 21 in CB3).
Compared with I1 CB, the free energy for I2 CB reveals a
fragmented coreNLS binding ensemble with some native
interactions retained. To map the coreNLS binding site, we
used the probabilities Py, (i), of which the top ten are listed in
Table 1. Among them, seven are native, and all of these seven
are retained from NCB. There are three nonnative impa amino
acids, two of which are negatively charged, Glul96 and
Asp200. Interestingly, in the 12 CB, the five retained native
impa amino acids occupy the top five positions in Table 1,
whereas in the I1 CB the top five feature two nonnative
Glul96 and Asp200 residues, which appear in the bottom of
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the I2 list. Furthermore, among the five top binding impa
amino acids seen in 12 CB and NCB, four are common,
whereas for I1 there are only two. Thus, although the
probability distribution P(RMSD) in Figure 2b implicates a
loss of native binding pose, Table 1 demonstrates that 12 does
not perturb native coreNLS binding as severely as I1. In fact,
the correlation coeflicient r computed between Pb,p(i)
probabilities from CB and NCB is 0.48, which is twice that
for I1. The top ten probabilities Py;(i) probing the CB of 12
show strikingly that only two amino acids are preserved from
NCB (see Table S1 in SI1). In agreement, the correlation
coefficient between the CB and NCB P, (i) vectors is r =
—0.18. Thus, opposite to 11, competition from the peptide
makes sweeping changes in the binding of I2 inhibitor.

The loss of native coreNLS binding interactions is detailed
in Table 2. Similar to I1, competition from I2 forces the
coreNLS peptide to lose almost 50% of its binding interactions
with impa as (C,) decreases from 28.1 to 15.1. The fraction of
retained native contacts P, in CB is reduced almost 4-fold to
0.17, while the fraction of nonnative binding interactions P,
doubles. These results are on par with those of I1. The largest
losses of native interactions are observed at the positions j =
Lys9 (AP,(j) = —0.60), Pro8 (—0.59), Lys6 (—0.51), and Lys7
(—0.47). As a result, the peptide forms more even numbers of
binding and native interactions along the sequence, but the
exception is Lys6, which keeps the largest fraction of native
(0.35) and binding (4.7) interactions among all coreNLS
amino acids. Similar to I1 CB the peptide C-terminus (Lys10,
Glul1) maintains few (4%) native interactions, whereas the N-
terminus (Lys6-Lys9) preserves a larger fraction (18%). Also
similar to I1 the z-cation interactions between the coreNLS
Lys amino acids and impa tryptophans are erased as their
probabilities do not exceed 0.07. I2 interference also blocks
Lys from residing in the Trp cages. In short, 12 CB differs from
the NCB, but to a lesser extent than I1 CB does. Finally, Figure
S§7 in SI1 compares the probability distributions P(R,) of the
radius of gyration of coreNLS peptide R,. It is evident that 12
interference changes P(Rg) by making it bimodal and shifting it
to a smaller R,. Therefore, 12 competition forces the peptide to
partially collapse.

It follows from Tables 1 and S1 that only 30% of the top ten
impa binding amino acids are shared between the peptide and
the inhibitor CB, which is smaller than for I1. This outcome
can be expected because opposite to I1 the NCB of 12 is off-
target being shifted away from the coreNLS binding site."’
Following the analysis performed for I1, we computed the
correlation between the inhibitor probabilities Py;(i) of
binding to impa and the difference in peptide binding affinities
to impa amino acids AP, (i) (see previous section). The
resulting correlation coefficient of —0.47. If we consider the
correlation between Py (i) and the changes in native peptide
binding affinities AP, (i), then r = —0.36. These computations
suggest that in contrast to I1, the interactions of 12 with impar
weakly contribute to destabilizing coreNLS binding. This
finding is consistent with overall stronger binding of 12 to
impa compared to I1.'” Another, more important factor
responsible for the inhibitory activity of 12 and the one shared
with I1 is the masking of the coreNLS peptide. Figure 4
demonstrates that 12 primarily binds to the coreNLS Lys6-
Lys9 amino acids, which are also those exhibiting the largest
loss of native interactions (Table 2). Specifically, the
correlation coefficient between the probability P, (j) of
inhibitor binding to the coreNLS amino acids j and the loss
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of native interactions AP,(j) is r = —0.89 (significance p =
0.02), which is as strong as for I1. Note that as for I1 the
correlation between P,,(j) and the loss in binding interactions
< AC(j) > is very weak (r = —0.35).

Comparison of the Inhibitor Binding Mechanisms
and Broader Implications. Taking our analyses together, we
can summarize the mechanisms of inhibition as follows. The
outcomes of I1 and I2 interference with the coreNLS binding
to impa are largely similar manifested in a complete loss of
native binding pose for the peptide. For both ligands, this
outcome engenders from masking the coreNLS amino acids
and primarily targeting the coreNLS native binding inter-
actions. The plausible source of this outcome is the
distribution of binding interactions. On an average, I1 binds
to a peptide amino acid with the probability 0.40. In contrast,
I1 binds to an impa amino acid (involved in binding) with the
probability 0.21. The corresponding values for 12 are 0.35 and
0.23. Thus, as illustrated in the “Table of contents” graphics, 11
forms twice stronger interactions with coreNLS rather than
impa amino acids. As a result, the I1 effect on peptide binding
interactions is more pronounced than on the binding
interactions formed by impar amino acids. To a lesser extent,
the same conclusions apply to I2. In summary, masking is a
consequence of the diffusive nature of inhibitor binding to
impa,lo in which inhibitor, while making few strong
interactions with the coreNLS, forms multiple weak
interactions with impa. Consequently, masking does not
necessarily imply stronger overall binding of inhibitors to the
coreNLS peptide compared to impa.

The inhibitors’ modes of action also show differences. 11
binding to impa amino acids does not appear to drive the
inhibition of coreNLS-impa interactions. Furthermore, CB
induces strong nonnative interactions into coreNLS binding to
impa. This outcome is consistent with our earlier study of I1
NCB, which showed that I1 primarily targets the NLS binding
site but forms relatively weak binding interactions with impa
(an “on-target nonspecific’ ligand)."” In contrast to I, 12
interactions with impa amino acids weakly contribute to its
inhibitory activity. Also, opposite to 11, the 12 CB retains more
native coreNLS binding interactions. These observations agree
well with our earlier study of 12 NCB, where we found 12
targeting the edges of the NLS binding site and forming
relatively strong binding interactions with impa (an “off-target
specific” ligand).'® Additional supporting evidence came from
energy computations. The average energy of Il and I2
interactions with impa are —26.8 and —33.2 kcal/mol. Since
I2 interactions with impa are stronger than those of I1, we can
expect them to contribute to 12 inhibitory activity. Analysis of
the distributions of the coreNLS radius of gyration revealed
that I2 but not I1 forces a partial collapse of the peptide bound
to impa. These differences in ligand inhibitory mechanisms
must be ultimately related to their different hydrophobicities
(Figure 1la). Indeed, due to the presence of two extra
hydrocarbon groups and elimination of an amino group, 12
is more apolar than I1. However, independent of these
differences, both inhibitors share the same basic inhibitory
action based on masking the NLS peptide.

Although the bound free energy landscapes in Figure 3
provide insights into inhibitor interference, they cannot
estimate changes in the free energy of binding of the coreNLS
peptide to impa AAGy(x) caused by inhibitor x. To compute
AAGy(x), we applied the MM-GBSA approach outlined in
Models and Methods.™® The free energy data are presented in
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Tables S2 and S3 in SII. It follows from these tables that the
competition from I1 and I2 increases the binding free energy
of the coreNLS peptide by 19.4 and 8.5 kcal/mol, respectively
(see SII for an additional discussion). The decomposition of
AAGy(x) with respect to the terms listed in eq 1 in Table S4
(see SI1) shows that I1 decreases the gain in molecular
mechanical energy upon binding by AAE_ = = 148.5 kcal/mol,
which is almost compensated by the reduction in the loss of
polar solvation energy AAG,,, = —131.8 kcal/mol. For 12 the
respective quantities are AAE_ ., 73.8 kcal/mol and
AAGy,, = —68.3 kcal/mol. These calculations have several
implications. First, consistent with our structural analysis, both
inhibitors strongly destabilize the coreNLS binding to impa.
The inhibitors primarily compromise the gain in molecular
mechanical energy occurring upon the coreNLS binding to
impa, but also reduce the loss in polar solvation interactions.
Second, I1 destabilizes the coreNLS bound state more severely
than does I2. This outcome results from Il reducing the
molecular mechanical energy gain AAE,, upon the coreNLS
binding to impa much more severely than I2. Free energy
computations are in line with our previous findings that
contrary to I1 the inhibitor I2 is off-target ligand binding on
the edges of the major NLS binding site. Importantly,
structural analysis in Tables 1 and 2 supports weaker inhibiting
activity of 12. Indeed, all top ten probabilities P, (i) of forming
contacts between impar amino acids i and the coreNLS peptide
in CB with I2 exceed 0.59, whereas in I1 CB only four Pbyp(i)
do so (Table 1). In summary, the analysis of binding free
energies suggests that the inhibiting activity of I1 is stronger
than that of 12 as it was already alluded in the previous
sections.

It is imperative to provide an experimental verification of 11
and 12 inhibiting activities. To this end, we have performed
experimental AlphaScreen measurements following the meth-
odology described in Supporting Information 2 (SI2). In these
experiments, we probed the inhibitory effect of the ligands 11
and I2 on the binding of VEEV NLS peptide to impa. The
normalized Alpha counts were fitted with the four-parameter
nonlinear regression curve AlphaCount = AlphaCount,,, +
(AlphaCount,;, AlphaCount,,,)/(1 + (IC50/log-
[inhibitor])™#$1°7¢) The resulting plots are shown in Figure
S, which yield the ICS0 values for I1 and I2 inhibitors as 53 +
6 and 98 + 30 uM, respectively. Since lower IC50 implicates
stronger inhibition of NLS binding to impa, the experimental
data qualitatively confirm our conclusions based on free energy
computations and structural analysis. It must be noted though
that the ICS0 values cannot be quantitatively compared to our
free energy estimates because the former might be effected by
multiple binding locations or interligand interactions in
addition to binding affinity of a single ligand itself. More
generally, the experimental data support the inhibition
activities of I1 and I2.

If masking of NLS amino acids primarily drives the
inhibiting activity of I1 and I2, would this translate into the
specificity of these ligands toward the VEEV NLS?
Experimental studies have shown that the free energy of
binding of NLS to impa is about —10 kcal/mol,'" although it
can be reduced to &~ — § kcal/mol for some human proteins.'”
Recent molecular dynamics studies of SV40 NLS peptide
PKKKRKYV and the cryptic NLS from the fatty acid binding
protein suggested that both experience significant structural
fluctuations while bound to the impa major NLS binding
site.”> In particular, the bound ensemble of SV40 large T-
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Figure 5. Alpha counts dose—response inhibition assay. The y-axis is
the percentage of the alpha counts normalized to the DMSO control.
Error bars represent the standard deviation and n = 6 for each
concentration. The ICS50 values are reported in uM + SEM (see the
text). In agreement with the free energy analysis, the inhibition curves
suggest that I1 (in blue) is a stronger inhibitor than 12 (in green).

antigen NLS peptide fragments into 27 clusters defined with
the cutoff of 0.5 A, although the peptide generally retains the
interactions with three impa tryptophan amino acids and the
ionic contact of P2 with impa. Furthermore, the NLS fragment
from the critical pluripotency factor Oct4 adopts a bound pose
in the impa major site, which is inconsistent with that of VEEV
NLS. For example, PS Arg escapes the cage formed by the
tryptophan side chains.*® In contrast to these NLS fragments,
the VEEV coreNLS peptide retains native-like binding pose in
the major NLS binding site."® It is notable that none of these
other NLS sequences harbor the VEEV minNLS sequence
KKPK. Moreover, our previous database analysis showed that
the sequence KKPK appears among 242 distinct Swiss-Prot
human entries, with only five containing the coreNLS
sequence KKPKKE." Strikingly, only one of these proteins
is predicted to interact with the impa isoforms. Finally, in this
article, we argue that the inhibitors primarily interfere with the
coreNLS rather than impa binding interactions. Therefore,
one may hypothesize that VEEV inhibitors are specific to
VEEV NLS sequence, in part because it is so rare among
proteins. In fact, prior experimental studies offer some support
for 11 selectivity.” In this respect, it will be prudent to repeat
our CB simulations with the I1 and SV40 NLS peptide.

Because the disordered coreNLS peptide adopts a specific
conformation upon NCB to impa, it appears to follow an
“induced fit” binding mechanism.”” In competitive simulations,
both inhibitors destabilize the native pose of the coreNLS
peptide within the impa major NLS binding site, but they do
not prevent its disordered and diffusive binding. This outcome
suggests that the inhibitors target the “induced fit” binding, but
not the binding itself. If inhibitors are also specific to VEEV
coreNLS peptide, then by weakening the VEEV NLS binding
to impa they allow host cargo proteins to outcompete VEEV
NLS at the impa major NLS binding site.

Bl CONCLUSIONS

In this article, we investigated the mechanisms by which the
two ligands from the G281—148S family, I1 and I2, interfere
with VEEV NLS binding to impa cargo transport protein. To
this end, we performed all-atom REST simulations probing the
CB of the VEEV coreNLS peptide and I1 or I2 ligand to the
impa major NLS binding site. As a reference, we used our
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previous simulations, which studied NCB of the coreNLS
peptide or the inhibitors to impa. Our main finding is that
both inhibitors abrogate native binding of the coreNLS
peptide, forcing it to adopt a manifold of nonnative loosely
bound poses within the impa major NLS binding site. We
found that the inhibitors primarily destabilize the coreNLS
binding by masking its amino acids rather than competing for
binding to impa. Due to unequal hydrophobicities, there are
differences in I1 and I2 inhibitory activities. In particular,
opposite to I1, the interactions of 12 with impa weakly
contribute to its inhibitory activity. Also, because, upon
binding, I2 localizes on the edge of the major NLS binding
site, it inhibits fewer coreNLS native binding interactions than
I1. Our structural analysis is supported by the computations of
the free energies of the coreNLS peptide binding to impa with
or without competition from the inhibitors. We showed that
both inhibitors reduce the free energy gain from the coreNLS
binding, although I1 causes a significantly larger loss in the
coreNLS binding affinity than I2. To test our simulations, we
performed AlphaScreen experiments measuring IC50 values
for both inhibitors. Consistent with in silico results, the IC50
value for I1 was found to be lower than that for I2. We
hypothesized that the inhibitory action of I1 and I2 ligands
might be specific to the NLS from VEEV’s capsid protein.
More generally, the main outcome of our investigation is that
the ligands binding diffusively without well-defined binding
poses may still act as inhibitors of protein—protein
interactions.
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