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Role of salt-bridging interactions in recognition of
viral RNA by arginine-rich peptides
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ABSTRACT Interactions between RNA molecules and proteins are critical to many cellular processes and are implicated in
various diseases. The RNA-peptide complexes are good model systems to probe the recognition mechanism of RNA by pro-
teins. In this work, we report studies on the binding-unbinding process of a helical peptide from a viral RNA element using
nonequilibrium molecular dynamics simulations. We explored the existence of various dissociation pathways with distinct
free-energy profiles that reveal metastable states and distinct barriers to peptide dissociation. We also report the free-energy
differences for each of the four pathways to be 96.47 + 12.63, 96.1 + 10.95, 91.83 + 9.81, and 92 + 11.32 kcal/mol. Based
on the free-energy analysis, we further propose the preferred pathway and the mechanism of peptide dissociation. The preferred
pathway is characterized by the formation of sequential hydrogen-bonding and salt-bridging interactions between several key
arginine amino acids and the viral RNA nucleotides. Specifically, we identified one arginine amino acid (R8) of the peptide to
play a significant role in the recognition mechanism of the peptide by the viral RNA molecule.

SIGNIFICANCE We reveal key interactions that are involved in the recognition of a viral RNA by a peptide. Specifically,
we discovered that the recognition of the peptide depends on the formation of salt bridges and hydrogen bonds that are
formed between the arginine residues and the RNA backbone. We also demonstrated that these interactions formed a
network of salt bridges that were spanning the major groove of RNA. These results enhance our understanding of the
importance of arginine amino acids, or other basic amino acids, in the design of peptides that target viral RNA molecules.

INTRODUCTION

Numerous functions of RNA molecules depend on their in-
teractions with proteins (1), which play a crucial role in
various phases of the cell life cycle, including gene regula-
tion (2,3), transcription (4,5), and translation (6). Conse-
quently, misregulation of RNA-protein interactions can
lead to neurological disorders, cardiovascular problems,
and oncogenic diseases (7—10). Moreover, the interactions
between viral RNA molecules and cellular or viral proteins
are involved in the replication and transcription processes of
various viruses, for example, human immunodeficiency vi-
rus (HIV), hepatitis C virus, and severe acute respiratory
syndrome coronavirus (SARS CoV/CoV2) (11-14). There-
fore, resolving the mechanistic details of RNA-protein inter-
actions is essential for understanding various biological and
biophysical processes (2—14).
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Proteins and short peptides often interact with RNA
molecules by adopting an «-helical or a (-sheet structure
that can fit into the binding pocket of an RNA molecule
(15-21) or through the interactions with the RNA backbone
(1,22,23). Specifically, the RNA-peptide complexes are
considered good model systems to study RNA-protein inter-
actions and to probe the recognition mechanisms (24,25). A
general RNA binding protein domain is the arginine-rich
motif (ARM), which is found in ribosomal proteins (26), ri-
bonucleoproteins (1,27), and viral proteins (11,28). The
ARMs are short peptides that have a high concentration of
arginine residues and have high affinity and specificity of
interaction with their targets by adopting various conforma-
tions including a-helical, $-hairpin, or extended conforma-
tions (29). The interactions between these ARMs and RNA
molecules have been investigated using NMR spectroscopy
(11,15,30-34), circular dichroism spectroscopy (35,36),
x-ray crystallography (37,38), and combinations of experi-
mental and computational methods (29,39-41). Several
comprehensive investigations have been conducted on the
nucleic-acid-protein interfaces using structural and shape
analyses to establish common features across known
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complexes (42-45). Overall, these studies showed that the
RNA-protein interactions are governed by sequence (e.g.,
composition of amino acids and nucleotides) or by shape
(e.g., recognition of specific shapes of proteins).

However, the role of dynamics in RNA-protein interac-
tions is still not fully understood because of challenges in
capturing all the required parameters for describing a
complex biomolecular system (23,46,47). Computational
methods such as molecular dynamics (MD) simulations
that are rooted in biophysical modeling are promising tools
to enhance our knowledge of the recognition mechanism be-
tween RNA molecules and proteins by characterizing
molecular motions at the atomic level (48). Although
several RNA-protein complexes, for example, RNA-U1A
complex (49-53) and other RNA recognition motifs
(40,54-61), various double-stranded RNA-protein complexes
(39,62-68), ribosomal RNA-protein complexes (69-72), and
transfer RNA-protein complexes (73-79), have been investi-
gated using MD simulations and free-energy methods, only a
few studies have been conducted to investigate the interac-
tions in viral RNA-protein complexes (80-86). Specifically,
the studies on the viral RNA-protein complexes highlighted
the importance of electrostatic interactions and the interac-
tions between water molecules and proteins. However,
most of these studies (80-84) were reported over a decade
ago, and the force fields for nucleic acids and proteins have
significantly improved in recent years (87). Additionally,
the timescales of conventional MD simulations performed
in these studies were limited. Thus, we still lack a full under-
standing of the viral RNA-protein recognition mechanisms
and of specific interactions that need to be created or disrup-
ted during the binding-unbinding process.

To address these questions, we applied nonequilibrium
constant velocity steered MD (cv-SMD) simulations to
study the binding-unbinding process of a helical arginine-
rich peptide (RSG-1.2) from a conserved HIV-1 Rev
response element (RRE) RNA segment, which is located
in the env coding region and plays an essential role in viral
replication (Fig. 1 A) (88). The RSG-1.2 peptide is a
mutated Rev peptide with higher binding affinity and spec-
ificity in comparison with the canonical Rev peptide, which
binds RRE RNA (88) and is a good model system for study-
ing RNA-protein interactions (Fig. 1 B) (25).

Specifically, we conducted cv-SMD simulations along
four distinct pathways (defined as PWs; Fig. 1 C; Fig. S1;
Table S1). In these simulations, we observed the formation
of specific interactions and the sequence in which those in-
teractions were forming or rupturing during the dissociation
process of the peptide along each pathway, which have not
been reported previously. Based on our results, we propose
the preferred pathway as well as the mechanism of recogni-
tion of the peptide. Additionally, we identified the role of
arginine residues in recognition of the peptide by the RRE
RNA. Based on our results, we suggest that the atomic scale
details on the dissociation process and the recognition

Peptide recognition by viral RNA

FIGURE 1 Structural details and system setup. (A) The sequences of the
HIV-1 RRE RNA and the RSG-1.2 peptide are shown. The key nucleotides
and amino acids are highlighted in unique colors. (B) A side-view of the
binding pocket is shown in which the peptide is rendered as a cyan tube
with the side chains of key residues highlighted in stick representations.
Each key nucleotide in the RNA and each key amino acid in the peptide
are highlighted in a unique color and labeled. (C) A side-view of the
RRE RNA (gray cartoon) and the peptide (cyan cartoon) complex is
shown. A transparent gray sphere represents the approximate volume of
the peptide binding pocket. Each arrow corresponds to the peptide dissoci-
ation coordinate or direction for one of the four pathways (PWs): PW1
(red), PW2 (cyan), PW3 (orange), and PW4 (blue). To see this figure in co-
lor, go online.

mechanism of this peptide by the RRE RNA are potentially
useful for designing new therapeutically relevant variants of
this peptide.

MATERIALS AND METHODS
System setup and equilibration details

In this work, we have studied the (un)binding process of the RSG-1.2 heli-
cal peptide from the HIV-1 RRE RNA using steered MD (SMD) simula-
tions along four different pathways (Fig. 1 C). We obtained the initial
coordinates for our system from the first frame of the NMR structure depos-
ited in the Protein Data Bank (PDB: 1G70) (33). We centered the RNA-pep-
tide complex at the origin and rotated to align the dissociation direction of
the peptide in each pathway along the same axis (Fig. S1). We then solvated
each system in a periodic simulation domain of three-site transferrable
intermolecular potential (TIP3P) water molecules (Fig. S1; Table S1). We
neutralized the overall charge of the system with 27 Na* ions.

We energy minimized the system via the steepest descent minimization
for 1000 steps that was followed by 500 cycles of conjugate-gradient
minimization. To equilibrate the volume of the simulation domain, we
conducted a 500-ps MD simulation in the NPT ensemble with a 2-fs time-
step. We maintained the temperature and pressure at 310 K and 1 atm
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using the Langevin thermostat and the Nosé-Hoover barostat in all MD
and SMD simulations. We used periodic boundary conditions in all sim-
ulations and computed the electrostatic interactions using the particle
mesh Ewald method. For the van der Waals interactions, we used a cutoff
of 10 A with switching initiated at 8 A We applied weak restraints to the
phosphorous atoms in the RNA backbone to prevent the overall rotation
and translation of the RNA molecule. We carried out all simulations using
the NAnoscale MD (NAMD) (89) software package combined with the
AMBER force field for RNA (RNA.ROC, the RNA force-field developed
by the Rochester Group) (90) and for the peptide (ff14sb) (91). We used
the TIP3P water model (92) for the solvent and the Li-Merz parameters
for the ions (93). We analyzed all trajectories using the Visual Molecular
Dynamics (VMD) and CPPTRAJ software (94,95).

Constant velocity cv-SMD simulations

To study the dissociation of the peptide along each of the four pathways, we
performed cv-SMD simulations, referred hereafter also as SMD simula-
tions. In cv-SMD simulations, a dummy atom is harmonically coupled to
a group of atoms via a virtual spring that is pulled at a constant velocity
along a specified direction (reaction coordinate), and the unbinding force
is then measured. SMD simulations have been successfully applied to study
unfolding of RNA-DNA (96,97) and unbinding mechanisms of protein-
ligand (98,99) and RNA-ligand complexes (100-102) and to study other
biophysical systems (103,104). We simulated only the unbinding process
of the peptide because of the lack of knowledge of the initial configuration
of the unbound RRE-RNA-peptide complex.

To select the four dissociation pathways, we considered a sphere that
approximated the volume of the binding pocket (gray sphere in Fig. 1 C).
We then selected points on the surface of the sphere that were radially sepa-
rated by ~13 Ato prevent overlap with the RNA molecule. The arrows that
are shown in Fig. | C indicate vectors passing through each of the defined
points and represent unique reaction coordinates of dissociation along each
of the four pathways. We used the coordinates from the end of the initial
MD simulations for subsequent SMD simulations in the NPT ensemble.
Specifically, for each of the four pathways, we conducted 75 SMD simula-
tions, each of which was 13 ns long, thereby resulting in a total simulation
time of 3900 ns. Our choice of 75 SMD simulations per pathway was based
on the convergence of the free-energy profile along each pathway, indi-
cating similar free-energy difference (4G) between the initial (bound)
and the final (dissociated) states. We saved configurations every ps and
the SMD output every 20 ps.

Consistent with the stiff-spring approximation (105), we applied a har-
monic external force using a spring constant of k = 12 kcal/mol A? that
was attached to the center of mass of the peptide residues Glyl1 through
Ala22, which constitute the helical part of the peptide. We chose this part
of the peptide to avoid deviations from the reaction coordinate that could
be introduced by the movement of the unfolded segment (residues Ser7
through Ser10). After testing various values, we chose a pulling velocity
of 0.00625 A/ps, which is relatively slower than is commonly used in
SMD simulations (0.015-0.02 A/ps) (106-108). We also applied a har-
monic restraint to prevent the rotation of the peptide to improve conver-
gence of the free-energy profiles (see Supporting materials and methods,
Results). As the reference orientation angle, we used the initial coordinates
of the peptide, and we used a force constant of 3 kcal/mol deg” for the har-
monic potential. We also applied restraints to the atoms forming hydrogen
bonds in the peptide residues Gly11 through Ala22 to maintain the second-
ary structure of the peptide during the dissociation, which prevented the
peptide unfolding that could occur in the absence of restraints (see Support-
ing materials and methods, Results). Although the binding mechanism of
the peptide is not fully understood, it was suggested that the peptide is likely
partially unfolded in the absence of RRE RNA (33,109). However, in our
work, we have focused explicitly on the unbinding process of the peptide
while maintaining its secondary structure because resolving both folding
and binding processes simultaneously is a challenging task. We also verified
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that there was no bias introduced by the choice of the ensemble in SMD
simulations (see Supporting materials and methods, Results).

Potential of mean force calculation

We computed the potential of mean force (PMF) as a function of the dis-
tance along the reaction coordinate (r), which increases at a constant veloc-
ity v such that A, = A9 + v, where Ay = O initially. The r vector is
commensurate with the pulling direction. The external work performed in
a nonequilibrium SMD trajectory is then given by the following equation:

t
W()A.[ = —kV/(r—(A()-FVf))df.
0

According to the protocol developed by Jensen et al. (110), we used the
exponential averaging of the Jarzynski’s equality (111) to estimate the PMF
along the reaction coordinate from work distributions obtained using SMD
simulations (105,112). We have previously demonstrated the utility of this
approach for studying RNA-ligand interactions (102). The exponential
averaging expression is as follows:

AG = — B 'Inexp(—BW),

where 8 = 1/kgT with kz Boltzmann’s constant and 7 the temperature, W is
the nonequilibrium work performed, and 4G is the equilibrium free-energy
difference.

Interaction energies and salt bridges

We also computed the nonbonded interaction energies between a specific
amino acid of the peptide and a specific nucleotide of the RRE RNA. In
particular, we calculated the van der Waals energy between all atoms in
the following pairs of amino acids and nucleotides: Arg8 or R8 and U66;
Argl5 orR15 and U72; Argl7 or R17 and A68; and Argl8 or R18 and A68.

We also analyzed a network of hydrogen-bonding and salt-bridging inter-
actions formed between a specific arginine amino acid and a specific RNA
nucleotide. Hydrogen bonds were defined between a hydrogen atom of the
arginine amino acid and a heavy atom (oxygen or nitrogen atom) of the
RNA nucleotide. Salt bridges were defined between a nitrogen atom of
the arginine amino acid and the oxygen atom of the phosphate group in
the RNA backbone. The definition and the cutoff value of 3.5 A for
hydrogen-bonding and salt-bridging interactions were adopted from a pre-
vious study (83). Specifically, we computed the salt bridge distances be-
tween the atoms presented in Table S2.

Solvation of the binding pocket

We also characterized the solvation of the binding pocket during dissocia-
tion of the peptide from the RRE RNA. We defined the binding pocket to be
comprised of 15 nucleotides (U43, C44, U45, G46, G47, G48, C49, G50,
C51, G67, A68, C69, G70, G71, and U72) and computed the number of wa-
ter molecules that are confined within the volume of the binding pocket
formed by these nucleotides.

RESULTS
Thermodynamics of peptide dissociation

Using nonequilibrium cv-SMD simulations, we studied the
dissociation of the RSG-1.2 peptide from the RRE RNA
along four distinct pathways (Fig. 1 C). During these



SMD simulations, the peptide consistently followed the re-
action coordinate (Fig. S2 A). We also calculated the un-
binding force profiles to ascertain that the average force
converged to zero, corresponding to a fully dissociated state
of the peptide and with no residual interactions with the
RNA. In Fig. S2 B, we show the average force profiles
with error bars for each pathway, which highlight that the
average force for the dissociation of the peptide converged
to zero after ~35-40 A, depending on the pathway. The
convergence to zero is further ascertained by computing
the distributions of force values after 40 A for each pathway
that reveal a mean of zero (Fig. S3). Then, we computed the
nonequilibrium work required for the dissociation of the
peptide from each of the 75 simulations for all four path-
ways (Figs. S4 and S5). The resulting work distributions
were used to estimate the free-energy or PMF profile along
the reaction coordinate for each pathway (Fig. 2 B) using the
Jarzynski’s equality (111), which relates the nonequilibrium
work to the equilibrium free-energy difference (4G).
Because nonequilibrium trajectories with the least work
have the highest contribution to the equilibrium free-energy
difference estimated using the Jarzynski’s equality, we pro-
vide mechanistic details from these trajectories.
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FIGURE 2 The unbinding force and the free-energy profiles. (A) The
traces of the averaged unbinding force along each pathway are shown:
PW1 (red), PW2 (cyan), PW3 (orange), and PW4 (blue). (B) The free-en-
ergy profile with standard deviations shown as error bars along each
pathway is shown. See also Figs. S2 and S6. To see this figure in color,
go online.
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Unbinding force profiles

The intermediate steps of the peptide dissociation in each
pathway are quantitatively described using the unbinding
force profiles (Fig. 2 A). At the beginning of each SMD
simulation (r = 0 A), the peptide was located in the bound
state, interacting with the RNA nucleotides in the binding
pocket (Fig. 1 B). In particular, the R8 amino acid was
initially interacting with the U66, G64, and A52 nucleo-
tides; the R14 amino acid was interacting with the G70
nucleotide; R15 was interacting with the A73 and U72 nu-
cleotides; and the R17 amino acid was initially interacting
with the A68 nucleotide (Fig. 1 B). A gradual increase in
the external force values for each pathway (Fig. 2 A) indi-
cates that the peptide began to dissociate from the binding
pocket by overcoming the interactions with the binding
pocket nucleotides. The peak force values correspond to
the stage when the peptide has moved out of the binding
pocket by rupturing key interactions with the RNA. The
external force values then decreased as the peptide was at
a distance of ~35-40 A when the force values on average
converged to zero, signifying that the peptide reached the
dissociated state (Fig. 2 A).

We further analyzed the unbinding force profiles that ex-
hibited different magnitudes of the maximal force of disso-
ciation in each pathway. Specifically, we observed that PW 1
had the highest value of the maximal force (~2377 pN) of
dissociation occurring at ~5 A (PWI in Fig. 2 A). The force
profile in PW2 exhibited the second highest value of the
maximal force (~1850 pN) of dissociation at ~4.5 A
(PW2 in Fig. 2 A). Additionally, we detected a smaller
peak of the unbinding force (~1090 pN) at ~7.2 A in
PW2. We observed that PW3 exhibited the third highest
value of the maximal force (~1600 pN) of dissociation at
~5.2 A (PW3 in Fig. 2 A). Moreover, we detected a smaller
force peak value at 1.3 A in PW3 corresponding to ~1120
pN. Finally, we observed the lowest value of the maximal
force (~1360 pN) of dissociation in PW4, which occurred
at ~3.8 A (PW4 in Fig. 2 A). We also located smaller peaks
in force at ~1.2 A and at ~6.6 A, which were both equal to
~950 pN. We detected a variability in the location of the
maximal force value in the individual trajectories. The
maximal force values were located between 4.6 and 5.4 A
in PW1, between 4.3 and 4.8 A in PW2, between 4.9 and
5.4 A in PW3, and between 3.6 and 4.5 A in PW4
(Fig. S2 B). We observed that the unbinding force profiles
converged to zero at 35 A for PW1 and PW2 and at 40 A
for PW3 and PW4 (Fig. 2 A; Fig. S2 B).

Free-energy profiles

We report the free-energy profiles for each pathway (Fig. 2
B) that provide additional information on the thermody-
namics of peptide dissociation, including the free-energy
barriers and the metastable states. All reported free-energy
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values are measured with respect to the initial state. We also
show a zoomed view of each free-energy profile for r-values
between 0 and 15 A along with the first-order derivative (m)
of the free-energy profile computed for the same range of
r-values in each pathway (Fig. S6). The first-order derivative
provides information on the rate of change of the free-en-
ergy profile and assists in identifying metastable states
(labeled M, Fig. S6) as well as the free-energy barriers
(labeled double dagger, Fig. S6). The first-order derivative
converges to zero, corresponding to the region of the free-
energy or the PMF profile when there is no significant
change in the PMF.

We observed that the highest free-energy barrier of disso-
ciation was in PW1, which was equal to 41 + 3.67 kcal/mol
at ~4.2 A with an additional free-energy barrier of 61.67 =+
7.41 keal/mol at 6 A (red double dagger, Fig. S6 A). We
observed the second highest free-energy barrier in PW2 cor-
responding to 37.51 *= 2.62 kcal/mol at ~4.4 A with an
additional free-energy barrier of 58.08 = 5.96 kcal/mol at
~7.5 A (cyan double dagger, Fig. S6 B). In PW3, we
observed several free-energy barriers at ~1 A and at
~46 A, corresponding to the free-energy values of
4.49 =+ 0.18 kcal/mol and 31.47 =+ 3.77 kcal/mol, respec-
tively (orange double dagger, Fig. S6 C). Finally, in PW4,
we observed four free-energy barriers at ~0.8, ~3.8,
~5.9, and ~8.5 A, corresponding to the free-energy values
of 3.66 = 0.34,24.46 * 2.08, 38.46 *+ 3.59, and 50.48 =+
5.99 kcal/mol (blue double dagger, Fig. S6 D).

We also observed the formation of metastable states along
different pathways (labeled M in Fig. S6). We located the
metastable states at ~5.4 A in PW1 (red M, Fig. S6 A),
~5.4 A in PW2 (cyan M, Fig. S6 B), 1.8 A in PW3 (orange
M, Fig. S6 C), and 1.3, 5.1, and 6.9 A in PW4 (blue M,
Fig. S6 D). The mechanistic details of each metastable state
are provided in the following section. Finally, we observed
that the free-energy differences between the initial states
r=20 108) and the dissociated states (r = 50 10%) were
96.47 £ 12.63 kcal/mol for PW1, 96.1 = 10.95 kcal/mol
for PW2, 91.83 = 9.81 kcal/mol for PW3, and 92 =+
11.32 kcal/mol for PW4. Thus, the resulting free-energy dif-
ferences (4G) have similar values, falling within the range
of error bars for each pathway. Overall, we observed that
PW4 has the smallest free-energy barrier for dissociation
of the peptide while having additional metastable states in
comparison with other pathways.

Mechanistic details of peptide dissociation
pathways

In the initial conformation, the peptide is bound in the major
groove of the RRE RNA between the A75-U45 and U66-
AS52 basepairs while largely maintaining an «-helical
conformation with five residues constituting a coiled
segment at the N-terminus (Fig. 1 B) (33). The A68 and
U72 nucleotides were in the flipped-out configurations,
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recognizing the peptide through stacking interactions with
the R15 and R18 amino acids, respectively (Fig. 1 B). The
Hoogsteen edge of the G70 and A73 nucleotides formed
hydrogen-bonding interactions with the R14 and R15 amino
acids, respectively. The R8 amino acid from the coiled
segment of the peptide interacts with the U66 nucleotide,
whereas the R17 and R18 amino acids also form contacts
with the RNA backbone.

Pathway 1

During the early part of the lowest-work SMD simulation
in PW1, the peptide began dissociating out of the binding
pocket (Fig. S7 A), which was also characterized by weak-
ening of interactions between several key amino acids and
nucleotides (Fig. S8 A). In particular, we observed that the
van der Waals interaction energy between the R8 amino
acid and the U66 nucleotide, the R15 amino acid and the
U72 nucleotide, and the R17 amino acid and the A68
nucleotide approached zero (Fig. S8 A), indicating negli-
gible interactions between the residues. Specifically, at
t = ~0.6 ns, the hydrogen bond between the NH2 atom
of R8 amino acid and the O6 atom of G64 weakened
(red trace, Fig. 3 A), and a new hydrogen bond was formed
between the NH2 atom of R8 amino acid and the O6 atom
of U66 (blue trace, Fig. 3 A). Additionally, at t = ~0.6 ns,
the hydrogen bond between the NH1 atom of R14 amino
acid and the O6 atom of G70 broke (red trace, Fig. 3 B),
which led to the formation of a hydrogen bond between
the NH1 atom of R14 amino acid and the O6 atom of
G48 (blue trace, Fig. 3 B). This sequence of events was
a result of the peptide leaving the initial binding pocket,
which was coupled with the formation of new hydrogen-
bonding interactions between the R8 and R14 amino acids
and the U66 and G48 nucleotides, respectively (Fig. 3, A
and B).

At t = ~1 ns, the peptide was located in the proximity
of the backbone atoms of the C44, U45, and G46 nucleo-
tides that constitute the major groove of the RNA
(Fig. S10) and the van der Waals interactions between
the R8, R15, and R17 amino acids, and the U66, U72,
and A68 nucleotides diminished (Fig. S8 A). This was
also characterized by the rupture of the hydrogen bonds
that were previously formed at t = ~0.6 ns between the
NH2 atom of R8 amino acid and the O6 atom of U66
and between the NH1 atom of R14 amino acid and the
06 atom of G48 (blue trace, Fig. 3, A and B). The state
when the peptide was located in the proximity of the back-
bone atoms of the C44, U45, and G46 nucleotides corre-
sponds to a weak metastable state in the free-energy
profile (red M, Fig. S6 A).

Att = ~1.4 ns, the peptide displaced the backbone atoms
of the C44, U45, and G46 nucleotides and was located in a
partially dissociated state, whereas the RS, R14, and R15
amino acids were still in the vicinity of the RRE RNA
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FIGURE 3 Mechanistic details of PW1. (A) The hydrogen bond dis-
tances between the NH2 atom of R8 and the O6 atom of G64 (red trace)
and between the NH2 atom of R8 and the O6 atom of U66 (blue trace).
(B) The hydrogen bond distances between the NH1 atom of R14 and the
06 atom of G70 (red trace) and between the NHI atom of R14 and the
06 atom of G48 (blue trace). (C) The hydrogen bond distance between
the NH2 atom of R15 and the O4 atom of U45 (red trace) and the salt bridge
between the NH2 atom of R15 and the O1P atom of U45 (blue trace). All
metrics are computed from the simulation with the lowest-work value.
Darker colors signify the regions of interest. Lightly shaded horizontal lines
indicate the initial values of the corresponding distances. Each panel is
accompanied with snapshots highlighting the corresponding interactions
extracted from a time point marked by an arrow. Each amino acid, nucleo-
tide, and atom that participates in hydrogen-bonding or salt-bridging inter-
actions is uniquely colored. The scale on y axis is limited to 15 A because
the presented interactions form at distances below 3.5 A. The data corre-
sponding to all distance values on the y axis are shown in Fig. S9 A. To
see this figure in color, go online.

with the possibility to interact with the C44, U45, and G46
nucleotides (Fig. S7 A). However, at t = ~1.9 ns, we
observed the formation of only one salt bridge that was
formed between the NH2 atom of R15 amino acid and the
O1P atom of U45 (blue trace, Fig. 3 C), which was preceded
by the rupture of the hydrogen bond at t = ~0.95 ns between
the NH2 atom of R15 amino acid and the O4 atom of U45
while the peptide was still located in the binding pocket
(red trace, Fig. 3 C). The peptide was free of any interac-
tions with the RNA at a distance of 35 A (t = 5.6 ns).

Peptide recognition by viral RNA

Pathway 2

In PW2, we observed different mechanistic details underly-
ing the dissociation process in comparison with PW1, which
likely contributed to a lower free-energy barrier to dissoci-
ation (Fig. 2 B). As the peptide began dissociating out of
the binding pocket (Fig. S7 B), the van der Waals interac-
tions between the R8 amino acid and the U66 nucleotide
were broken at t = ~0.1 ns (purple trace, Fig. S8 B). This
event occurred simultaneously with the rupture of the
hydrogen bond between the NH2 atom of R8 amino acid
and the O6 atom of G64 at t = ~0.1 ns (red, Fig. 4 A).
The R8 amino acid did not form any stable close contact in-
teractions until t = ~0.9 ns, when the NH1 atom of R8
formed a salt bridge with the O1P atom of G48. At t =
~0.73 ns, the hydrogen bond between the NHI atom of
R14 and the O6 atom of G70 (which was preformed in the
initial binding pocket) broke, and the NH2 atom of R14
formed a salt bridge with the O2P atom of A68 at t =
~0.75 ns (Fig. 4 B). Thus, two arginine amino acids, R8
and R14, formed salt-bridging interactions at t = ~0.9 ns,
creating a network of salt bridges from the G48 nucleotide
to the A68 nucleotide (Fig. S11 A). This conformation
also resulted in a metastable state that was highlighted in
the free-energy profile at ~5.4 A (cyan M, Fig. S6 B).

In PW2, the NH1 atom of R15 formed a salt bridge with
the O1P atom of C44 (red trace, Fig. 4 C) when the peptide
was in the vicinity of the backbone atoms of the C44, U45,
and G46 nucleotides at t = ~1 ns (Fig. S7 B). Importantly, at
t = ~1.3 ns, the NH2 atom of R15 formed a salt bridge with
the O2P atom of U45 (blue trace, Fig. 4 C). Thus, between
t = ~1.3 and t = ~1.5 ns, the NH1 and NH2 atoms of R15
were fluctuating to simultaneously form two salt bridges
with the O1P and O2P atoms of C44 and U45 nucleotides,
respectively (Fig. 4 C). This motion was another factor
that contributed to a decrease in the free-energy barrier in
comparison with PW1. In addition to that, the rupture of
the hydrogen bond between the NH2 atom of R8 amino
acid and the O6 atom of G64 at t = ~0.1 ns and the rupture
of the van der Waals interactions between the R8 amino acid
and the U66 at t = ~0.1 ns also contributed to a decrease in
the free-energy barrier in comparison with PW1. The pep-
tide was free of any interactions with the RNA at a distance
of 35 A (t = 5.6 ns).

Pathway 3

In PW3, the peptide required ~3 ns to escape the binding
pocket, whereas in PW1 and PW2, the peptide escaped
the binding pocket in ~2 ns (Fig. S7, A-C). This was in
part due to the interactions of various amino acids with
the A68 nucleotide in PW3 (Fig. S7 C) as well as due to
the interactions between the R8 amino acid and the U66
nucleotide that we characterized using the van der Waals en-
ergy (purple trace, Fig. S8 C). These interactions resulted in
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FIGURE 4 Mechanistic details of PW2. (A) The hydrogen bond distance
between the NH2 atom of R8 and the O6 atom of G64 (red trace) and the
salt bridge between the NH1 atom of R8 and the O1P atom of G48 (blue
trace). (B) The hydrogen bond distance between the NH1 atom of R14
and the O6 atom of G70 (red trace) and the salt bridge between the NH2
atom of R14 and the O2P atom of A68 (blue trace). (C) The salt bridges
between NH1 atom of R15 and the O1P atom of C44 (red trace) and be-
tween the NH2 atom of R15 and the O2P atom of U45 (blue trace). The
scale on y axis is limited to 15 A because the presented interactions form
at distances below 3.5 A. The data corresponding to all distance values
on the y axis are shown in Fig. SO B; cf. Fig. 3 for all other details. To
see this figure in color, go online.

a partial unfolding of the peptide coil between t = ~1.8 and
t = ~3 ns (Fig. S7 O).

During the first 0.8 ns of the simulation, the peptide dis-
rupted interactions between the R18 amino acid and the A68
nucleotide, as characterized by the van der Waals energy
(brown trace, Fig. S8 C), and started dissociating. A
hydrogen bond between the NH2 atom of R8 amino acid
and the O6 atom of G64 weakened at t = ~0.9 ns (red trace,
Fig. 5 A) and the NH2 atom of R8 amino acid started form-
ing a new hydrogen bond with the O4 atom of U66 at t =
~1 ns (blue trace, Fig. 5 A). At t = ~0.9 ns, the hydrogen
bond between the NH2 atom of R14 amino acid and the
06 atom of G70 ruptured (red trace, Fig. 5 B) and the
NH2 atom of R14 amino acid formed a salt bridge with
the O2P atom of A68 (blue trace, Fig. 5 B).

5066 Biophysical Journal 120, 5060-5073, November 16, 2021

A r e
20 1 reNH2 - G64:06 Reg 6= 64
— R8:NH2 - U66:04 5 N“,\X
o R8:NH2 - A68:02P ===
— 151
8 ﬁ%@
% 101 Rs\ia
5 ——————
2 5. Wwim Rg ?sg
o u.wmmmﬂw L T B 2
A A A = A68"
0 .
B 20 1r14NH2 - 670.06 g~
RT4:NH2 - A68:02P R14 S
2 s %
(0] —
g 10 ) Aes
S -
2 5 P
5 W e S99
0
el
A73 RN
C 207 riswmr-azany N
—~ R15:NH2 - U72:04 ¢
s 15 {R15:NH2 - 6a2:02p %\»\\%
210 *Ey()‘%
S —\
0 A * Y _\‘Q,\gl,o Ga2
0 1 2 3 4
time (ns)

FIGURE 5 Mechanistic details of PW3. (A) The hydrogen bond dis-
tances between the NH2 atom of R8 and the O6 atom G64 (red trace)
and between the NH2 atom R8 and the O4 atom of U66 (blue trace) and
the salt bridge between the NH2 atom of R8 and the O2P atom of A68
(green trace). (B) The hydrogen bond distance between the NH2 atom of
R14 and the O6 atom of G70 (red trace) and the salt bridge between the
NH2 atom of R14 and the O2P atom of A68 (blue trace). (C) The hydrogen
bond distances between the NH1 atom R15 and the N7 atom of A73 (red
trace) and between the NH2 atom of R15 and the O4 atom of U72 (blue
trace) and the salt bridge between the NH2 atom of R15 and the O2P
atom of G42 (green trace). The scale on y axis is limited to 20 A because
the presented interactions form at distances below 3.5 A. The data corre-
sponding to all values of distances on the y axis are shown in Fig. S9 C;
cf. Fig. 3 for all other details. To see this figure in color, go online.

At t = ~0.25 ns, the NH1 atom of R15 amino acid
stopped forming the hydrogen bond with the N7 atom of
A73, and the NH2 atom of R15 formed a hydrogen bond
with the O4 atom of U72. Thus, the combined interactions
between the NH2 atom of R8 amino acid and the O4 atom
of U66, between the NH2 atom of R14 amino acid and
the O2P atom of A68, and between the NH2 atom of R15
amino acid and the O4 atom of U72 created a network of
salt-bridging and hydrogen-bonding interactions at ~1 ns
and lasted for ~0.5 ns (Fig. S11 B).

Att = ~1.7 ns, the hydrogen bond between the NH2 atom
of R15 amino acid and the O4 atom of U72 ruptured (blue
trace, Fig. 5 C), and a salt bridge was formed between the



NH2 atom of R15 and the O2P atom of the G42, which
broke at t = ~2.7 ns (green trace, Fig. 5 C). At t =
~2.7 ns, a salt bridge was formed between the NH2 atom
of R8 amino acid and the O2P atom of A68 that lasted for
~0.2 ns (green trace, Fig. 5 A). Thus, salt-bridging interac-
tions were forming during every step of the dissociation pro-
cess in PW3. The peptide was free of any interactions with
the RNA at a distance of 40 A (t = 6.4 ns).

Pathway 4

Finally, in PW4, which had the lowest free-energy barrier
to dissociation (Fig. S6 D), the mechanism of dissociation
was similar to PW3, but we observed several key differ-
ences. During the first 0.8 ns of the simulation, the inter-
actions between the R8 amino acid and the U66
nucleotide and the R18 amino acid and the A68 nucleo-
tide weakened, as characterized by the van der Waals
interaction energy (Fig. S8 D). The NH2 atom of R8
amino acid formed a hydrogen bond with the O6 atom
of G64 at t = ~0.35 ns and broke it at t = ~0.55 ns
(red trace, Fig. 6 A). After that, the R8 amino acid did
not form any stable interactions until t = ~2 ns
(Fig. S7 D). At t = ~0.8 ns, the hydrogen bond between
the NH1 atom of R14 amino acid and the O6 atom of
G70 ruptured (red trace, Fig. 6 B), and a salt bridge
was formed between the NH1 atom of R14 amino acid
and the O1P atom of G69 (blue trace, Fig. 6 B). At
t = ~0.65 ns, a hydrogen bond was formed between
the NH2 atom of R15 amino acid and the O2 atom of
U72 (blue trace, Fig. 6 C), which was preceded by the
rupture of the hydrogen bond (at t = ~0.6 ns) between
the NH1 atom of R15 amino acid and the N7 atom of
A73 (red trace, Fig. 6 A). The salt bridge between the
NHI1 atoms of R14 amino acid with the O1P atom of
C69 and the hydrogen bond between the NH2 atom of
R15 amino acid with the O2 atom of U72 formed a
network of salt-bridging and hydrogen-bonding interac-
tions at ~0.8 ns (Fig. S11 C), which corresponded to a
metastable state at ~5.1 A (blue M, Fig. S6 D).

At t = ~1.3 ns, the NH2 atom of R14 amino acid formed
another salt bridge with the O2P atom of A68 (green trace,
Fig. 6 B). The NH2 atom of R15 amino acid ruptured the
hydrogen bond with the O2 atom of U72 and formed a
salt bridge with the OIP atom of C44 at t = ~1.1 ns
(Fig. 6 C). At t = ~2 ns, the NH2 atom of R8 amino acid
formed a hydrogen bond with the O6 atom of G70 (blue
trace, Fig. 6 A) and combined with the salt bridge between
the NH2 atom of R15 amino acid and the O1P atom of C44;
the second network of hydrogen-bonding and salt-bridging
interactions was created in PW4 (Fig. S11 D) and corre-
sponded to a metastable state at ~6.9 A (blue M, Fig. S6
D). At t = ~2.4 ns, a hydrogen bond between the NH2
atom of R8 amino acid and the O6 atom of G70 ruptured,
and a salt bridge was formed between the NHI1 atom of
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FIGURE 6 Mechanistic details of PW4. (A) The hydrogen bond dis-
tances between the NH2 atom of R8 and the O6 atom of G64 (red trace)
and between the NH2 atom of R8 and the O6 atom of G70 (blue trace)
and the salt bridge between the NH1 atom of R8 and the O1P atom of
U72 (green trace). (B) The hydrogen bond distance between the NHI
atom of R14 and the O6 atom of G70 (red trace) and the salt bridges be-
tween the NH1 atom of R14 and the O1P atom of C69 (blue trace) and be-
tween the NH2 atom of R14 and the O2P atom of A68 (green trace). (C)
The hydrogen bond distances between NH1 atom of R15 and the N7
atom of A73 (red trace) and between the NH2 atom of R15 and the O2
atom of U72 (blue trace) and the salt bridge between the NH2 atom of
R15 and the O1P atom of C44 (green trace). The scale on y axis is limited
to 20 A because the presented interactions form at distances below 3.5 A.
The data corresponding to all distance values on the y axis are shown in
Fig. S9 D; cf. Fig. 3 for all other details. To see this figure in color, go
online.

R8 and the O1P atom of U72 (green trace, Fig. 6 A). The
peptide was free of any interactions with the RNA at a dis-
tance of 40 A (t = 6.4 ns).

Overall, we observed the formation of unique interactions
in each pathway, including the formation of salt-bridging
and hydrogen-bonding interactions. Our observations sug-
gest that there is a network of salt bridges and hydrogen
bonds that was formed in each pathway, with the exception
of PW1, which had the smallest number of hydrogen bonds
and salt bridges formed in comparison with other pathways.
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Water dynamics in the binding pocket

Water is known to play a critical role in ligand recognition
(113) because ligand binding-unbinding may be accompa-
nied by loss or gain of water molecules in the binding
pocket. Therefore, we investigated the solvation of the bind-
ing pocket of the RRE RNA during peptide dissociation
along two pathways (PW1 and PW4). These pathways
were identified to have the highest and the lowest free-en-
ergy barriers, respectively, for dissociation of the peptide.
We sought to understand the role of water molecules and
their contribution to differences in the free-energy barriers
along these two pathways.

Before the dissociation process was initiated, we
observed around 40 water molecules around the peptide in
the binding pocket of the RRE RNA (Fig. S12). As the pep-
tide dissociated along PW 1, we initially observed a slow in-
crease in the number of water molecules (Nw) to 50 water
molecules, signifying the influx of water in the binding
pocket. Between t = ~0.65 and t = ~0.85 ns, the value
of Ny did not significantly change, which was also charac-
terized by the formation and further rupture of the hydrogen
bonds between the NH2 atom of the R8 amino acid and the
06 atoms of the G64 and U66 nucleotides (Fig. 3 A,
Fig. S12). At t = ~0.9, we observed a more rapid increase
in Ny that converged to ~110 water molecules at t =
~1.4 ns when the peptide dissociated from the binding
pocket (red trace, Fig. S12). We also noticed a small
decrease in Ny at t = ~1.05 ns that was coupled with the
interaction between the residues R&, R14, and R15 and
the RNA backbone (Fig. S10).

However, we observed a different solvation pattern of
the binding pocket in PW4 in comparison with PW1. Spe-
cifically, we initially observed desolvation of the binding
site because the Ny-value decreased to ~30 water mole-
cules until t = ~0.5 ns (blue trace, Fig. S12). This
decrease was coupled with the movement of the peptide
out of the binding pocket that led to water molecules mov-
ing out of the pocket because of the rearrangements in the
amino acids. Specifically, the R8 residue was dynamic and
moved in the binding pocket until the NH2 atom of R8
formed a hydrogen bond with the O6 atom of G64 (red
trace, Fig. 6 A). At t = ~0.5 ns, the Ny-values started
to increase, indicating the resolvation of the binding site
(blue trace, Fig. S12). The resolvation continued until
t = ~1.9 ns, when the main portion of the peptide escaped
the binding pocket, whereas the unstructured coil segment
of the peptide still remained in the binding pocket inter-
acting with the nucleotides (Figs. S7 and S12). After the
last amino acid escaped the binding pocket at t =
~3.2 ns, the binding pocket was fully solvated. Impor-
tantly, the final Nw-values for both pathways converged
to similar number of water molecules in the binding
pocket. Because we observed differences in the free-en-
ergy barriers of PW1 and PW4 during the earlier stage
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of dissociation of the peptide, the distinct water dynamics
in PW4, where the binding pocket initially desolvated
before resolvating, potentially contributed to a lower
free-energy barrier for peptide dissociation.

DISCUSSION

In this work, we have studied the dissociation mechanism of
the RSG-1.2 peptide from the RRE RNA along four distinct
pathways using nonequilibrium SMD simulations. Although
it has been previously proposed that the salt-bridging inter-
actions could be important for the recognition of this peptide
by the RRE RNA (83), there is no study on the binding-un-
binding mechanism of this peptide in the literature. We
observed the formation of unique salt-bridging and
hydrogen-bonding interactions in each pathway that form
in an ordered stepwise sequence in which the rupture of
one interaction led to the creation of another interaction.
We also estimated the free-energy profiles for each pathway
using the Jarzynski’s equality and observed distinct free-en-
ergy barriers in each pathway.

We observed the highest free-energy barrier of peptide
dissociation in PW1 (Fig. 2 B), which was coupled with
the displacement of the backbone atoms of the C44, U45,
and G46 nucleotides (Fig. S10). Moreover, we observed
only one salt bridge formed during dissociation in PW1
(Fig. 3 C; Table S2). The formation of this salt bridge be-
tween the R15 amino acid of the peptide and the U45 nucle-
otide of the RRE RNA was coupled with a weak recognition
of the peptide by the RNA. This pathway was also charac-
terized by a rapid solvation of the binding pocket (red trace,
Fig. S12).

Even though the overall process of dissociation in PW2
was somewhat similar to PW1, the free-energy barrier in
PW2 was smaller than in PW1 (Fig. S6, A and B). One of
the key differences between PW1 and PW2 was the interac-
tion between the R8 amino acid and the U66 nucleotide of
the RNA that ruptured at t = ~0.1 ns in PW2, as character-
ized by the van der Waals interaction energy, whereas the
rupture of the interaction between the R8 amino acid and
the U66 nucleotide only occurred at t = ~0.8 ns in PW1
(purple traces, Fig. S8, A and B). We also observed an addi-
tional salt bridge in PW2 that was formed between the NH2
atom of R15 amino acid and the O1P atom of C44 (red
trace, Fig. 4 C). This interaction was formed ~0.5 ns earlier
in PW2 in comparison with a similar type of interaction be-
tween the NH2 atom of R15 amino acid and the O1P atom of
U45 in PW1. The peptide passed in close proximity to the
C44 and U45 nucleotides in both pathways, and a faster
establishment of a salt-bridging interaction with an atom
from one of these nucleotides is important for the recogni-
tion of the RNA backbone for the peptide if it dissociates
along PW1 or PW2. The earlier rupture of the interaction
between the R8 amino acid and the U66 nucleotide as
well as a lack of displacement of the backbone atoms of



the C44, U45, and G46 nucleotides led to a decreased free-
energy barrier in PW2.

The pathways PW3 and PW4 had smaller free-energy
barriers in comparison with PW1 and PW2 (Fig. S6). It
should be noted that in PW3 and PW4, the peptide required
a longer time to dissociate in comparison with PW1 and
PW2, which was caused by additional interactions that
were forming between the flipped-out A68 nucleotide and
the peptide as it was dissociating (Fig. S7, C and D). These
interactions were not formed in PW1 and PW2 because the
peptide was dissociating in a direction away from the A68
nucleotide (Fig. S7, A and B). Moreover, the dissociation re-
action coordinate in PW3 and PW4 was free of any obsta-
cles, such as the atoms of the RNA backbone in the C44,
U45, and G46 nucleotides that were present in PW1 and
PW2. Thus, a decrease in the free-energy barriers in PW3
and PW4 was achieved by reducing any steric overlap or
the displacement of the atoms in the major groove of the
RNA. Therefore, these two pathways, PW3 and PW4, are
preferred in comparison with PW1 and PW2 due to lower
free-energy barriers for peptide dissociation (Fig. S6). We
also observed desolvation of the binding pocket (blue trace,
Fig. S12) during the initial stages of dissociation of the pep-
tide, which likely contributed to a lower free-energy barrier
in comparison with other pathways.

However, PW4 exhibited an even smaller free-energy bar-
rier of dissociation by ~7 kcal/mol in comparison with
PW3, meaning that the pathway PW4 is further preferred
over PW3. We also conducted umbrella sampling (114) sim-
ulations (see Supporting materials and methods, Methods)
to recompute the free-energy profile and determine the
free-energy barrier for dissociation of the peptide along
PW4 (Fig. S13). These results showed that the free-energy
barrier along PW4 was ~23.72 *= 1.46 kcal/mol, which
was comparable with the value (24.46 kcal/mol) that we
obtained using SMD simulations. We further tested the evo-
lution of the reaction coordinate along PW4 using the
swarms-of-trajectories string method (115) to verify that
PW4 was a reliable pathway (see Supporting materials
and methods, Methods). We computed the average root
mean squared deviation (RMSD) of the entire string across
each iteration as a measure of convergence of the string
(Fig. S14). The initial pathway generated using SMD
converged after 13 iterations, whereas the main fluctuations
in the string RMSD were primarily due to the motion of the
peptide in the bulk water (Fig. S14). Therefore, these addi-
tional tests indicate that the reaction coordinate along PW4
is reasonable and accurate for understanding thermody-
namics of dissociation of the peptide. We conducted um-
brella sampling and swarms-of-trajectories string method
calculations using the AMBER software package (116)
combined with the AMBER force field for RNA
(RNA.ROC) (90) and for the peptide (ff14sb) (91). Addi-
tionally, we note that the usage of rotational restraints im-
proves convergence of the free-energy profile (Fig. S15
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A); the usage of secondary structure restraints prevents the
unfolding of the peptide (Fig. S15 B), whereas the choice
of the ensemble used in SMD simulations does not signifi-
cantly affect the free-energy profile (Fig. S15 C).

The decrease in free-energy barrier in PW4 is likely a
result of the behavior of the R8 amino acid, which did not
form any stable interactions between ~0.5 and ~2 ns in
PW4 (Fig. 6 A) while it was forming stable hydrogen-
bonding interactions in that time range in PW3 (red and
blue traces, Fig. 5 A). This behavior of the R8 amino acid
was also reflected in the van der Waals interaction energies
(purple traces, Fig. S8, C and D), which showed that the RS
amino acid had stronger interactions with the U66 nucleo-
tide in PW3 in comparison with PW4.

By analyzing the salt-bridging and hydrogen-bonding in-
teractions in each pathway, we determined that R8, R14, and
R15 were the most critical amino acids for the recognition
of the peptide by the RRE RNA. Each of these amino acids
were involved in a complex network of salt bridges and
hydrogen bonds in PW2, PW3, and PW4 (Figs. 4, 5, and
6; Fig. S11). Moreover, these amino acids interacted with
the RNA nucleotides in a stepwise pattern in which the
rupture of existing interactions resulted in the formation
of new interactions with other nucleotides during the disso-
ciation process. PW3 and PW4 exhibited the formation of
additional hydrogen bonds and salt bridges in comparison
with PW1 and PW2, which resulted from the extended
dissociation timescales. Furthermore, we recomputed the
free-energy profile (Fig. S16) along PW4 by mutating
each of the three key arginine residues (R8, R14, and
R15) to alanine residues using the psfgen plugin in VMD
(95). These results showed a decrease in the free-energy bar-
rier on mutations of key arginine residues, indicating that
the peptide is significantly destabilized without interactions
of these residues with the RRE RNA, thereby supporting
their critical role in binding of this peptide.

In particular, we believe that the R8 amino acid was the
most critical amino acid in the least free-energy barrier
pathway PW4. Firstly, as mentioned before, the R8 amino
acid had decreased interactions with the nucleotides of the
RRE RNA between ~0.5 and ~2 ns, which led to a
decreased free-energy barrier in PW4. Secondly, after the
peptide dissociated from the initial binding pocket, the R8
amino acid was the only amino acid that was forming a sta-
ble interaction with the RNA nucleotide after ~3 ns. Specif-
ically, the NH2 atom of the R8 amino acid formed a salt
bridge with the O1P atom of the U72 nucleotide between
~3 and ~3.4 ns (green trace, Fig. 6 A). Thus, we hypothe-
size that for the reverse process of peptide binding along
PW4, the R8 amino acid will be the first amino acid to
form a stable interaction with the U72 nucleotide of the
RRE RNA.

Additionally, it is critical to note that the RSG-1.2 protein
was synthesized by mutagenesis from the Rev peptide (109)
that binds the RRE RNA during the HIV-1 replication
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process. One important mutation in that study was the mu-
tation of the arginine amino acid in the Rev protein at posi-
tion 9 to a proline amino acid. It was hypothesized that this
mutation resulted in a decrease in electrostatic contacts be-
tween the arginine amino acids in the N-terminus of the pep-
tide and could be potentially coupled with the increased
binding affinity to the RRE RNA (109). However, it was
not clear how the RSG-1.2 peptide recognized the RRE
RNA during the binding process and which amino acids
contributed the most to this process. In our work, we
observed that the R8 amino acid, which is located next to
the Rev protein at position 9 amino acid in the polypeptide
chain, formed stable hydrogen-bonding and salt-bridging in-
teractions in each pathway. The R8 amino acid also was the
last amino acid to interact with the RRE RNA during
the dissociation and thus could be the first to interact with
the RRE RNA during the binding process. Thus, the ability
of the R8 amino acid to form these interactions was rooted
in its flexibility that was coupled with the formation of
various interactions with the RRE RNA nucleotides and re-
sulted in the increased binding affinity and specificity with
the RRE RNA in comparison with the Rev protein.

CONCLUSIONS

The binding-unbinding of proteins or short peptides to RNA
is an important biophysical process that is poorly under-
stood. We used nonequilibrium cv-SMD simulations to
study the dissociation mechanism of a helical peptide along
four different pathways from the RRE RNA binding pocket
to obtain key insights into the peptide binding-unbinding
process and the recognition mechanism of this peptide. In
particular, we investigated the mechanistic details of each
pathway to identify interactions that are important for the
recognition of proteins and peptides. We analyzed the re-
sulting free-energy profiles and observed that the final
free-energy differences were 96.47 + 12.63 kcal/mol for
PWI1, 96.1 = 1095 kcal/mol for PW2, 91.83 =+
9.81 kcal/mol for PW3, and 92 =+ 11.32 kcal/mol for
PW4. Consistent with the similar initial (bound) and final
(unbound) states of the peptide in each pathway, the result-
ing free-energy differences (4G) are consistent among
different pathways. However, the free-energy profiles for
each pathway exhibited different magnitudes of the free-en-
ergy barriers for dissociation of the peptide, leading to the
observation that PW4 is the preferred pathway of dissocia-
tion. In addition, the peptide dissociation was coupled
with the formation of metastable states that resulted from
a network of salt bridges formed between the arginine
amino acids and the phosphate groups of the RNA backbone
as well as from the hydrogen bonding. Specifically, we iden-
tified that the RS, R14, and R15 amino acids were important
for the peptide recognition by the RRE RNA. Our results
also suggest the R8 amino acid to be the most critical amino
acid out of the three arginine amino acids because of its
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increased flexibility and the ability to form a primary or
terminal salt-bridging interaction with the U72 nucleotide
during the binding-unbinding process in PW4. These obser-
vations are potentially important for the recognition
mechanism between the RNA molecules and the proteins
and peptides that have charged amino acids. The simulation
scripts used to generate data in this work are available
in Appendices D and F of the doctoral thesis by Lev
Levintov (117).
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SUPPLEMENTAL METHODS
Umbrella sampling simulations

We also computed the free-energy profile of peptide dissociation along PW4 using umbrella sampling (US) simula-
tions to compare with the free-energy profile computed using cv-SMD simulations. In US simulations, the reaction
coordinate is divided into a series of continuous windows in which a harmonic “umbrella” potential is added in
addition to the force-field to bias the system and sample the conformational space limited to a given window. As
the initial states for each window, we used the snapshots from the SMD simulation that required the least amount
of work for peptide dissociation along PW4.

As a reaction coordinate, we used a distance collective variable which connected the C5 atom of the G47 nucleotide
and the center of mass of the peptide residues Gly11 through Ala22. This collective variable was aligned with

the vector of the pulling direction in PW4. The reaction coordinate was divided into 1 A intervals from the initial
binding pocket (r = 0 A) to the unbound state (r = 50 A). The bias potentials of each US window were set to 12 kcal
rnol_lg_2 and the width of each window was set to 2 A. We generated two independent data-sets of 50 windows
each, where each window was sampled for 10 ns.

We maintained the temperature and pressure at 310 K and 1 atm using the Langevin thermostat and the Berendsen
barostat, respectively. We applied restraints with k = 1000 kcal mol~!A~? to the phosphorous (P) atoms in the RNA
backbone to prevent the overall rotation and translation of the RNA molecule. We also applied restraints to the
atoms forming hydrogen bonds in the peptide residues Gly11 through Ala22 to maintain the secondary structure
of the peptide during the dissociation. Based on two independent datasets, the free-energy profile was constructed
using the weighted histogram analysis method (WHAM) software by the Grossfield lab (Fig. S13).2

Swarms-of-trajectories string method

We further used the swarms-of-trajectories string method (STSM) to test the reliability of the lowest free-energy
pathway (PW4). The STSM is a path-finding algorithm that can refine the previously identified transition pathway
by defining a string with a particular number of nodes or images from the original pathway which connect the
initial and the final states. These images are then reparameterized in a high-dimensional space of defined collective
variables, whose position is updated after each iteration. At first, a restrained simulation around the center of each
image is conducted to generate representative conformations before allowing a small change in this center to occur
in a series of free unrestrained simulation for the next iteration. The change in the center of each image is estimated
by averaging over the drifts of a number of short unbiased trajectories which start from the conformations gen-
erated using the constrained simulations. Thus, the iteration consists of a series of simulations with and without
restraints.

As the reaction coordinate, we used a distance collective variable which connected the C5 atom of the G47 nu-
cleotide and the center of mass of the peptide residues Gly11 through Ala22. This collective variable was aligned
with the vector of the pulling direction in PW4. As the initial states for 12 images in the string, we used 12 snap-
shots from the SMD simulation that required the least amount of work to be performed in PW4. We divided the
reaction coordinate in 2 A intervals fromr =0 A tor =22 A. For each image, we conducted 10 MD simulations,
each 100 ps long, in all 1000 ps simulation time per image per iteration. In total, we conducted 20 iterations per
image. We maintained the temperature and pressure at 310 K and 1 atm using the Langevin thermostat and the
Berendsen barostat, respectively. We applied restraints with k& = 1000 kcal mol~*A~2 to the phosphorous (P) atoms
in the RNA backbone to prevent the overall rotation and translation of the RNA molecule.

PMF of the mutated RSG-1.2 peptide

To test the effect of mutations on the stability of the RSG-1.2 peptide, we conducted additional cv-SMD simulations
by mutating each of the three key arginine residues (R8, R14, and R15) to an alanine residue. We energy minimized
the system via the steepest descent minimization for 1000 steps. We then briefly equilibrated the volume of the
simulation domain via a 500 ps long MD simulation in the NPT ensemble with a 2 fs timestep. We used the coordi-
nates from the end of this MD simulation for subsequent cv-SMD simulations (10 simulations in total) in the NPT

ahttp://membrane.urmc.rochester.edu/?page_id=126
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ensemble. The parameters and settings for these cv-SMD simulations were identical to the cv-SMD simulations
conducted along the reaction coordinate for PW4. The resulting free energy profile is presented in Fig. S16.

SUPPLEMENTAL RESULTS
Effect of restraints and ensemble on the free energy profiles

In our work, we applied rotational restraints to prevent the peptide from rotating while it dissociates, which im-
proved the convergence of the free-energy profile. At first, we conducted 350 cv-SMD simulations along each
pathway without the application of rotational restraints. In Fig. S15A, we show the free-energy profiles along PW4
based on 350 cv-SMD simulations without the rotational restraints (red trace) and based on 75 cv-SMD simulations
with the rotational restraints (blue trace). When rotational restraints were not applied, the free-energy profile did
not converge (Fig. S15A). Additionally, we observed that the free-energy profile of simulations without rotational
restraints resulted in a higher free-energy difference in comparison to the free-energy profile of simulations with
rotational restraints. Thus, when rotational restraints were applied, the free-energy profile converged faster than
without rotational restraints.

We also applied secondary structure restraints to prevent the peptide from unfolding during the cv-SMD simu-
lations. If the secondary structure restraints were not applied, the peptide would unfold due to the pulling force
experienced in cv-SMD simulations. Thus, the peptide unfolding would result from the unbinding forces and not
from the natural forces of interaction with the RRE RNA or water molecules. We show this unphysical behavior in
snapshots from a cv-SMD simulations along PW1 (Fig. S15B).

We further tested the effect of choice of ensemble on the free energy profile along PW4. Specifically, we conducted
30 cv-SMD simulations along PW4 in the NVT ensemble with the same set of parameters and settings as in the
cv-SMD simulations with the NPT ensemble except for the ensemble settings. We present the resulting free-energy
profile based on the NVT and NPT ensembles in Fig. S15C. We observed that the final free-energy difference be-
tweenr =0 A and r =50 A in the NVT ensemble was 95.44 + 13.04 kcal/mol which was comparable to the final
free-energy difference in the NPT ensemble of 92 & 11.32 kcal/mol (Fig. S15C). Thus, the final free-energy differ-
ences were similar and the effect of ensemble choice was minimal.
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Table S1. Details on all simulation systems. The simulation details on all four pathways (PWs) are presented,
including the dimensions of the simulation domain of each system (column labeled system dimensions), number of
atoms (column labeled system size), pulling distance, simulation time of a single run, and the number of runs. The
system size is slightly distinct in each pathway due to the initial reorientation of the RNA-peptide complex and
resolvation.

PW system dimensions system size (atoms) pulling distance (A) time/run (ns) # runs

1 68Ax84Ax126A 63919 80 13 75
2 65Ax79A x133A 61171 80 13 75
3 64A x84 AXx129A 61618 80 13 75
4 70A x83A x130A 66511 80 13 75
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Table S2. Details on salt bridging interactions. The details on the atom of the amino acid (Peptide) and the atom of
the nucleotide (RNA) that participate in salt bridging interactions are presented for each pathway (PW).

PW Peptide RNA
1 NH2/R15 O1P/U45
NH1/R8 O1P/G48

NH2/R14 O2P/A68

2 NH2/R15  O2P/U45
NHI/R15  O1P/C4d
NF2/R8 O2P/A68
3 NH2/R14  O2P/A68
NH2/R15  O2P/GA2
NTI1/R8 O1P/U72
A NH2/R14  O2P/A68

NH1/R14 O1P/C69
NH2/R15 O1P/C44
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Figure S1. System setup: Shown are the side-views of the simulation domains along (A) pathway 1 (PW1), (B)
pathway 2 (PW2), (C) pathway 3 (PW3), and (D) pathway 4 (PW4). In each snapshot, RNA is represented as a
green cartoon; peptide as a purple cartoon; water molecules as gray points; and the bounding box in gray. The
arrow in each panel indicates the reaction coordinate for each pathway that was used to conduct non-equilibrium
cv-SMD simulations.
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Figure S2. The reaction coordinates (r) and the unbinding force profiles (A) The center-of-mass (COM)
trajectories of the peptide are shown in unique colors for PW1 (red), PW2 (cyan), PW3 (orange), and PW4( blue).
The black solid lines represent the actual r; the dark dotted lines represent the average trace across 75 trajectories
for the corresponding PW; and the lighter shaded lines represent all SMD trajectories for the corresponding PW. (B)
The unbinding force profiles are shown in unique colors for PW1 (red), PW2 (cyan), PW3 (orange), and PW4 (blue)
with the average force traces (darker solid lines) and standard deviations (lighter shades).
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Figure S3. Force convergence data: Shown are the distributions of AForce values, defined as a difference between
zero and the actual force value after the average force profile converged to zero for (A) PW1, (B) PW2, (C) PW3,
and (D) PW4. The AForce values were measured after a distance of 40 A along the reaction coordinate. See also

Fig. S2B.
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Figure S4. Non-equilibrium work profiles: The non-equilibrium work values obtained from 75 independent
cv-SMD simulations for (A) PW1, (B) PW2, (C) PW3, and (D) PW4. The lower work values are indicated in blue

traces and the higher work values in red traces.
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Figure S5. Distributions of the final work values: The histograms of all final work values during cv-SMD
simulations are shown with a best-fit distribution line for (A) PW1, (B) PW2, (C) PW3, and (D) PW4.
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Figure S6. The free-energy and the corresponding first-order derivative profiles: A zoomed view of each

free-energy profile (left) and the corresponding first-order derivative profile (m; right) computed every 100 points
for r values between 0 A and 15 A are shown for (A) PW1, (B) PW2, (C) PW3, and (D) PW4. The fluctuations of the
first-order derivatives are shown in light shaded colors. The free-energy barriers (indicated by ) and metastable
states (indicated by M) are also shown and labeled.
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Figure S7. Dissociation pathways: Shown are the snapshots of the peptide (cyan tube with key amino acids
highlighted) dissociating from the RRE RNA (gray cartoon) from the least work cv-SMD simulation for (A) PW1
(red), (B) PW2 (cyan), (C) PW3 (orange), and (D) PW4 (blue).
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Figure S8. Van der Waals interaction energies: Shown are the time traces of the van der Waals interaction energy
computed between the following amino acid - nucleotide pairs: the Arg8 (R8) amino acid and the U66 nucleotide
(purple); the Argl5 (R15) amino acid and the U72 nucleotide (orange); the Argl7 (R17) amino acid and the A68
nucleotide (yellow); the Argl8 (R18) amino acid and the A68 nucleotide (brown). The energies were computed

from the simulation with the least work in (A) PW1, (B) PW2, (C) PW3, and (D) PW4. Data after 4 ns are truncated
due to the convergence to zero of each van der Waals energy trace.
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Figure S9. Key interatomic distance traces along each pathway: Shown are the traces of distances for each
pathway (panel A, PW1; panel B, PW2; panel C, PW3; and panel D, PW4) corresponding to which data are
presented in Figs. 3-6, where the y-axis scale is limited to 15 A (Figs. 3 and 4) or 20 A (Figs. 5 and 6).
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Figure S10. Snapshots from PW1: Shown are the snapshots of the peptide (cyan tube with key amino acids
highlighted) dissociating from the RRE RNA (gray cartoon) from the lowest work simulation of PW1. Three
nucleotides (U44, U45, and G46) which interact with the peptide through the atoms in the backbone are each
shown in a stick representation. The color scheme is the same as in Fig. 1B.
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PW2

Figure S11. Networks of salt bridging and hydrogen bonding interactions: Shown are the snapshots of the
peptide (cyan tube with key amino acids highlighted) dissociating from the RRE RNA (white cartoon) and forming
a network of salt bridging and hydrogen bonding interactions from the least work cv-SMD simulations in (A) PW2,
(B) PW3, and (C-D) PW4. Each amino acid, each nucleotide or an atom that participate in hydrogen bonding or salt
bridging interactions (marked by a dashed line), are uniquely colored. The color scheme is the same as in Fig. 1B.
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Figure S12. Solvation mechanism of the binding pocket: Shown are the time traces of the number of water
molecules (N ) solvating the binding pocket of the RRE RNA along PW1 (red) and PW4 (blue). The side-view
snapshots are also shown of the solvation of the binding pocket at various time-points along each pathway. The
RRE RNA is represented as a white surface, the peptide as a cyan cartoon, and the oxygen atoms of the water
molecules as red spheres.
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Figure S13. Umbrella sampling calculations for PW4. The free-energy profile along PW4 based on umbrella
sampling simulations is shown along with the free-energy barrier (red circle) and the error bars (blue). The barrier

calculated from the umbrella sampling calculations was 23.72+1.46 kcal/mol at ~4 A which is comparable to the
free energy barrier of 24.46-+2.08 kcal/mol at ~3.8 A that we have identified using cv-SMD simulations for PWA4.

516



Supplemental Information

avg-string-RMSD (A)

0 5 10 15 20
iterations

Figure S14. Convergence of the string. The average RMSD of the entire string for each iteration is shown for the
application of the strong method to PW4. (inset) Shown are two side-view snapshots of the RNA (green cartoon)
with the initial positions of the images on the string (red spheres) and the positions of the images at the final
iteration (blue spheres). The cv-SMD pathway and the converged pathway from the string method only differ
marginally in the bulk solvent.
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Figure S15. Effect of restraints and ensemble on PMF: (A) The free-energy profiles along PW4 are shown for a
system without rotational restraints (red) and with rotational restraints (blue). (B) Shown are the side-view
snapshots of dissociation of the peptide along PW1 in the absence of secondary structure restraints. The RNA is
represented as a green cartoon and the peptide is shown in a cartoon representation at various time-points during
the simulation (red, beginning; blue, end); water molecules are shown as gray points. The black arrow indicates the
cv-SMD reaction coordinate. (C) The free-energy profiles along PW4 based on simulations conducted in the NVT
(red) and NPT (blue) ensembles are shown.
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Figure S16. The free-energy profile of the mutated peptide: A comparison of the free-energy profiles is shown
along PW4 for the RSG-1.2 peptide (blue trace) and its mutant peptide (red trace) with triple alanine mutations in
three key arginine residue (R8, R14, and R15).
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