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Abstract

It is important to determine the binding pathways and mechanisms of ligand molecules to target
proteins to effectively design therapeutic drugs. Molecular dynamics (MD) is a promising
computational tool that allows us to simulate protein—drug binding at an atomistic level. However,
the gap between the time scales of current simulations and those of many drug binding processes
has limited the usage of conventional MD, which has been reflected in studies of the HIV
protease. Here, we have applied a robust enhanced simulation method, Gaussian accelerated
molecular dynamics (GaMD), to sample binding pathways of the XK263 ligand and associated
protein conformational changes in the HIV protease. During two of 10 independent GaMD
simulations performed over 500-2500 ns, the ligand was observed to successfully bind to the
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protein active site. Although GaMD-derived free energy profiles were not fully converged because
of insufficient sampling of the complex system, the simulations still allowed us to identify
relatively low-energy intermediate conformational states during binding of the ligand to the HIV
protease. Relative to the X-ray crystal structure, the XK263 ligand reached a minimum root-mean-
square deviation (RMSD) of 2.26 A during 2.5 s of GaMD simulation. In comparison, the ligand
RMSD reached a minimum of only ~5.73 A during an earlier 14 15 conventional MD simulation.
This work highlights the enhanced sampling power of the GaMD approach and demonstrates its
wide applicability to studies of drug—receptor interactions for the HIV protease and by extension
many other target proteins.
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Ligand binding to the HIV protease

Understanding the binding pathways and mechanisms of small molecule ligands to target
proteins is important for the discovery and development of effective drugs.1=3 The HIV
protease is a retroviral aspartyl protease that plays a crucial role in the HIV life cycle.* The
protease cleaves synthesized polyproteins, e.g., Gag and Gag-Pol, to create protein subunits
of an infectious mature HIV.® Therefore, the HIV protease has served as one of the major
drug targets for the treatment of AIDS. Numerous X-ray crystal structures of the HIV
protease have been determined over the past 30 years.5 More than 100 inhibitors that
interfere with the protein functions have been identified.’-® Structural dynamics of the
protease in the ligand-free (apo) and ligand-bound (holo) forms have also been extensively
studied.®-11 However, the mechanisms of ligand binding and the correlations with protein
conformational changes remain poorly understood.

The structure of HIV protease is a homodimer with C, symmetry. Two glycine-rich loops,
called “flaps”, which are highly dynamic, play an integral role in gating access of the ligands
to the active site (Figure 1A).% Three major conformations of the flaps were identified:
“open”, “semi-open”, and “closed”. Both experimental and computational studies suggested
that the apoprotein predominantly adopts the “semi-open” conformation, while the
holoprotein exhibits the “closed” conformation.12-14 The orientation of the flaps is defined
as handedness. There are two handedness states, semi-open and closed, which are correlated
with the apo and holo forms of the protein, respectively.1115 Because the flap conformation
and handedness of the HIV protease are distinct between the apo-and holoprotein forms,
large-scale conformational transitions of the protein are expected during ligand binding. In
addition, we chose XK263 as a sampling ligand. In particular, the cyclic urea compound
XK263 has been identified as a small, fast, and tight binder of the HIV protease with high
hydrophobicity.16 The 4y, and Ky of XK263 are ~10° M~1 s71 and ~1079 M (approximately
-11 kcal/mol), respectively.1’
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Because ligand binding to proteins typically occurs on microsecond to millisecond time
scales, Brownian dynamics simulations with coarse-grained models have been widely
applied in computational studies.18-1° However, this model has not been able to capture
ligand binding and protein conformational changes at the atomistic level. Recently,
remarkable advances in both available computational power and the development of the
underlying techniques required to make effective use of new technologies offering this
computational power have enabled all-atom molecular dynamics (MD) simulations of
protein—ligand association processes.29-25 MD simulations utilizing these technologies have
been able to successfully capture the ligand binding processes that start from initial diffusion
in the solvent to entry into the binding pocket and finally binding to the target site of the
protein kinases and G-protein-coupled receptors (GPCRs).20:21.26

Conventional MD (cMD) simulations have also been applied to study association of the
ligand to the HIV protease, which have shown that switches of the hydrogen bonds and
different chemical properties of the ligands play important roles in the ligand binding
process.16:27 However, even a 14 s cMD simulation could not reproduce the final bound
conformation of XK263.16 Compared with the X-ray crystal structure, the ligand reached a
minimum root-mean-square deviation (RMSD) of 5.73 A. The deficiency may result from
both the lack of effective sampling power and the short time scale, from a biological
perspective, of the cMD simulation. Moreover, the insufficient sampling precludes free
energy calculations of the ligand binding intermediate states. Therefore, enhanced sampling
is needed to obtain a more complete picture of the protein-ligand binding process.

To achieve both unconstrained enhanced sampling and energetic reweighting for free energy
calculations of large biomolecules like proteins, Gaussian accelerated MD (GaMD) has been
developed by applying a harmonic boost potential to smooth the biomolecular potential
energy surface.25 GaMD greatly reduces the energy barriers and accelerates conformational
transitions and ligand binding by orders of magnitude.22:28:29 Moreover, because the boost
potential follows a Gaussian distribution, the original free energy profiles of biomolecules
can be recovered through a cumulant expansion to the second order.2> GaMD solves the
energetic reweighting issue as encountered in the previous accelerated MD (aMD) method.30
It allows us to quantitatively characterize conformational changes in complex biomolecules,
including the fast-folding proteins, 231 GPCRs,28 and CRISPR-Cas9 (clustered regularly
interspaced short palindromic repeats-CRISPR-associated protein 9).2° Compared with other
enhanced sampling methods such as metadynamics32 and adaptive biasing force (ABF),33
GaMD does not require predefined collective variables, which is advantageous for studying,
among other things, the complex protein-ligand binding process.?®

In this study, GaMD was applied to simulate ligand binding to the HIV protease.
Microsecond-time-scale GaMD simulations provided significantly improved sampling
compared with that of the cMD simulations. The entire pathways for association of XK263
with the HIV protease were successfully simulated, and several key intermediate states were
also identified during ligand binding using GaMD. Correlations between the ligand motions
and conformational changes of the HIV protease were further examined. Although GaMD-
derived free energy profiles were not fully converged because of insufficient sampling of the
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complex system, the simulations still allowed us to characterize key ligand binding
intermediates and overall protein structural dynamics.

celerated Molecular Dynamics

Gaussian accelerated molecular dynamics (GaMD) enhances the conformational sampling of
biomolecules by adding a harmonic boost potential to reduce the system energy barriers.
Details of the method have been described in previous studies,2>3! and a brief summary is
provided here. When system potential Wr) is lower than a reference energy £, the modified
potential V*(r) of the system is calculated as

Vx(r)=V({@)+ AV(r) 1)

1. 2
AV(r) = 2k[E Vi)l Vir) < E

0 V)2 E

where kis the harmonic force constant. The two adjustable parameters £and & can be
determined on the basis of three enhanced sampling principles.2® The reference energy
needs to be set in the following range:

1
Vmax <EZ Vmin + k (2)

where Vpin and Vipax are the system minimum and maximum potential energies,
respectively. To ensure that eq 2 is valid, & has to satisfy the equation A< 1/(Vinax = Viin)-
Let us define K= A[1/( Vinax = Vmin)l, then 0 < kg < 1. The standard deviation of AV needs
to be small enough (i.e., narrow distribution) to ensure proper energetic reweighting:34 o/
= KE - Vayg)oy< op, Where Vg and o are the average and standard deviation of the
system potential energies, respectively, and op/is the standard deviation of A Vwith oy as a
user-specified upper limit (e.g., 10kg 7) for proper reweighting. When E'is set to the lower
bound £= V5« according to eq 2, kg can be calculated as

— mi N ol %) max min
ko = min (10, ko) = min 10, G_V X VT (3)

max avg

Alternatively, when the threshold energy £is set to its upper bound £= Vi + 1/k; Ay is set
to
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if k; is found to be between 0 and 1. Otherwise, A is calculated using eq 3.

For energetic reweighting of GaMD simulations, the probability distribution along a selected
reaction coordinate A(r) is written as p*(A), where r denotes the atomic positions {r, ...,
ra}. Given the boost potential AW(r) of each frame, p*(A) can be reweighted to recover
canonical ensemble distribution, p(A), as

SAV(r)
(e >j

T (p o (A RVD)

PA)=p*(A) j=1,...M (5)

where M s the number of bins, 8= kg 7, and (e#2Y()(is the ensemble-averaged Boltzmann
factor of AW(r) for simulation frames found in the j#th bin. To reduce the energetic noise, the
ensemble-averaged reweighting factor can be approximated using cumulant expansion:3°:36

BAV\ _ SV
(e"7) = exp z:_kvck (6)
K=1

where the first three cumulants are given by

Cl = <AV> (7)
C,=(AVH) —(AVY =06,
Cy = (AV?) = 3(AVA(AV) +2(AV)’

When the boost potential follows a near-Gaussian distribution, cumulant expansion to the
second order (or “Gaussian approximation™) provides an approximation for free energy
calculations.3* The reweighted free energy AA) = —kg TIn p(A) is calculated as

2

k
F(A)=F % (A) — %kzl %Ck +F, (8)

where F*(A) = —kg T In p*(A) is the modified free energy obtained from a GaMD simulation
and £ is a constant.
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System Setup

The X-ray crystal structure of the apo HIV protease was taken from Protein Data Bank
(PDB) entry 1HHP (2.70 A resolution).6 The XK263 ligand was extracted from the 1HVR
X-ray structure of the HIV protease (1.80 A resolution).8 To simulate the ligand binding
process, the XK263 ligand was initially placed ~20 A from the active site of apo HIV
protease (see Figure 1B). The Amber FF99SB and general Amber force field (GAFF) were
applied to the HIV protease and XK263, respectively.3”38 CI~ jons were added to neutralize
the system using the ion parameters developed by Joung and Cheatham.39 Energy
minimization was performed on the hydrogen atoms, protein side chains, and the entire
system for 500, 5000, and 5000 steps, respectively. The structure was then solvated in a
rectangular box of TIP3P water molecules with ~12 A between the box edge and the solutes.
40 periodic boundary conditions were applied for the simulation system, and long-range
electrostatics were accounted for using the particle mesh Ewald summation method.4!

Simulation Protocol

The Amber 14 package with an efficient GPU implementation of GaMD?254243 was applied
for simulation of the HIV protease. Bonds containing hydrogen atoms were restrained with
the SHAKE algorithm,*4 and a 2 fs time step was used. The Langevin thermostat with a
damping constant of 2 ps~ was also used to maintain a temperature of 300 K. Electrostatic
interactions were calculated using the particle mesh Ewald summation*! with a direct space
cutoff of 12.0 A. The simulation started with gradual heating of the complex system to 50,
100, 150, 200, 250, and 300 K for 10 ps at each temperature. To ensure that the system
reached equilibrium, a 20 ns cMD simulation was further performed at 300 K with the
isothermic—isopressure (APT) ensemble.

The GaMD simulation proceeded with a 10 ns short cMD simulation to collect the potential
statistics (e.g., the maximum, minimum, average, and standard deviation values of the
system potential) for calculating the GaMD acceleration parameters, a 50 ns equilibration
after adding the boost potential, and finally 10 independent GaMD production runs with
randomized initial atomic velocities. The GaMD simulation was performed at the “dual-
boost” level by setting the reference energy to the lower bound, i.e., £= Vipax.2> One boost
potential is applied to the dihedral energetic term and another to the total potential energetic
term. The average and standard deviation of the system potential energies were calculated
every 200000 steps (400 ps). The upper limit of the boost potential standard deviation, oy,
was set to 6.0 kcal/mol for the dihedral and total potential energetic terms. A list of GaMD
production runs with 500-2500 ns durations (total of ~13.8 /s) is provided in Table 1.
Simulation frames were saved every 0.1 ps for further analysis.

Simulation Analysis

CPPTRAJ% and VMD*6 were used to analyze the GaMD simulation trajectories. Because
ligand binding triggers major conformational changes mainly in the two flaps of the HIV
protease based on the X-ray structures®8 and previous studies,}1-16 RMSDs were calculated
for the two protein laps (residues Lys43-Tyr59) and the diffusing XK263 ligand relative to
the 1HVR PDB structure of the holo HIV protease (Figure 1A). The dihedral angle of the
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C, atoms of the Tyr59-Gly51-Gly51’-Tyr59" motif was also calculated to characterize the
protein flap handedness.

The PyReweighting34 toolkit was used to reweight the GaMD simulation to compute the
potential of mean force (PMF) profiles. A bin size of 1 A was used for the RMSDs and 6°
for the dihedral angle. The cutoff was set to 500 frames for the PMF calculations. Two-
dimensional (2D) PMF profiles were obtained for binding of ligand to the HIV protease
regarding the ligand RMSD versus the protein flap RMSD and handedness, and the protein
flap handedness versus the flap RMSD (Figures 2-4).

Binding of the XK263 ligand molecule to the active site of the HIV protease was observed
in two 2500 ns GaMD production trajectories (“Sim1” and “Sim2” in Table 1), during which
the minimum RMSD of the diffusing ligand relative to the X-ray structure reached <3 A.
Meanwhile, the HIV protease underwent large-scale conformational changes. The protein
flaps switched from the semi-open conformation in the apo form to the closed conformation
in the holo form and visited distinct intermediate conformational states during ligand
binding. In the other eight GaMD production trajectories (“Sim3” to “Sim10” in Table 1),
the XK263 ligand bound to other regions of the protein (including the “front”, “left”, and
“right™), being consistent with observations obtained from previous Brownian dynamics and
MD simulations.18:27:47 No complete ligand binding to the protein active site was observed
in these eight GaMD trajectories, and the minimum ligand RMSDs were >3 A (see the
ligand pathways and RMSD plots in Figure S1). Because we aimed to determine the
complete ligand binding pathways, the “Sim1” and “Sim2” GaMD trajectories were used for
further analysis.

Ligand Pathways

During the “Sim1” GaMD trajectory, starting from free diffusion in the solvent (unbound
state) (Figure 1B), the XK263 ligand molecule first attached to one of the two protein flaps
within ~20 ns, entered the protein binding site, and induced the protein flaps to open near
~600 ns. Then, the two protein flaps spent ~1400 ns in rearranging their conformations, with
large fluctuations in the RMSDs of both protein flaps and ligand during ~600-2000 ns
(Figure 1C). Finally, the two protein flaps changed back to the closed conformation and
locked the ligand molecule at the protein active site (Figure 1C and Movie S1). Relative to
the 1HVR X-ray structure, the ligand reached a minimum RMSD of 2.26 A near ~2000 ns
(Figure 1D).

A similar pathway of ligand binding to the active site of the HIV protease was observed in
the “Sim2” GaMD trajectory (Figure 1E and Movie S2). The RMSD of the ligand relative to
the 1HVR X-ray structure approached a minimum of 2.74 A near ~720 ns in “Sim2” (Figure
1F). However, the two protein flaps opened in “Sim2” for a significantly shorter period of
time (~250 ns) before closing back to the ligand-bound conformation than in “Sim1” (~1400
ns). The protein flaps also underwent a smaller conformational change in “Sim2” with an
RMSD of <8 A (Figure 1F), compared with an RMSD of <15 A in “Sim1” (Figure 1D).
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Protein Conformational Changes

As shown in Figure 2A, a 2D PMF profile was calculated with regard to RMSDs of the two
protein flaps and the XK263 ligand relative to the 1HVR X-ray structure by combining the
“Sim1” and “Sim2” GaMD trajectories. Four low-energy conformational states, including
the unbound (“U”), intermediate-1 (“I-1"), intermediate-2 (“I-2"), and bound (“B”) states,
were identified from the PMF profile. Figure S2 shows distribution anharmonicity of AV of
frames found in each bin of the 2D PMF, along with the reweighted PMF profiles obtained
through cumulant expansion to the first, second, and third orders. Overall, the AV
anharmonicity is close to zero (Figure S2A), justifying the use of Gaussian approximation or
cumulant expansion to the second order for energetic reweighting (Figure 2A). In
comparison, the PMF profile obtained with cumulant expansion to the third order appeared
to be too noisy with free energy values of <20 kcal/mol (Figure S2D). Additionally, we
calculated 2D PMF profiles for each individual GaMD trajectory (Figure S3), as well as all
10 GaMD trajectories combined (Figure S4). PMF profiles of the individual GaMD
trajectories exhibited significant differences, largely because of the different ligand pathways
and protein flap dynamics depicted in Figure S1. Nevertheless, the four unbound,
intermediate-1, intermediate-2, and bound states identified in Figure 2A remained as low-
energy wells in the 2D PMF profile obtained by combining all 10 GaMD trajectories.
Therefore, although the presented free energy profiles were still not converged because of
insuficient sampling of the complex system, the GaMD simulations allowed us to identify
the low-energy states mentioned above. Furthermore, the conformational transition from the
unbound to the intermediate states exhibited a free energy barrier higher than the transition
between the intermediate and bound states (Figure 2A and Figure S4).

In the unbound state, the HIV protease adopted the “semi-open” conformation, which is the
same as in the protein apo form (Figure 1B). Compared to the 1HVR X-ray structure,
RMSDs of the two protein flaps and the XK 263 ligand were ~2.9 and ~24.3 A, respectively,
in the unbound state (Figure 2A). When the ligand bound to the active site, the flaps changed
to the “closed” conformation (Figure 2D). Furthermore, two key intermediate conformations
“1-1” and “I-2” of the HIV protease are shown in panels B and C of Figure 2, respectively. In
intermediate “I-1”, both protein flaps were widely open with an ~11.1 A RMSD and the
XK263 ligand moved toward one of the two flaps with an ~12.7 A RMSD (Figure 2A,B).
The flank rings of the XK263 ligand formed nonpolar interactions with hydrophobic
residues, including Val32’, 11e47’, 11e50", Pro81’, and Val82’, in the protein flap. In the
“1-2” intermediate, a flap tended to close, while the other flap remained fully open as in the
“1-1” conformation (Figure 2C). A hydrogen bond was formed between the oxygen atoms of
XK263 and residues Asp25” and 1le50” to further stabilize the protein-ligand interactions.
At this stage, RMSDs of the XK263 ligand and the two protein flaps became ~8.6 and ~13.0
A, respectively (Figure 2A).

To study the handedness of the two protein flaps in the HIV protease, we define a
“handedness dihedral” as the dihedral angle formed by the C, atoms of the Tyr59-Gly51-
Gly51’-Tyr59” motif. In the X-ray structures, the handedness dihedral of the apo HIV
protease is 123.87° and that of the holoprotein —97.09° (Figure 3B). Hence, the positive and
negative dihedrals represent conformations of the protein semi-open and closed handedness,
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respectively. Figure 3A shows a 2D PMF calculated for the protein flap handedness versus
the flap RMSD. Three low-energy conformational states of the protein flaps were identified,
including the “semi-open flaps with semi-open handedness”, “closed flaps with closed
handedness”, and “fully open flaps” states. In the apo form, the protein adopted the semi-
open flaps with semi-open handedness state, for which the flap RMSD is ~3 A and the
handedness dihedral is ~125° (Figure 3C). Then, the protein flaps visited the fully open
state, for which the flap RMSD increased to ~12 A and the handedness dihedral is within a
range of 0-60° (Figure 3E). This state corresponds to the “I-1” and “I-2” intermediates
shown in Figure 2. The fully open protein flaps allowed the ligand to rearrange its
conformation in a large space. Finally, the closed flaps with closed handedness were found
in the ligand-bound (holo) protein, in which the flap RMSD was found within the range of
2.5-5 A and the handedness dihedral angle shifted to approximately —155° to —-95° (Figure

3D).

Correlations between Ligand Binding and Protein Conformational Changes

A 2D PMF profile of the ligand RMSD versus protein handedness dihedral was calculated to
examine the correlation between ligand binding and handedness changes of the HIV
protease. In addition to the unbound, bound, and intermediate “I-1” and “I-2”
conformations, the PMF calculation revealed another low-energy intermediate “I-3” state
(Figure 4A). In the “1-3” state, the XK263 ligand reached the target site, being quite similar
to the final 1IHVR X-ray crystal conformation with an RMSD of only ~4.8 A. However, the
handedness dihedral of two protein flaps in intermediate “1-3” was ~160°. The flaps
remained in the “semi-open” handedness state as in the ligand-unbound (apo) protein
(Figure 4E). In contrast, the flap handedness dihedral was approximately —155° to —95° in
the “closed” ligand-bound state (Figure 4B). When the protein flaps are open, the
handedness dihedral is ~10° and ~30° in the intermediate “I-1” (Figure 4C) and “1-2”
(Figure 4D) states, respectively. Figure S5 also depicts front views of the protein in the
intermediate and ligand-bound states. These results suggest correlations between ligand
binding and large-scale conformational changes of the HIV protease.

DISCUSSION

In this study, long-time-scale GaMD enhanced simulations were performed for 2500 ns to
successfully sample ligand binding pathways and correlated conformational changes of the
HIV protease. GaMD provided significantly enhanced sampling compared with that of cMD
simulations. Figure S6 plots the RMSDs of the XK263 ligand relative to the IHVR X-ray
crystal conformation obtained from a previous ~14000 ns Anton cMD simulation® and two
2500 ns GaMD simulations (“Sim1” and “Sim2” listed in Table 1). Relative to the X-ray
crystal structure, the XK263 ligand reached a minimum RMSD of 2.26 A during 2500 ns
GaMD simulations. In comparison, the ligand RMSD reached a minimum RMSD of only
5.73 A during the Anton simulation. This was already captured during the initial 200 ns
GaMD trajectories as shown in the inset of Figure S6.

The 2D PMF plots derived from the GaMD simulations showed that the association of the
XK263 ligand with the HIV protease involved several key steps. In the ligand-free state, the
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protein adopted semi-open flaps with semi-open handedness, as described in the apoprotein
crystal structure. Next, the ligand anchored to one of the protein flaps via strong
hydrophaobic interactions, inducing conformational changes in the protein. The two protein
flaps were able to open and close in intermediate conformational states to allow the ligand to
move in, accompanying switches of the flap handedness orientations. The magnitude of flap
motions could vary as observed in the GaMD simulations presented here. Finally, the
XK263 bound to the active site and the HIV protease changed to the closed ligand-bound
conformation. The conformational transition between the unbound and intermediate states
exhibited the highest free energy barrier (Figure 2A and Figure S4) and thus appeared to be
the rate-limiting step during association of the XK263 ligand, although the anisotropic
diffusion of the flexible flaps and other factors could affect the ligand binding rate, as well.#8
The binding mechanism of the XK263 obtained from the GaMD simulations is consistent
with those from previous cMD studies;16:27 i.e., an induced-fit model is more suitable for
describing binding of XK263 to the HIV protease than a conformational-selection
mechanism is.16:49

Because of the limited time scale and sampling power, the previous cMD simulations did not
capture the final ligand-bound state. The ligand was trapped in the low-energy wells, such as
the intermediate “I1-3” state in Figure 4. In comparison, the GaMD simulations achieved
complete sampling of the XK263 binding process, during which the ligand reached the
active site with a <3 A RMSD compared with the IHVR X-ray structure of the HIV
protease.8 Furthermore, the GaMD simulations allowed us to characterize low-energy
intermediate conformational states of the HIV protease during binding of the XK263 ligand.
However, it is important to note that only two ligand binding events were captured in the
HIV protease even with the GaMD enhanced sampling and the simulation-derived free
energy profiles were not converged. Refining the free energy profiles and achieving
sampling convergence are subject to future developments in the computing power and
methodology.

Although the XK263 ligand has been considered as a small and fast binder of the HIV
protease, computer simulations of the ligand association paths are still very challenging.
Compared to the protein kinases or GPCRs, for which the ligand binding paths may be well-
defined,20-21 the HIV protease binders could approach the protein active site from many
different directions. The complete ligand binding to the HIV protease involves not only large
conformational changes of the protein flaps between the open and closed states but also
motions in the flap handedness orientations. This makes sampling of the entire ligand
binding process difficult. Because the XK263 molecule is a hydrophobic ligand, the main
driving force for its association is nonpolar interaction. Few formations and breaks of
hydrogen bonds among the ligand, protein, and solvent molecules were detected during the
simulations. However, the binding mechanism might be different for polar ligands of the
HIV protease.18 Therefore, simulations of different binders and various protein systems will
be needed in the future to gain a complete picture of protein-ligand binding mechanisms.
GaMD simulations presented here will be useful for guiding future studies of drug—receptor
interactions.

Biochemistry. Author manuscript; available in PMC 2018 April 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Miao et al.

Page 11

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding

This work was supported by the National Science Foundation (Grant MCB1020765), the National Institutes of
Health (Grants GM31749 and P41 GM103426), the American Heart Association (Grant 17SDG33370094), and the
San Diego Supercomputer Center. Y.M. is thankful for startup funding from the College of Liberal Arts and
Sciences at the University of Kansas.

Computing time was provided on the GPU computing cluster at the San Diego Supercomputer Center through
Grant TG-MCA935013.

References

1.

Zhang R, Monsma F. Binding kinetics and mechanism of action: Toward the discovery and
development of better and best in class drugs. Expert Opin Drug Discovery. 2010; 5:1023-1029.

. Bairy S, Wong CF. Influence of kinetics of drug binding on EGFR signaling: A comparative study

of three EGFR signaling pathway models. Proteins: Struct, Funct, Genet. 2011; 79:2491-2504.
[PubMed: 21638335]

. Dierynck 1, De Wit M, Gustin E, Keuleers I, Vandersmissen J, Hallenberger S, Hertogs K. Binding

kinetics of darunavir to human immunodeficiency virus type 1 protease explain the potent antiviral
activity and high genetic barrier. J Virol. 2007; 81:13845-13851. [PubMed: 17928344]

. Kohl NE, Emini EA, Schleif WA, Davis LJ, Heimbach JC, Dixon RAF, Scolnick EM, Sigal IS.

Active human immunodeficiency virus protease is required for viral infectivity. Proc Natl Acad Sci
U S A. 1988; 85:4686—4690. [PubMed: 3290901]

. Huang X, Britto MD, Kear-Scott JL, Boone CD, Rocca JR, Simmerling C, McKenna R, Bieri M,

Gooley PR, Dunn BM, Fanucci GE. The role of select subtype polymorphisms on HIV-1 protease
conformational sampling and dynamics. J Biol Chem. 2014; 289:17203-17214. [PubMed:
24742668]

. Spinelli S, Liu QZ, Alzari PM, Hirel PH, Poljak RJ. The 3-dimensional structure of the aspartyl

protease from the HIV-1 isolate BRU. Biochimie. 1991; 73:1391-1396. [PubMed: 1799632]

. Lam PYS, Jadhav PK, Eyermann CJ, Hodge CN, Ru Y, Bacheler LT, Meek JL, Otto MJ, Rayner

MM, Wong YN, Chang CH, Weber PC, Jackson DA, Sharpe TR, Ericksonviitanen S. Rational
Design of Potent, Bioavailable, Nonpeptide Cyclic Ureas as Hiv Protease Inhibitors. Science. 1994;
263:380-384. [PubMed: 8278812]

. Kempf DJ, Marsh KC, Denissen JF, McDonald E, Vasavanonda S, Flentge CA, Green BE, Fino L,

Park CH, Kong XP, Wideburg NE, Saldivar A, Ruiz L, Kati WM, Sham HL, Robins T, Stewart KD,
Hsu A, Plattner JJ, Leonard JM, Norbeck DW. ABT-538 is a potent inhibitor of human-
immunodeficiency-virus protease and has high oral bioavailability in humans. Proc Natl Acad Sci U
S A. 1995; 92:2484-2488. [PubMed: 7708670]

. Collins JR, Burt SK, Erickson JW. Flap opening in HIV-1 protease simulated by activated molecular

dynamics. Nat Struct Mol Biol. 1995; 2:334-338.

10. Okimoto N, Tsukui T, Kitayama K, Hata M, Hoshino T, Tsuda M. Molecular dynamics study of

HIV-1 protease-substrate complex: Roles of the water molecules at the loop structures of the active
site. J Am Chem Soc. 2000; 122:5613-5622.

11. Hornak V, Okur A, Rizzo RC, Simmerling C. HIV-1 protease flaps spontaneously open and reclose

in molecular dynamics simulations. Proc Natl Acad Sci U S A. 2006; 103:915-920. [PubMed:
16418268]

12. Cai Y, Yilmaz NK, Myint W, Ishima R, Schiffer CA. Differential flap dynamics in wild-type and a

drug resistant variant of HIV-1 protease revealed by molecular dynamics and NMR relaxation. J
Chem Theory Comput. 2012; 8:3452-3462. [PubMed: 23144597]

Biochemistry. Author manuscript; available in PMC 2018 April 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Miao et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 12

Chang CE, Shen T, Trylska J, Tozzini V, McCammon JA. Gated binding of ligands to HIV-1
protease: Brownian dynamics simulations in a coarse-grained model. Biophys J. 2006; 90:3880—
3885. [PubMed: 16533835]

Hornak V, Okur A, Rizzo RC, Simmerling C. HIV-1 protease flaps spontaneously close to the
correct structure in simulations following manual placement of an inhibitor into the open state. J
Am Chem Soc. 2006; 128:2812-2813. [PubMed: 16506755]

Karthik S, Senapati S. Dynamic flaps in HIV-1 protease adopt unique ordering at different stages in
the catalytic cycle. Proteins: Struct, Funct, Genet. 2011; 79:1830-1840. [PubMed: 21465560]
Huang, Y-mM, Raymundo, MAV., Chen, W., Chang, C-eA. Mechanism of the association
pathways for a pair of fast and slow binding ligands of HIV-1 protease. Biochemistry. 2017;
56:1311-1323. [PubMed: 28060481]

Markgren PO, Schaal W, Hamalainen M, Karlen A, Hallberg A, Samuelsson B, Danielson UH.
Relationships between structure and interaction kinetics for HIV-1 protease inhibitors. J Med
Chem. 2002; 45:5430-5439. [PubMed: 12459011]

Chang CEA, Trylska J, Tozzini V, McCammon JA. Binding pathways of ligands to HIV-1 protease:
Coarse-grained and atomistic simulations. Chem Biol Drug Des. 2007; 69:5-13. [PubMed:
17313452]

Roberts CC, Chang C-eA. Analysis of Ligand-receptor association and intermediate transfer rates
in multienzyme nanostructures with all-atom Brownian dynamics simulations. J Phys Chem B.
2016; 120:8518-8531. [PubMed: 27248669]

Dror RO, Pan AC, Arlow DH, Borhani DW, Maragakis P, Shan Y, Xu H, Shaw DE. Pathway and
mechanism of drug binding to G-protein-coupled receptors. Proc Natl Acad Sci U S A. 2011;
108:13118-13123. [PubMed: 21778406]

Shan Y, Kim ET, Eastwood MP, Dror RO, Seeliger MA, Shaw DE. How does a drug molecule find
its target binding site? J Am Chem Soc. 2011; 133:9181-9183. [PubMed: 21545110]

Miao Y, McCammon JA. Gaussian Accelerated Molecular Dynamics: Theory, Implementation and
Applications. Annu Rep Comput Chem. 2017; 13:231-278.

Kappel K, Miao Y, McCammon JA. Accelerated Molecular Dynamics Simulations of Ligand
Binding to a Muscarinic G-protein Coupled Receptor. Q Rev Biophys. 2015; 48:479-487.
[PubMed: 26537408]

Salomon-Ferrer R, Gétz AW, Poole D, Le Grand S, Walker RC. Routine Microsecond Molecular
Dynamics Simulations with AMBER on GPUs. 2 Explicit Solvent Particle Mesh Ewald. J Chem
Theory Comput. 2013; 9:3878-3888. [PubMed: 26592383]

Miao Y, Feher VA, McCammon JA. Gaussian Accelerated Molecular Dynamics: Unconstrained
Enhanced Sampling and Free Energy Calculation. J Chem Theory Comput. 2015; 11:3584-3595.
[PubMed: 26300708]

Foda ZH, Shan YB, Kim ET, Shaw DE, Seeliger MA. A dynamically coupled allosteric network
underlies binding cooperativity in Src kinase. Nat Commun. 2015; 6:5939. [PubMed: 25600932]
Huang, Y-mM, Kang, M., Chang, C-eA. Switches of hydrogen bonds during ligand-protein
association processes determine binding kinetics. J Mol Recognit. 2014; 27:537-548. [PubMed:
25042708]

Miao Y, McCammon JA. Graded activation and free energy landscapes of a muscarinic G-protein—
coupled receptor. Proc Natl Acad Sci U S A. 2016; 113:12162-12167. [PubMed: 27791003]
Palermo G, Miao Y, Walker RC, Jinek M, McCammon JA. CRISPR-Cas9 conformational
activation as elucidated from enhanced molecular simulations. Proc Natl Acad Sci U S A. 2017;
114:7260-7265. [PubMed: 28652374]

Shen TY, Hamelberg D. A statistical analysis of the precision of reweighting-based simulations. J
Chem Phys. 2008; 129:034103. [PubMed: 18647012]

Pang YT, Miao Y, Wang Y, McCammon JA. Gaussian Accelerated Molecular Dynamics in NAMD.
J Chem Theory Comput. 2017; 13:9-19. [PubMed: 28034310]

Laio A, Gervasio FL. Metadynamics: a method to simulate rare events and reconstruct the free
energy in biophysics, chemistry and material science. Rep Prog Phys. 2008; 71:126601.

Darve E, Rodriguez-Gomez D, Pohorille A. Adaptive biasing force method for scalar and vector
free energy calculations. J Chem Phys. 2008; 128:144120. [PubMed: 18412436]

Biochemistry. Author manuscript; available in PMC 2018 April 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Miao et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 13

Miao Y, Sinko W, Pierce L, Bucher D, Walker RC, McCammon JA. Improved reweighting of
accelerated molecular dynamics simulations for free energy calculation. J Chem Theory Comput.
2014; 10:2677-2689. [PubMed: 25061441]

Hummer G. Fast-growth thermodynamic integration: Error and efficiency analysis. J Chem Phys.
2001; 114:7330-7337.

Eastwood MP, Hardin C, Luthey-Schulten Z, Wolynes PG. Statistical mechanical refinement of
protein structure prediction schemes: Cumulant expansion approach. J Chem Phys. 2002;
117:4602-4615.

Wang JM, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and testing of a general
amber force field. J Comput Chem. 2004; 25:1157-1174. [PubMed: 15116359]

Ozpinar GA, Peukert W, Clark T. An improved generalized AMBER force field (GAFF) for urea. J
Mol Model. 2010; 16:1427-1440. [PubMed: 20162312]

Joung IS, Cheatham TE. Determination of alkali and halide monovalent ion parameters for use in
explicitly solvated biomolecular simulations. J Phys Chem B. 2008; 112:9020-9041. [PubMed:
18593145]

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of Simple
Potential Functions for Simulating Liquid Water. J Chem Phys. 1983; 79:926-935.

Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. A Smooth Particle Mesh
Ewald Method. J Chem Phys. 1995; 103:8577-8593.

Case, DA, Betz, RM., Cali, Q., Cerutti, DS., Cheatham, TE., lll, Darden, TA., Duke, RE., Gohlke,
H., Goetz, AW., Gusarov, S., Homeyer, N., Janowski, P., Kaus, J., Kolossvary, I., Kovalenko, A.,
Lee, TS., LeGrand, S., Luchko, T., Luo, R., Madej, B., Merz, KM., Paesani, F., Roe, DR.,
Roitberg, A., Sagui, C., Salomon-Ferrer, R., Seabra, G., Simmerling, CL., Smith, W., Swails, J.,
Walker, RC., Wang, J., Wolf, RM., Wu, X., Kollman, PA. AMBER 14. University of California;
San Francisco: 2014,

Salomon-Ferrer R, Case DA, Walker RC. An overview of the Amber biomolecular simulation
package. Wiley Interdisciplinary Reviews-Computational Molecular Science. 2013; 3:198-210.

Ryckaert JP, Ciccotti G, Berendsen HIC. Numerical integration of the cartesian equations of
motion of a system with constraints: molecular dynamics of n-alkanes. J Comput Phys. 1977;
23:327-341.

Roe DR, Cheatham TE. PTRAJ and CPPTRAJ: Software for Processing and Analysis of
Molecular Dynamics Trajectory Data. J Chem Theory Comput. 2013; 9:3084-3095. [PubMed:
26583988]

Humphrey W, Dalke A, Schulten K. VMD: Visual molecular dynamics. J Mol Graphics. 1996;
14:33-38.

Kang M, Roberts C, Cheng Y, Chang C-eA. Gating and intermolecular interactions in ligand-
protein association: Coarse-grained modeling of HIV-1 protease. J Chem Theory Comput. 2011;
7:3438-3446. [PubMed: 26598172]

Berkowitz M, Morgan JD, Mccammon JA, Northrup SH. Diffusion-Controlled Reactions - a
Variational Formula for the Optimum Reaction Coordinate. J Chem Phys. 1983; 79:5563-5565.
Zhu Z, Schuster DI, Tuckerman ME. Molecular dynamics study of the connection between flap
closing and binding of fullerene-based inhibitors of the HIV-1 protease. Biochemistry. 2003;
42:1326-1333. [PubMed: 12564936]

Biochemistry. Author manuscript; available in PMC 2018 April 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Miao et al.

Page 14

B
o&g Unbound (“U”)

Apo (PDB: 1HHP)
Holo (PDB: 1HVR)

——Flap
—— Ligand

T T T
1000 1500 2000

Time (ns)

——Flap
—— Ligand

T T T
1000 1500 2000 2500
Time (ns)

Figure 1.
(A) X-ray crystal structures of the HIV protease in the apo form (Protein Data Bank entry

1HHP, green) and holo form that is bound by the XK263 ligand molecule (Protein Data
Bank entry 1HVR, blue). The ligand is shown as sticks and the protein as ribbons. Protein
residues Lys43-Tyr59 in the flaps of two protein monomers are colored orange. (B)
Simulation starting structure of the HIV protease in which the ligand molecule (red sticks) is
placed ~20 A from the protein surface in the unbound (“U”) state. A virtual ligand molecule
of the X-ray conformation is colored blue for reference. (C) During the “Sim1” GaMD
trajectory, the XK263 ligand molecule binds to the active site of the HIV protease within
2500 ns, for which the center ring of XK263 is represented by lines and colored by
simulation time in a red—-white—blue (RWB) color scale. The IHVR X-ray conformation is
colored blue for reference. (D) Root-mean-square deviations (RMSDs) of the ligand
molecule and protein flaps relative to the 1HVR X-ray conformation are plotted for “Sim1”.
Thick lines depict the running average over 5 ns time windows. (E and F) Ligand binding
pathway and ligand and flap RMSDs obtained from the “Sim2” GaMD trajectory,
respectively. Ligand pathways and RMSDs of the ligand molecule and protein flaps are
presented in Figure S1 for the other eight GaMD simulations, during which the ligand
minimum RMSD is >3 A (Table 1).
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Figure 2.
(A) 2D potential of mean force (PMF) calculated with the protein flaps and ligand molecule

RMSDs by combining the “Sim1” and “Sim2” GaMD trajectories, during which the XK263
ligand molecule was observed to bind the protein active site. Four low-energy
conformational states are labeled, including the unbound (“U”), intermediate-1 (“I-1"),
intermediate-2 (“1-2”), and bound (“B”) forms. (B-D) Structural conformations of the HIV
protease in the “I-1”, “1-2”, and “B” states, respectively. The unbound (*U’) conformation is
shown in Figure 1B. The evolving protein (ribbons) and ligand molecule (sticks) are colored
red, and the X-ray conformation of the bound ligand molecule is colored blue for
comparison.
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Figure 3.

(A?) 2D PMF profile of the protein flap RMSD and handedness calculated by combining the
“Sim1” and “Sim2” GaMD trajectories, during which the XK263 ligand molecule was
observed to bind the protein active site. Three low-energy conformational states of the
protein flaps are labeled, including the “open”, “semi-open”, and “closed” states. (B) Top
view of the X-ray crystal structures of the HIV protease in the apo (PDB entry 1HHP, green)
and XK263-bound holo (PDB entry 1HVR, blue) forms. The ligand is shown as sticks and
the protein as ribbons. The dihedral angle of the C, atoms (cyan spheres) of the Tyr59-
Gly51-Gly51’-Tyr59" motif is used to characterize the flap handedness. (C-E)
Conformational states of the HIV protease: “semi-open” flaps with “semi-open” handedness,
“closed” flaps with “closed” handedness, and “open” flaps, respectively. The evolving
protein is shown as ribbons and the ligand molecule as sticks.
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Figure 4.
(A) 2D PMF profile of the flap handedness and ligand molecule RMSD calculated by

combining the “Sim1” and “Sim2” GaMD trajectories, during which the XK263 ligand
molecule was observed to bind to the protein active site. Five low-energy conformational
states are labeled, including the unbound (“U”), intermediate-1 (“I-1"), intermediate-2
(“1-2"), intermediate-3 (“I-3), and bound (“B”) forms. (B-E) Structural conformations of
the HIV protease in the bound (“B”), intermediate-1 (*1-1”), intermediate-2 (*1-2”), and
intermediate-3 (“1-3”) states, respectively. The unbound (“U”) conformation is shown in
Figure 1B. The evolving protein (ribbons) and ligand molecule (sticks) are colored red, and
the X-ray conformation of the bound ligand molecule is colored blue. The dihedral angle of
the C, atoms (cyan spheres) of the Tyr59-Gly51-Gly51"-Tyr59" motif is shown as in Figure
3.
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