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Role of Molecular Interactions and Protein Rearrangement in the
Dissociation Kinetics of p38a MAP Kinase Type-Il/ll/lll Inhibitors

Wanli You and Chia-en A. Chang”
Department of Chemistry, University of California at Riverside, Riverside, California 92521, United
States

Abstract

Understanding the governing factors of fast or slow inhibitor binding/unbinding assists in
developing drugs with preferred kinetic properties. For inhibitors with the same binding affinity
targeting different binding sites of the same protein, the kinetic behavior can profoundly differ. In
this study, we investigated unbinding kinetics and mechanisms of fast (type-I) and slow (type-11/
I11) binders of p38a mitogen-activated protein kinase, where the crystal structures showed that
type-I and type-I1/111 inhibitors bind to pockets with different conformations of the Asp-Phe-Gly
(DFG) motif. The work used methods that combine conventional molecular dynamics (MD),
accelerated molecular dynamics (AMD) simulations, and the newly developed pathway search
guided by internal motions (PSIM) method to find dissociation pathways. The study focuses on
revealing key interactions and molecular rearrangements that hinder ligand dissociation by using
umbrella sampling and post-MD processing to examine changes in free energy during ligand
unbinding. As anticipated, the initial dissociation steps all require breaking interactions that
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appeared in crystal structures of the bound complexes. Interestingly, for type-1 inhibitors such as
SB2, p38a keeps barrier-free conformational fluctuation in the ligand-bound complex and during
ligand dissociation. In contrast, with a type-1I/111 inhibitor such as BIRB796, with the
rearrangements of p38a in its bound state, ligand unbinding features energetically unfavorable
protein—ligand concerted movement. Our results also show that the type-I1/111 inhibitors preferred
dissociation pathways through the allosteric channel, which is consistent with an existing
publication. The study suggests that the level of required protein rearrangement is one major
determining factor of drug binding kinetics in p38a systems, providing useful information for
development of inhibitors.

Graphical abstract
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INTRODUCTION

The study of small molecular kinase inhibitors has been the central focus in drug discovery
in the past decade.1~® To develop a good inhibitor, the compound must have strong binding
affinity to compete with the natural substrate. In addition, drug binding residence time, the
mean value for a drug staying in the binding pocket, which can be approximated by a
dissociation rate constant, 1/ k¢, may be crucial in drug efficacy and increase drug
selectivity.5-14 However, although fine-tuning drug binding kinetics is highly desired, we
need further understanding of the contribution of a drug’s chemical structure and ligand—
protein rearrangement to binding Kinetics.

P38 belongs to the mitogen-activated protein kinases (MAPKS), a superfamily of enzymes
involved in regulating cell functions including proliferation, gene expression, differentiation,
and apoptosis.1>16 The p38 kinases have four isoforms, p38a, B, ¥, and &. The major
isoform p38a has been a drug target for treating various inflammatory diseases, including
rheumatoid arthritis, asthma, and cardiovascular disease.1’21 Like all protein kinases, p38a
has a structurally conserved catalytic domain consisting of two lobes, the N-terminal and C-
terminal lobes, which are connected through a flexible hinge region.22 The activation loop
includes a DFG (Asp-Phe-Gly) motif, that belongs to the C-terminal lobe but locates outside
of the ATP binding pocket. It directly regulates the enzyme activation through its
conformational changes, which can be characterized by different orientations of the side
chain of Phe from the DFG motif. The active conformation with Phe buried in the aC helix
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has DFG-in loop conformations, and the inactive conformation with Phe sterically
interfering with ATP binding has DFG-out loop conformations (Figure 1). NMR and
computation studies showed the equal population of DFG-in and DFG-out conformations in
the apo p38a.23:24 Inhibitors binding to the ATP binding pocket with a DFG-in
conformation are usually termed type-1 inhibitors.2® Other inhibitors, such as those
occupying both the ATP site and a nearby allosteric hydrophobic pocket accessible with
DFG-out loop conformations or compounds that bind exclusively within the allosteric
pocket are usually termed type-1128 or type-111 inhibitors,27 respectively.

Recent advances in computer resources allow for using long-time-scale conventional MD
simulations to explore ligand—-receptor association and dissociation. However, sampling
ligand dissociation pathways can be impractically long, and therefore various computational
techniques have been used to investigate dissociation of inhibitors from their binding targets,
providing useful information for drug discovery.28-36 For example, a recent study with
metadynamics and Markov state model cast light on the rate-limiting step of the inhibitor
unbinding process from p38a,3” and research with umbrella sampling indicated the
allosteric channel as the preferred dissociation pathway for type-11 and -111 inhibitors of
p38a.38 Besides p38a, different enhanced sampling simulations were used to sample
dissociation of inhibitors from kinase family.39-4° The adaptive biasing force (ABF) was
used to investigate the unbinding process for inhibitors of ALK tyrosine kinase.3? Steered
molecular dynamics (MD) simulation was applied to explore the possible dissociation
pathways of type-I1 inhibitor from kinases c-Kit and Abl.4344 Applying biased force as in
steered MD and adaptive biasing force simulations is a powerful tool in sampling that can
promisingly help drug discovery, but it may also introduce artifacts when sampling
dissociation pathways.

Type-I inhibitors target a kinase with a DFG-in loop conformation, which completely
exposes the ATP-binding pocket to the solvent; this dissociation pathway is also called the
ATP channel. When a type-I1 or -111 inhibitor binds to the allosteric pocket, existing studies
suggested another possible dissociation pathway known as the allosteric-pocket channel .38
This study aims to reveal key interactions and possible protein rearrangement that contribute
significantly to dissociation energy barrier and rate determination. We applied two enhanced
sampling methods, accelerated MD (AMD), and the newly developed pathway search
guided by internal motions (PSIM) method to find pathways of ligands, type-1 inhibitors
SB2 and SKS8, type-Il inhibitor BIRB796, and type-111 inhibitor LIG4, unbinding from
p38a. Then, we used conventional MD simulations for frames selected from the enhanced
sampling trajectories to further sample the molecular motions without any biased potential
to remove any possible artifacts brought by the enhanced sampling method. As a result,
structures of each window from the trajectories for umbrella sampling are nicely overlapped
without abrupt conformational movement between two windows. We also ran conventional
MD simulations for the free and bound inhibitor—-p38a complexes that serve as references in
their two end points. We used umbrella sampling and various postsimulation processing
techniques to reveal changes in free energy, molecular rearrangement, and correlations
between p38a and an inhibitor during ligand dissociation. Although the free energy profiles
from umbrella sampling cannot represent all possible configuration during unbinding due to
insufficient sampling of the complex system, the simulations still allowed us to identify
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important molecular interactions and mechanisms that contribute to binding kinetics during
ligand unbinding from p38a. The results also suggest how and why protein rearrangements
contribute to slow unbinding processes in BIRB796 and LIG4 and provide information for
drug development.

MATERIALS AND METHODS

Molecular Systems

Table 1 lists the structures and experimental data, crystal structure sources, and binding
modes of four inhibitors of p38a; the inhibitor SB2 binds to both the DFG-in conformation
(PDB ID: 1A9U)%Y and DFG-out conformation (PDB ID: 3GCP).5! Structures of free DFG-
in and DFG-out conformations are from the DFG-in complex (PDB ID: 1A9U) and DFG-
out complex (PDB ID: 1W82)>2 with ligands removed from their crystal structures. The loop
region encompassing residues 173-184 in p38a is not available in the crystal structure
3GCP, and the partial missing loop was modeled by using the loop conformation from the
selected frame on MD simulation of free DFG-out protein. BIRB796 binds to PDB ID

1K V2,53 whose missing loop encompassing residues 115-122 and 170-184 was completed
with corresponding parts in the crystal structure of 1W82. After replacing the missing loop
with a complete loop conformation, a quick 100-step energy minimization was carried out
for the substituted loop and its adjacent residues to refine the new loop conformation. The
structures of p38a in complex with SK8 and LIG4 are not available. To model them, we
started with structures from PDB IDs 1A9U and 1W82, whose ligands are structurally
similar to SK8 and L1G4, respectively. In 1A9U, we modeled SK8 by replacing the 4-
methylsulfinylphenyl group of its original ligand with a thiazole analog. In 1W82, we
modeled L1G4 by replacing one chlorine atom of its original ligand with a hydrogen atom
and adding one methyl group to the benzene ring. Multiple simulations were performed on
these systems, as seen in the following subsections, and a summary of simulations with each
system is in Table S1.

MD Simulations

We performed conventional MD simulations on five p38a complexes (SB2 binding to both
DFG-in and DFG-out loop conformations) and free p38a with DFG-in and DFG-out
conformations by using the standard simulation package Amber14.5* The Amber 99SB
force field was used for the protein, and the general Amber force field (gaff) was used for
ligands.>>-58 Although previous studies showed that Amber99 force field may not always
provide a good energy balance between helical structures and extended regions of a protein,
59,60 this force field can result in reasonable structures for the glycine-rich helix and very
accurate computed binding free energy for various inhibitors binding to p38a.24 Therefore,
we continued using Amber99SB in this study. The partial charges of ligands were calculated
by using the VVcharge program, which is based on electronegativity equalization and fitting
electrostatic potentials computed by ab initio quantum calculations.5 We set up each system
as follows. First, the hydrogen, side-chain and whole system were minimized for 500, 5000,
and 5000 steps, respectively. An orthorhombic simulation box was then prepared by
solvating the systems with a rectangular box of a 12-A explicit TIP3P water model by the
tleap program in Amber14. Each system contains 60,000 — 70,000 atoms. Na* ions were
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added as counterions to keep the whole system neutral, and particle mesh Ewald was used to
consider long-range electrostatic interactions.®2 Before equilibration, we minimized waters
and the whole system for 10,000 and 20,000 steps, respectively, followed by equilibrium of
solvent molecules for 40 ps. Then the systems were gradually heated from 250 K for 20 ps,
275 K for 20 ps, and 300 K for 160 ps. Frames were saved every 1 ps with a time step of 2 fs
in the isothermic—isobaric (NPT) ensemble (7= 300 K and =1 atm). We also used the
SHAKE procedure to constrain the covalent bonds involving hydrogen atoms during MD
simulations.53 Finally, all production runs were performed for no less than 100 ns at 300 K.

Accelerated MD Simulation

AMD uses a bias potential introduced by the McCammon group.®4 It enhances the
conformational sampling of biological systems by adding a continuous non-negative bias
boost potential function, A7), to the potential energy surface when the system potential is
below a reference energy, therefore lowering the local barriers and allowing the calculation
to advance faster.

The AMD modification of the potential is defined by the following equation:

V) = V) + AV()

0, V@) > E

AV =1 (£ - v

et E=viy TO<E

where 1) is the original potential, £is the reference energy, and V*(») is the modified
potential. A7) is the boost potential, and a is the acceleration factor. The potential energy
surface is flattened as the acceleration factor a decreases, making it easier to cross energy
barriers between local minimas.

The boost potential AW(7) can be further divided into potential-boost and dihedral-boost.

2 2
_ (Ep- V() (Ed — Vd(r))
AV(") = ((IP+EP_ V(r)) (aD+Ed—Vd(r))

It allows for boosting independently only the torsional terms of the potential with input
parameters (Ed, aD), the whole potential at once (Ep, aP), or the whole potential with an
extra boost to the torsions.

For simulations of p38a, we applied both potential-boost and dihedral-boost. The input
parameters take the following form:

Ed = Vd_avg + 4Nresidues
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aD = O'SNresidues

Ep = Vp_avg + O‘ZNatoms

aP = 0.2N
atoms

where Naoms and Mesiques are the total number of atoms and total number of residues of
solute, Vd_avg and Vp_avg are the average dihedral and total potential energies,
respectively, calculated from 100 ns conventional MD simulations. For a higher acceleration,
we added another 3 x aDto Ed.

Pathway Search Guided by Internal Motions (PSIM)

PSIM is an enhanced conformational search method specifically designed for search of
dissociation pathways of ligand—receptor systems.® It presents atomistic motions of a
ligand—protein bound complex along internal principal component (PC) modes obtained by
classical MD simulations. Although the ligand always stayed in the binding pocket of p38a,
PC modes describe natural motion of the system and are used by PSIM to guide ligand
dissociation. To overcome problems with Cartesian and classical internal coordinates (2
matrix) that show problem in smoothly presenting dihedral rotation or generating
nonphysical distortions, PSIM uses new multilayer internal coordinates and trigonometric
functions to correctly present protein motions by using dihedral rotations. In brief, the
multilayer internal coordinates divide a protein into N fragments, shown in Figure S1, with
each fragment presented by the internal coordinates, and the fragments are connected to
present an entire molecule. By distorting the system with these three-dimensional motions
along selected internal PC modes, PSIM performs systematic searches for the dissociation
pathways and accepts and rejects new conformations by using geometric criteria rather than
energy evaluation or minimization. To ensure reasonable conformations, short minimization
on bond and angle terms is performed periodically in addition to the simple geometric
criteria. To speed up searches for unbinding pathways, we did not include the whole protein
when constructing the internal PC modes, and the selected backbone and side chain
dihedrals are listed in the Supporting Information (SlI). The selection resulted in 739 PC
modes, and all modes were used for conformational search. We used the initial structure of
the MD simulation to begin our search, but any randomly chosen frames from a MD
simulation can serve as an initial conformation for PSIM. The output step number was set to
1000, with the distortion step size equal to 5% of the eigenvector of each internal PC mode.
The workflow of the search is illustrated in Figure S2, and except the numbers mentioned
above, we used the default values for other parameters during the search. Starting from the
initial structure, we performed the PSIM search and repeated it for multiple iterations. We
manually chose conformations from an existing search to start a new iteration until a ligand
dissociated from the binding site. We repeated this procedure and performed 3 — 16
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iterations to obtain dissociation pathways; therefore, the dissociation pathway is a collection
of multiple trajectories obtained from each iteration.

Construction of Potential of Mean Force (PMF)

Umbrella sampling was used to compute the free energy along the dissociation pathway. By
adding multiple overlapping biasing potentials along the dissociation pathway as the
reaction coordinate (RC), umbrella sampling can sufficiently sample all points on the RC.
First, the whole RC is divided into a series of continuous windows, then a harmonic biased
potential is applied to add on the original potential in each window. The equation for the
harmonic potential is shown below:

u; = kl.(r - rl.)2

where u;is the biased potential in window / ris the current position of RC, r;is the
reference position in window / and k;is the force constant used to restrain the biased
molecule in the biased potential. Here, a force constant of 5 kcal/mol-A2 was used in all
umbrella sampling (US) simulation windows. WHAM was used to construct the free energy
profile along the RC.66.67

Here, the RC was separated into bins with 0.2-A width for the WHAM calculation after each
umbrella sampling window. The tolerance for iteration was set to 0.0001 to obtain
convergent free energy plots. The temperature was set to 300 K to remain consistent with the
simulation temperature. The distance between Ca of Arg73 and CC2 of SB2 (CC2 of SK8)
was selected as the RC. For BIRB-796 and LIG4, two sets of RCs were selected. The
distance between Ca of Met109 and C3 of BIRB796 (C7 of LIG4) was selected as the RC
for the allosteric pathway, and the distance between Ca of Arg73 and C3 of BIRB796 (C12
of LIG4) was selected as the RC for the ATP pathway. Each set of the simulations contains
simulation windows with 0.25-A length for each. For each window, a 10 ns MD simulation
was performed for a selected structure postprocessed from our search with AMD or PSIM
with postprocessing.

Although AMD and PSIM provided dissociation pathways, the frames saved were not
continuous enough to smoothly connect each window, which is only 0.25 A apart from each
other. Therefore, we selected frames from AMD or PSIM trajectories along the RC as an
initial structure to run multiple short 10 ns conventional MD simulations and saved a frame
every 1 ps. In most simulations, a ligand stayed in that position; however, in some cases, the
ligand moved toward inside or outside the cavity. As a result, we could build a smooth
dissociation pathway using the overlapped conformations obtained from two to three 10 ns
MD simulations. To quantify overlapping, we measured the root-mean-square deviation
(RMSD) value for different 10 ns MD frames of a ligand, and the frames with the smallest
RMSD but 0.25 A apart along the RC were selected as initial structures for each umbrella
sampling window. An example for reconstruction of a dissociation path with short 10 ns MD
simulations for SB2 unbinding from p38a with the DFG-in conformation is shown in Figure
S3. Notably, for the complex ligand—protein dissociation pathways, selecting one or a few
degrees of freedom as an RC simplified the intermolecular attractions and concerted
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conformational changes. As a result, although plots can reveal important changes in
conformations and inter molecular interactions, we did not anticipate that the computed
PMF depth accurately reflects the absolute binding free energy AG.

Post-MD Analysis

Correlation between different parts of p38a was analyzed by using T-Analyst.8 We first
calculated correlations between backbone dihedrals (Phi and Psi angles) of each residue of
protein as well as rotatable dihedral angles of ligands (Table 1) to examine the correlation.
Because the entire p38a has hundreds of backbone dihedrals, to simplify the correlation
map, we divided p38a into different subgroups based on its secondary structure and
summed the absolute values of correlation within each subgroup. Therefore, the output
correlation maps show correlation between different subgroups of protein (ie, correlation
between the aC helix and the activation loop). It is worth mentioning that conformations
sampled by both aMD and PSIM were examined carefully by comparing their
conformations with those sampled by conventional MD simulations. All the trajectories
were inspected to ensure that the enhanced sampling methods maintained reasonable
secondary structures and loop stretch during ligand unbinding.

RESULTS AND DISCUSSION

We used AMD simulations of five complex systems to study their dissociation pathways.
However, only type-I inhibitors, SB2 and SKS8, successfully dissociated in high-boost AMD,
whereas the type-11 inhibitor BIRB796 and type-I1l inhibitor LIG4 barely deviated from
their binding position. Therefore, we also used PSIM, a pathway search method based on
internal PC modes, to successfully sample dissociation pathways for all the ligands,
including BIRB796 and L1G4. The initial loop structures for BIRB796 and L1G4 are in the
DFG-out form, so both allosteric and ATP pathways were sampled with PSIM. After we
obtained the dissociation pathways for all ligands that left the binding pocket, umbrella
sampling was used to illustrate the free energy profile along the dissociation processes and
key interactions that contribute to the free energy changes during unbinding. Use of
positions of a ligand relative to p38a as a reaction coordinate in umbrella sampling missed
important information of protein rearrangement when investigating binding kinetics. We
analyzed the ligand—protein correlation during the dissociation process and identified protein
hinge motion as a major movement as well. Therefore, we accessed the protein
rearrangement guided by the protein hinge motion during ligand dissociation and revealed
significantly different levels of energetically required protein motions between type-I and
type-I1/111 inhibitors.

To serve as our references, we ran 100 ns conventional MD for the free p38a with DFG-in
and DFG-out loop conformations and performed correlation analysis in comparison with
their ligand-bound states. We also ran 650 ns conventional MD for the SB2 (bound with
DFG-in loop) and BIRB796 complexes. With k¢ values ranging from 8.3 x 1076 t0 7.7 571
in our p38a systems, the dissociation time ranged from 0.1 to >10° s. As a result, no ligand
dissociation should be observed during the simulations.

J Chem Inf Model. Author manuscript; available in PMC 2018 May 30.
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Dissociation Pathways of Type-I Inhibitors, SB2 and SK8

Figure 2 illustrates key interactions between SB2 bound to p38a with a DFG-in loop
conformation, in which the attractions should be broken or loosened before or during the
dissociation process. For example, there are two hydrogen bonds between the pyridine ring
N and backbone nitrogen of Met109 and the N3 atom of the imidazole ring and Lys53, and
the phenyl ring of 4-methylsulfinylphenyl group forms a stacking interaction with Tyr35
(Figure 2). In addition to these key interactions, SB2 bound to the DFG-out loop
conformation has an additional stacking interaction between the phenyl ring and Phe169 of
the DFG-motif. We first used high- or low-boost AMD for sampling and examined the
advantage for sampling, as detailed in Sl section 1. AMD with high boost and the PSIM
method successfully sampled dissociation pathways for SK8 bound to the DFG-in
conformation and SB2 bound to both DFG-in and DFG-out conformations.

Both AMD and PSIM found the same key interactions between SB2/SK8 and p38a which
are required to break in order to unbind the ligand from the pocket (Figures 3, S6, S7, S8,
S9, and S10). Using the dissociation pathways sampled by AMD, umbrella sampling along
the pathway was used to construct a free energy plot to further explore free energy changes
associated with ligand unbinding. First the hydrogen bond between SB2 and Lys53 breaks
(Figure 3A), followed by the motion of the 4-methylsulfinylphenyl group (Figure 3B). Then
the second hydrogen bond between pyridine nitrogen and Met109 breaks (Figure 3C), and
finally, the ligand is outside the edge of the binding cavity (Figure 3D) and eventually
diffuses away. As for SB2 unbinding from p38a with a DFG-in conformation, the two other
systems both dissociate along the ATP channel. Their free energy plots are also similar
(Figure S7, S9 compared to Figure 3) and the PSIM pathways are the same as found by
AMD (Figures S8, S10). The free energy continues to increase during dissociation, but no
significant energy barriers were observed during the unbinding process.

Previous studies showed that water effects can be important in ligand binding kinetics.89-72
Therefore, we investigated the presence of bridge water molecules with long residence time
and also counted the average number and the fluctuation using the standard deviation of
pocket-water molecules in the binding site of the protein during SB2 unbinding from p38a
with a DFG-in conformation (Figure S11). It is worth noting that in addition to pocket-water
occupancy, the water-density fluctuations in the binding site and surface of a protein may
also significantly contribute to drug unbinding.5%73 Figure S11 shows a rapid increase in
number of pocket-waters when p38a moved to a position shown in Figure 3B, where the
motion of a 4-methylsulfinylphenyl group created space for resolvating water molecules.
However, the number of pocket-waters fluctuated considerably. Unlike ligands binding to
HIV protease, in which a few transient water molecules stay for a long time between the
ligand and protein,”* with SB2 unbinding from p38a, all the water molecules were replaced
by each other frequently. However, a water molecule can still weaken interactions between
functional groups of SB2 and the protein, which assists the unbinding process. The pocket-
water fluctuations shown in our simulations are worth further investigation using passage
time theory, density profile, or free energy landscape to reveal the transitions between
locally wet and dry regions that may deepen our understanding on unbinding kinetics.”>~"7
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In addition, different water models may slightly influence protein and ligand dynamics,
which may have an effect on modeling binding kinetics as well.”®

Dissociation Pathways of a Type-Il Inhibitor, BIRB796, and Type-Ill Inhibitor, LIG4, Sampled

by PSIM

Although high-boost AMD successfully simulated dissociation pathways for the type-I
inhibitors SB2 and SK8, the method could not sample ligand dissociation for type-11 or type-
I11 inhibitors. Experimentally, the ligands have much longer residence time: 625 s for LIG4
and 1.2 x 10° s for BIRB796. Therefore, we applied the newly developed PSIM method to
sample the dissociation pathways for BIRB796 and LIG4.

Complex conformations from conventional MD and crystal structures for BIRB796 and
LIG4 complexes with p38a show that urea forms two hydrogen bonds between the urea NH
group and Glu71 in the N-terminal lobe and between the urea CO group and Asp168
backbone nitrogen in the C-terminal lobe (Figure 4). The two hydrogen bonds clamp ligands
BIRB796 and L1G4 within the cleft. In addition, an extended morpholino substituent forms a
hydrogen bond with a backbone nitrogen of Met109. To dissociate a ligand, trajectories
obtained from PSIM showed that the cleft needed to open, which also associated with the
protein hinge motion between the two lobes. The opening allows BIRB796 and LIG4 to
unbind directly from the allosteric pocket (SI Movie 2) or move further toward the ATP
binding site and dissociate from there (SI Movie 1). The latter pathway is similar to the
unbinding pathways sampled for type-1 inhibitors.

First we examined the free energy profile constructed from BIRB796 unbinding from the
allosteric pocket. Figure 5A shows that two hydrogen bonds between the urea group of
BIRB796 and Glu71 and Asp168 need to break, and the extended morpholino substituent
rotates along the opened cleft, breaking another hydrogen bond with Met109. The free
energy increases ~2 kcal/mol. The free energy continues to increase as BIRB796 wiggles
out along the activation loop to the edge of binding cavity (Figure 5B), where His174 forms
a stacking interaction with the naphthalene group of BIRB796. The activation loop then
rearranges and fluctuates in concert with the ligand to unbind the ligand, which results in
decreasing free energy from 5.5 to 3.4 kcal/mol (Figure 5C). BIRB796 finally breaks the
stacking interaction with His174 and moves away (Figure 5D). PSIM found four unbinding
trajectory from the allosteric pocket; although only one of the trajectory was used to
construct PMF, others all have important formation and breakage of interactions, such as
contacting with His174 after breaking hydrogen bonds between BIRB796 and Glu71/
Aspl168 (Figure S12).

For BIRB796 dissociating from the ATP pocket, the dissociation of BIRB796 also starts
with cleft opening, extended morpholino substituent rotating, accompanied by hydrogen
bond breaking. The large 5-fert-butyl-2-p-tolyl-2 H-pyrazol group rotates and moves toward
the ATP pocket, whereas Phel69 starts to form a stacking interaction with the naphthalene
group of BIRB796 (Figure 6A). This path is not energetically favorable, and the free energy
barrier rapidly increases to 10 kcal/mol. Then BIRB796 starts to dissociate from the ATP
pocket, similar to other type-I ligands. The free energy continues to increase to 16.8
kcal/mol until the stacking interaction between BIRB796 and Phel169 is loosened (Figure
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6B). The glycine-rich loop needs to slightly lift up to create room for BIRB796 to continue
unbinding from the cavity (Figure 6C). Once BIRB796 moves out of the cavity, the glycine-
rich loop returns to its original position (Figure 6D). Similar changes in interactions shown
in the PMF plots for LIG4 are in Figures S13 and S14.

Although the absolute binding free energies in a one-dimensional free energy profile cannot
accurately reproduce the ligand-p38a binding free energy (AG) and the barriers, the free
energy plots can distinguish that BIRB796 and L1G4 prefer to dissociate from the allosteric
pathway instead of moving to the ATP pocket and dissociating from there. Our results
regarding the preferred binding path through the allosteric channel and the opening of the
binding pockets agree with a recent computational study of type-I1/111 ligand unbinding from
p38a.38 PSIM only found one dissociation path from the ATP binding site for type-11/111
inhibitors. Because PSIM prefers using guidance by low-frequency PC motions for pathway
search, it is unsurprising that the method is less efficient to find pathways with high free
energy barriers. Our simulation is consistent with a recent paper;38 thus, we did not use
PSIM to keep searching more high-barrier dissociation pathways from the ATP binding site.
Notably, the free energy plots only consider one chosen degree of freedom, which inevitably
simplifies and smooths out the free energy barriers. Because we observed noticeable protein
motions during ligand dissociation, we performed further analysis to reveal the protein
dynamics and used the information for another coordinate to investigate the unbinding free
energy barriers.

We also examined the changes in number of pocket-water molecules during BIRB796
dissociation. Figure S15 shows a rapid increase in number of pocket-waters when the cleft
between the N- and C-terminal lobes opens (Figures 5A and 6A). During ligand dissociation
processes, the number of pocket-waters plateaus and seven water molecules, on average, are
in the pocket, similar to that during SB2 dissociation. As for the fast binding molecules SB2
and SK&, the number of pocket-waters greatly fluctuated and the water molecules were
constantly replaced by each other. As a result, even though the resolvation process is
important for unbinding, this process is less likely to contribute significantly to
distinguishing slow BIRB796 and fast SB2 unbinding.

Principal Component Analysis (PCA) and Correlation Analysis

To obtain the major motion of protein, we first performed PCA for trajectories from
conventional MD (Table S1) to check the first PC motion of free p38a with DFG-in or
DFG-out conformations (Figure S16). Note that we carried out multiple conventional MD
runs and they all showed the same major PC motions. However, due to space limit, we only
report results of PC motions from one MD result here. To more clearly elucidate the protein
motions, we grouped residues based on its secondary structure (Figure 7); free p38a showed
strong correlation between the hinge region (L9 loop, aD helix, L10 loop) and two lobes (N-
and C-terminal lobes) despite the loop conformation. The protein with the DFG-out loop
conformation showed slightly stronger correlation (Figures S16 and S17), presumably due to
larger fluctuations in hinge regions, which is consistent with the root-mean-square
fluctuation (RMSF) plot (Figure S18). Figure S19 shows that p38a complexes retain strong
correlation in the hinge region, as detailed in Sl section 2. The differences in protein
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conformational correlation are more substantial when SB2 and BIRB796 are unbinding from
p38a with DFG-in and DFG-out conformations, respectively (Table S1, Figure 8). When
SB2 is in the middle of dissociation pathway, p38a and SB2 mostly correlated solely within
hinge region and the activation loop. In contrast, during the dissociation of BIRB796, we see
strong correlation around the hinge region and activation loop and also with the upper arm of
the hinge in the N-terminal lobe (L3 loop, B2 sheet, and 3 sheet), which suggests that p38a
encounters more sizable rearrangement during BIRB796 unbinding.

Role of Protein Hinge Motion during Inhibitor Dissociation

To quantify the contribution of protein rearrangement to free energy barriers, we selected
another coordinate based on PCA and correlation maps to present protein motion, to
construct another plot for a one-dimensional free energy profile. Notably, although two-
dimensional (2-D) umbrella sampling can be used to construct 2-D free energy plots, we
found that viewing and examining free energy barriers versus protein rearrangement is
difficult with the 2-D free energy plots. We used the distance between Ca of Glu71 and
Aspl68 and Ca of Val30 and Alalll as a coordinate to represent hinge motions during
ligand dissociation. For all pyrazolourea compound analogs such as the BIRB796 and L1G4
complex with a DFG-out conformation of p38a, a polar channel formed by Glu71 and
Aspl68 is conserved and reported to be very important. For type-1 inhibitors, Val30 and
Alall1l are in the unbinding pathways when type-I ligands are unbinding from the ATP
binding site with a DFG-in protein conformation (Figure 9).

Figure 10 shows the free energy change during the hinge movement while BIRB796 is
located in the crystal structure bound form, middle of the dissociation pathway, right outside
the binding cavity and completely dissociated from p38a with a DFG-out conformation.
When an inhibitor is far from the protein binding site, the protein motion can be presented
by a shallow energy well with the equilibrium position located at 11.1 A of the coordinate
(hinge distance between Glu71 and Asp168). Interestingly, when BIRB796 is in the binding
cavity, the equilibrium position shifts to 10.1 A and the free energy well narrows. Within
thermal fluctuation RT (~0.6 kcal/mol), the hinge distance can move less than 1 A, for much
more rigid complex structure. Because BIRB796 dissociates in a position shown in Figure
5A with the opening cleft, the equilibrium hinge distance increases to 11.9 A. It needs 2.6
kcal/mol to widen the hinge distance from 10.1 to 11.9 A. The large energy barrier from the
protein rearrangement explains the slow dissociation rate of BIRB796 and has been reported
recently for slow ligand binding to tyrosine kinases due to the induced fit/protein
rearrangement.”® Notably, when BIRB796 locates just outside the cavity, the equilibrium
position of the hinge distance is the same as when BIRB796 is far from p38a. However, the
existence of a ligand near the binding pocket perturbs p38a fluctuation of N- and C-terminal
lobes, thereby narrowing the energy well for the hinge motion. Similar to BIRB796, LIG4
requires remarkable cleft opening and increases energy barriers for ligand dissociation
(Figure S20).

For type-I ligand SB2 (bound with the DFG-in loop conformation), the equilibrium hinge
distances are highly similar, regardless of where SB2 locates (Figure 11), which suggests
that the protein hinge movement contributes insignificantly to the dissociation energy
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barrier. The bound SB2 slightly rigidifies the p38a movement and results in a narrower
energy well. However, unbinding of SB2 from the pocket (Figure 3A) does not disturb
protein fluctuation, and p38a can fluctuate as if no SB2 is present, which suggests that
protein rearrangement does not contribute to the unbinding free energy barriers. The shallow
energy well also suggests that it is easier for SB2 (DFG-in) to move out of the cleft. Similar
to the SB2 bound complex with a DFG-in conformation, during dissociation of SB2 bound
with a DFG-out conformation and SKS8, the equilibrium hinge distance is close to that when
p38a is free and in complex with a ligand, as shown in Figure S21. It is nearly barrier free
for the hinge to move. On comparing the crystal structures when SB2 was bound to a DFG-
in or DFG-out conformation, the average equilibrium hinge distance between residues Val30
and Alal1l is 12 A in SB2 (DFG-in) or 15 A, respectively. The cleft may need to open up as
the DFG motif flips from a DFG-in to DFG-out conformation. However, because of the
location of SB2 bound to p38a, no energetically protein motions are required for either loop
conformations during SB2 dissociation.

To ensure that the results of free energy calculation during hinge movement do not depend
on the choice of coordinates, we also constructed free energy plots using the hinge distance
between Val30 and Alalll of p38a for BIRB796 and confirmed high free energy cost for
hinge opening with BIRB796 dissociation with a different set of coordinate. Similarly, we
plotted the free energy changes during hinge movement by using the distance between
Glu71 and Asp168 for SB2 (bound with DFG-in loop). Figure 12 confirmed that the opening
cleft during SB2 dissociation does not increase free energy, which again suggests that SB2
does not require expensive conformational rearrangement of p38a, thereby resulting in a
faster kinetics.

Since protein conformational rearrangement plays a crucial role in dissociation of type-I1/111
ligands, we designed a mutation associated with the flexibility of the hinge region to
examine the changes in binding kinetics. We hypothesized that a more barrier-free hinge
motion can lead to faster dissociation of type-1I/111 ligands. To confirm this, we mutated
Tyr69 in the aC helix, Phe327 in the L16 loop and Trp337 in the L16 helix into glycine and
performed a 100 ns conventional MD simulation for BIRB796 bound with mutated p38a
with a DFG-out conformation. Before mutation, Tyr69, Phe327, and Trp337 form a stacking
interaction with each other and can mutually stabilize the L16 loop, alL 16 helix, and aC
helix. After mutation, the L16 loop is much more flexible without the stacking interaction,
and both the al.16 and aC helix shift up. Even though the average hinge distance does not
change much due to the concerted shifting up for the activation loop (Figure 13),
conventional MD showed that the mutation was more flexible, and the average RMSD of
backbone atoms of the aC helix increased from 1.0 to 1.7 A after mutation. On comparing
free energy change during the hinge movement with protein mutation, the energy well
become shallower than those computed for the wild-type p38, especially when BIRB796 is
in the crystal structure bound form and middle of the dissociation pathway. The equilibrium
hinge distance needed for BIRB796 dissociation is significantly closer to that in the crystal
structure. As a result, the energy cost due to protein motion for dissociating BRIB796 can be
largely reduced (Figure 14). The computation experiment demonstrates the importance of
flexibility of the hinge region, which agrees with experimental data that mutations of Tyr69,
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Phe327, and Trp337 in p38a can result in disordered enzyme activation8® and suggests a
new direction for future kinase activity study and inhibitor design.

CONCLUSION
In this study, we examine the detailed protein—ligand interactions that contribute to
dissociation free-energy cost for type-I, -1, and -I11 inhibitors, SB2 and SK8, BIRB796, and

LIG4, respectively, unbinding from p38a. We focus on revealing important features such as
breaking key intermolecular interactions between a ligand and residues in the pockets and
molecular rearrangements that contribute significantly to rate determination for different
types of ligands. We used AMD and PSIM to first sample dissociation pathways for each
inhibitor and to reveal the molecular motions during ligand dissociation. Guided by the
frames along the unbinding pathways, umbrella sampling was used to construct free energy
plots to illustrate correlations between free energy changes and transitions of molecular
conformations. It is worth mentioning that PSIM uses internal PC modes to guide the search
for dissociation pathways which has advantages over simulation-based methods for
molecular systems with slow noncovalent kinetic behavior. The search method may produce
rapid conformational movement; therefore, short conventional MD runs can be applied for
selected frames to further smooth the molecular motions.

Although the depths of free energy plots cannot accurately rank inhibitor-binding free
energy to p38a (AG), the plots can distinguish favorable and unfavorable dissociation
pathways from the depths. AMD and PSIM found one preferred unbinding pathway via the
ATP channel for inhibitors SB2 and SK8, whereas PSIM found two dissociation pathways
via both ATP and allosteric channels for BRIB796 and LIG4. The free energy plots further
show that the allosteric channel is the major unbinding pathway for the two inhibitors. We
found that because of the molecular properties of the binding pocket and the tight binding
inhibitors studied here, inhibitors must break important and conserved intermolecular
interactions which results in one major dissociation direction when a ligand is leaving the
pocket. Although the free energy profiles from umbrella sampling cannot represent all
possible configuration during unbinding due to insufficient sampling of the complex system,
the simulations still allowed us to identify important molecular interactions and mechanisms
that contribute to binding kinetics during ligand unbinding from p38a. Correlation analysis
suggested that the hinge motion may play an important role in ligand dissociation. The free
energy changes during hinge movement of the protein confirm the large free energy cost of
hinge movement when unbinding type-I1/111 inhibitors, which explains their slow
dissociation rate as compared with type-I ligands, whose dissociation processes does not
require large free energy barriers. Therefore, we computationally mutated residues to reduce
free energy cost for protein rearrangement, and the simulation suggested that a more flexible
hinge region may facilitate the entry/exit of type-11/111 ligands.

The success of the combination of AMD and PSIM simulations and free energy plots of the
dissociation of different types of p38a inhibitors reveals detailed protein—ligand interactions
as well as protein conformational rearrangements during ligand dissociation. This study
illustrated that when inhibitors unbind/bind to DFG-out loop conformations of p38a kinase,
the protein must undergo an unfavorable and transient conformation that is not required
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when inhibitors unbind/bind to DFG-in loop conformations. This temporary rearrangement
creates a few kilocalories per mole energy barrier, resulting in slower binding/unbinding
kinetics. This indicates that inhibitors binding to either of the loop conformations have
intrinsic limitations due to protein motion, and drug development may need to target only
one of the protein binding pockets, depending on whether slow or fast kinetic binding is
desired. If there is no significant energy barrier raised by protein rearrangement, then the
drug development project can concentrate on solvent effect and ligand-protein binding free
energy, as described in other publications.89-73 In addition, the computation provides
powerful tools and useful guidance for future study of binding/unbinding mechanisms of
kinase systems and inhibitor development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of crystal structures of p38a in DFG-in and DFG-out conformations. The left

figure shows the structure alignment of DFG-in (cyan, PDB 1A9U) and DFG-out (yellow,
PDB 1KV2) conformations bound with ligands SB2 and BIRB796, respectively. The right
figure shows binding site structures. The Phe169 from the DFG motif is shown in sphere
structure; ligands SB2 and BIRB796 are shown in licorice structure.
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Figure 2.
Interactions between SB2 and p38a in DFG-in conformation from crystal structure (PDB

ID: 1A9U). SB2 is shown in bold licorice structure. Key interacting residues are shown in
thin licorice structure. Hydrogen bonds between SB2 and p38a are shown as dashed lines.
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Figure 3.
PMF of dissociation process of SB2 (DFG-in) and selected snapshots from umbrella

sampling. SB2 is shown in bold licorice structure. Key interacting residues are shown in thin
licorice structure. Hydrogen bonds between SB2 and p38a are shown as dashed lines.
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Figure 4.
Interactions between BIRB796 and p38a in DFG-out conformation from crystal structure

(PDB ID: 1KV2). BIRB796 is shown in bold licorice structure. Key interacting residues are
shown in thin licorice structure. Hydrogen bonds between BIRB796 and p38a are shown as
dashed lines.
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PMF of dissociation process of BIRB796 along allosteric pathway and selected snapshots
from umbrella sampling. BIRB796 is shown in bold licorice structure. Key interacting
residues are shown in thin licorice structure.
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Figure 6.
PMF of dissociation process of BIRB796 along ATP pathway and selected snapshots from

umbrella sampling. BIRB796 is shown in bold licorice structure. Key interacting residues
are shown in thin licorice structure.
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Figure 7.
Division of p38a protein into different fragments basing on the secondary structure of

protein. The a-helix is colored red, the B-sheet is colored blue, the loop is colored cyan, the
activation loop is colored orange, and the P+1 substrate site is colored green.
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Figure 8.
Correlation maps of SB2 (bound to DFG-in conformation) and BIRB796 p38a complexes

during the dissociation process.
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Figure 9.
Distance used as RC for hinge motions. Hinge distances are indicated by the distance

between Ca of Glu71 and Asp168, which is on the allosteric path of type-I1/111 ligands
(yellow), and the distance between Ca of Val30 and Alall11, which is on the ATP path of
type-I ligand (cyan).
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—crystal binding position
—middle of dissociation
—outside cavity

—completely dissociate

Free energy change along hinge movement of p38a in DFG-out conformation at different
stages of dissociation of BIRB796. The distance between Ca of Glu71 and Asp168 is used

as the RC.
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Figure 11.

Free energy change along hinge movement of p38a in DFG-in conformation at different
stages of dissociation of SB2. The distance between Ca of Val30 and Alalll is used as the
RC.
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BIRB796
——crystal binding position
——middle of dissociation
~——outside cavity

—completely dissociate

SB2 (DFG-in)
~—crystal binding position
——middle of dissociation
——outside cavity

—completely dissociate

Free energy change along hinge movement of p38a at different stages of dissociation of
BIRB796 and SB2 (DFG-in). The distance between Ca of Val30 and Alall1l is used as the
RC for BIRB796. The distance between Ca of Glu71 and Asp168 is used as the RC for SB2

(DFG-in).
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Figure 13.
Superposition of representative structures of wild p38a— BIRB796 complex (yellow) and its

mutated structure (pink) from CMD simulations. Residues Tyr69, Phe327, and Trp337 are
mutated to glycine. Ligand BIRB796 is shown in bold licorice structure. Tyr69, Phe327,
Trp337, and their mutated glycine form are shown in thin licorice structure.
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Figure 14.
Free energy change along hinge movement of p38a in DFG-out conformation at different

stages of dissociation of BIRB796 before and after mutation. The distance between Ca of
Glu71 and Asp168 is used as the RC.
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