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ABSTRACT: The identification and characterization of binding sites is a critical component of structure-based drug design
(SBDD). Probe-based/cosolvent molecular dynamics (MD) methods that allow for protein flexibility have been developed to
predict ligand binding sites. However, cryptic pockets that appear only upon ligand binding and occluded binding sites with no
access to the solvent pose significant challenges to these methods. Here, we report the development of accelerated ligand-mapping
MD (aLMMD), which combines accelerated MD with LMMD, for the detection of these challenging binding sites. The method was
validated on five proteins with what we term “recalcitrant” cryptic pockets, which are deeply buried pockets that require extensive
movement of the protein backbone to expose, and three proteins with occluded binding sites. In all the cases, aLMMD was able to
detect and sample the binding sites. Our results suggest that aLMMD could be used as a general approach for the detection of such
elusive binding sites in protein targets, thus providing valuable information for SBDD.

1. INTRODUCTION Various computational methods for the identification and
characterization of binding sites have been developed as
cheaper and faster alternatives to experimental approaches.
However, computational approaches that do not consider
receptor flexibility® may not be able to detect binding sites that
are absent in the input structures. This limitation can be
addressed by the use of molecular dynamics (MD) simulations,

Structure-based drug design (SBDD) involves the exploitation
of information from three-dimensional biomolecular structures
to aid drug discovery efforts.' A key component of SBDD
involves the identification and characterization of ligand
binding sites in biomolecular targets. Such information allows

the rational design and modification of ligands to enhance which provide an atomistic description of the dynamics of a
binding with their targets.” Additionally, modulation of a target system.” The relaxed complex scheme'® involves the use of
protein’s activity can be achieved via allostery when a ligand MD simulations to generate a conformational ensemble of the
binds away from the orthosteric site.”* One of the major receptor for small-molecule docking.'" This method was most
challenges in SBDD is accounting for receptor flexibility.”® notably used to identify a novel pocket in HIV-1 integrase,"”
Proteins frequently undergo a wide variety of conformational which was eventually utilized for inhibitor development.'’
changes in their unbound states and upon ligand binding. As a

consequence of receptor flexibility, binding sites that are not Received: November 22, 2021 JCTC e
apparent in the unbound protein structure may form upon Published: February 17, 2022

ligand binding. These so-called cryptic binding sites may
enable the targeting of proteins previously thought to be
undruggable, bind allosteric ligands, or be exploited to enhance
the potency of existing inhibitors.”
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Figure 1. Structures of test proteins. Ligands are shown as teal sticks. For each subfigure, the overall protein structure is shown on the left, while a
close-up of the cryptic or occluded binding site is shown on the right. (A—E) Superimposition of test protein structures with their cryptic pockets
unoccupied (yellow, PDB code on left) and occupied (white, PDB code on right) by a ligand. Residues relevant to cryptic pocket formation are
shown as sticks. (F—H) Crystal structures of test proteins with occluded binding sites. PDB codes of the holo protein structures are indicated.

However, cryptic binding sites are less amenable to detection which allows for simultaneous mapping of different types of
by conventional MD (cMD) simulations, even when extended binding sites by multiple types of probes.’!

to microsecond timescales,"* while enhanced sampling MD Although probe-based MD methods have been demon-
techniques such as metadynamics and umbrella sampling strated to be successful at detecting most cryptic pockets,
require a priori knowledge of the binding site for selection of deeply buried cryptic pockets that require large movements of
suitable collective variables."> Enhanced sampling methods secondary structure elements and domains to expose still pose
that do not require the use of collective variables, such as a formidable challenge. We term such pockets “recalcitrant

cryptic pockets”. Substantial sampling may be required to allow
time for the probes to fully explore the protein surface and
overcome high energy barriers of pocket opening.’”
Cimermancic et al.” curated a data set of proteins with 84
cryptic binding sites based on ligand-free and ligand-bound
structures in the Protein Data Bank (PDB).>* Eight of these
proteins were chosen for systematic validation of a probe-based
MD protocol.” Although all of the pockets were opened by
the probes, half of them only opened partially. More recently,
another study was carried out to apply probe-based MD
simulations to the detection of cryptic pockets.*® Partial pocket
opening was observed in three out of the seven test cases.

parallel tempering, have also been shown to be ineffective at
opening cryptic binding sites.'* Adaptive sampling algorithms
have shown promise in revealing cryptic binding sites but do
not indicate how ligands can interact with the pocket.'®'” To
overcome the limitations of these MD-based methods, probe-
based/cosolvent MD methods for binding site detection have
been developed."® > In this approach, small-molecule probes
are added into a water box with the protein of interest and the
system is subjected to classical MD simulations to allow the
probes to bind to the protein surface to generate ligand affinity
maps. The use of small-molecule probes in MD simulations

al.lovtrs for receptor conformational changes inquced by .ligand These are challenging cases for which pocket opening likely
bmdn'lg. These probe—base'd MD  methods include ligand- involves timescales beyond that of cMD simulations. Another
mapping MD (LMMD), which was developed by our group. It class of binding sites known as occluded binding sites also

. . . 22,2425

uniquely uses low concentrations of hydrophobic probes poses a significant challenge for probe-based MD simulations.
to detect binding sites without the use of additional artificial Occluded binding sites, in contrast to cryptic binding sites, pre-
forces to prevent probe aggregation and protein unfolding. It exist in the unbound structures of the protein, have largely the

has been applied to the detection of cryptic pockets®>***” and

same conformation in the unliganded and liganded states, and
the design of small-molecule®® and peptide-base

22,29,30 . .
d are not accessible to the solvent.”” Conformational changes

protein—protein interaction inhibitors. Most recently, a such as movement of multiple side chains and helical
multiple-probe implementation of LMMD has been developed, segments’” have to occur to allow ligands to enter these
1970 https://doi.org/10.1021/acs.jctc.1¢01177
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binding cavities. Ligand binding at occluded binding sites has
been shown to occur at microsecond timescales in ¢cMD
simulations.” These binding sites are found in human proteins
such as nuclear receptors and G-protein-coupled receptors and
in bacterial proteins such as quorum-sensing transcription
factors.

The combination of enhanced sampling methods with
probe-based MD simulations can help to reduce the timescale
needed to map these challenging binding sites. The probe-
based MD method SILCS has been coupled with a grand
canonical Monte Carlo (GCMC) scheme™ to facilitate the
detection of occluded ligand binding sites,*! while Gervasio
and co-workers have used their Hamiltonian replica exchange
method known as SWISH in combination with 1 M of benzene
probes to detect cryptic pockets."”*> In both methods,
repulsive inter-probe potentials and restraints on protein
atoms are introduced to prevent probe aggregation and protein
unfolding, respectively. However, these artificial forces could
prevent the proper mapping of large pockets that can
accommodate more than one benzene molecule and hinder
the opening of recalcitrant cryptic pockets. Separately,
isopropanol probes have been used in accelerated MD
(aMD)* simulations, which enhance conformational sampling
by reducing the energy barriers between low-energy states and
do not require a priori information of the cryptic pocket, to
generate druggable conformations of B-cell lymphoma-extra-
large (Bcl-xL) for docking.44 However, this work was only
demonstrated on a single protein, and it was not clear on the
extent to which the cryptic site was detected.”* While our work
was in progress, Smith and Carlson most recently reported the
use of their probe-based method, MixMD, in combination with
aMD™ for the detection of cryptic binding sites. Multiple
simulation runs were performed with different probe types,
including isopropanol, acetonitrile, pyrimidine, and a methyl-
ammonium + acetate combination, on 12 systems. In two
cases, accelerated MixMD was necessary to detect the cryptic
binding site, which was missed by standard MixMD. For five of
the cases, the cryptic binding sites were not detected by either
standard MixMD or accelerated MixMD.*

Here, in this work, we report the development of accelerated
LMMD (aLMMD), which combines LMMD with aMD to
enable the detection of recalcitrant cryptic pockets and
occluded binding sites. This accelerated version of LMMD
incorporates a low concentration of benzene molecules into
aMD simulations to detect the aforementioned binding sites.
Benzene was selected as the ligand of choice as these binding
sites are predominantly hydrophobic in nature’**~** and it
has been shown to be very effective at exploring cryptic
pockets.'* Benzenes encourage the exposure of these hydro-
phobic binding sites by reducing the polarity of the aqueous
solvent environment. We validated aLMMD on a test set
comprising a diverse range of challenging protein systems,
including five cases of recalcitrant cryptic pockets and three
cases of occluded binding sites. By systematically applying
aLMMD and standard LMMD to these targets and comparing
their results, we demonstrate the value of aLMMD as a general
method for the detection of cryptic and occluded binding sites.

2. METHODS

2.1. Choice of Systems. We selected a test set comprising
five proteins (heat shock protein 90 [HSP90], Bcl-xL, p38
mitogen activated protein kinase [p38 MAPK], protein
tyrosine phosphatase 1B [PTP1B], and pyruvate dehydrogen-
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ase kinase 1 [PDK1]) with deeply buried cryptic pockets that
require major movements of the backbone to expose and three
proteins (T4 lysozyme L99A mutant, estrogen receptor alpha
[ERa], and peroxisome proliferator-activated receptor gamma
[PPAR-y]) with occluded binding sites (Figure 1). The cryptic
pockets in HSP90, Bcl-xL, and PTP1B, and occluded binding
sites in PPAR-y and the T4 lysozyme L99A mutant were used
as test cases in previous probe-based MD studies.”"**>**% In
particular, the cryptic pockets of HSP90, BclxL, and PTP1B
have been identified as especially challengin% to detect using
conventional probe-based MD simulations.”®* PDK1 was
selected from the Cryptosite data set’” and represents a special
case of a buried cryptic pocket.

The following PDB structures were used as initial structures
for MD simulations: 1YER®' (HSP90), 1R2D>* (BclxL),
10UY*> (p38 MAPK), 1SUG™* (PTP1B), 2Q8F>° (PDKI1),
4W51°° (T4 lysozyme L99A mutant), 3ERD*’ (active ERa),
and 3U9Q’" (PPAR-y). The cryptic pocket is in the unbound
and closed state in the first five structures, while the ligand
binding site is completely occluded by helical segments in the
last three structures.

2.2. System Setup. All crystallographic ligands were
removed. Missing loop residues were modeled using
MODELLER.> The N- and C- termini of protein chains
were capped with acetyl and N-methyl groups, respectively, if
the first or last residue in the native sequence was missing.
PDB2PQR® was used to determine residue protonation states
and add hydrogen atoms. Using the LEaP module of
AMBERI8,°" each system was solvated with TIP3P®” water
molecules in a periodic truncated octahedron box such that the
distance between the protein and box edge was at least 10 A.
Sodium or chloride counterions were then added to neutralize
the system. A 50 ns cMD simulation of the apo protein was
performed to determine the appropriate number of benzene
molecules to be added from the average box volume.
Packmol® was used to generate 20 different random
distributions of benzene probes around the protein for
LMMD simulations. Each system was then solvated with
TIP3P®* water molecules followed by charge neutralization
with sodium or chloride ions to give a final benzene
concentration of approximately 0.2 M.

2.3. MD Simulations. Energy minimization and MD
simulations were performed using the particle mesh Ewald MD
(PMEMD) module of AMBERI18.°" The ff14SB* force field
was used for proteins, while the generalized AMBER force field
(GAFF)® was used for benzenes. Atomic charges for benzene
were taken from previous work.”” Bonds involving hydrogen
atoms were constrained using the SHAKE® algorithm to
enable a time step of 2 fs. A nonbonded interaction cutoff
distance of 9 A was used. Long-range electrostatic interactions
were treated using the particle mesh Ewald”” method under
periodic boundary conditions. Energy minimization was
performed for 500 steps with the steepest descent algorithm,
followed by another 500 steps with the conjugate gradient
algorithm. The system was then heated gradually to 300 K over
50 ps in the NVT ensemble before equilibration in the NPT
ensemble at a constant pressure of 1 atm for another 50 ps.
Weak harmonic positional restraints with a force constant of
2.0 kcal mol™" A~ were imposed on heavy atoms during
energy minimization and equilibration steps. Further, equili-
bration without positional restraints was performed for 2 ns,
followed by the production run (S0 ns for protein-only cMD
and 200 ns for standard LMMD) at 300 K and 1 atm. The

https://doi.org/10.1021/acs.jctc.1c01177
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temperature of the system was maintained using a Langevin68

thermostat with a collision frequency of 2 ps™', while the
pressure was maintained using the Berendsen barostat®” with a
pressure relaxation time of 2 ps.

2.4. aMD Simulations. The aMD enhanced sampling
method enables a system to overcome energy barriers more
easily. In aMD, a boost potential AV(r) is added to a system’s
potential energy when the system’s potential energy is lower
than the threshold energy value E.

V(r)*
V(r)*

V(r) + AV(r),
V(r), V(r) >E

V(r) < E

= 1)
In this equation shown above, V(r)* is the modified
potential energy, V(r) is the unmodified original potential
energy, and AV(r) is the boost potential. In the dual-boost”
implementation of aMD, a boost potential is applied to the
system’s potential energy and dihedral energy as follows:

(E, — V(n)* (Es — Vy(n)*
(ap+E, = V(r)  (ap+Eq—Vy(r)) (2)

where E, is the threshold potential energy, E, is the threshold
dihedral energy, V(r) is the system’s potential energy, and
V4(r) is the system’s dihedral energy. ap is the acceleration
factor for the system’s potential energy and ap is the
acceleration factor for the system’s dihedral energy. The
boost parameters were calculated as follows:

AV(r) =

ap =02 X N, (3)

E, = Vbg_ayg + 02N, (4)
4N,

=T s)

Eq = Viihed_avg T #Nres (6)

where N, is the total number of atoms, is the number
of protein residues, Vpg, ,,, is the average potential energy, and
Viined avg 1S the average dihedral energy. Vig o5 and Vihed avg
for aLMMD and standard aMD were obtained from the first
S0 ns of the corresponding standard LMMD and cMD
simulations, respectively.

The aLMMD workflow is outlined in Figure 2. Dual-boost
aMD simulations, in which both the dihedral energy and total
potential energy are boosted, were initiated from the final
equilibrated structures of the corresponding MD simulation
runs. All aMD simulations were performed at 300 K and 1 atm.
In total, 20 independent 200 ns aLMMD and standard aMD
simulations were performed for each protein.

2.5. Trajectory Analysis. For both standard LMMD and
aLMMD simulations, the 20 individual runs for each protein
were combined into a single trajectory for analysis. Using the
CPPTRAJ”' module in AMBERI18,°" the trajectory snapshots
saved at 10 ps intervals from the last 70 ns of each simulation
were aligned with respect to their Car atoms before binning the
benzene carbon atoms into 1 A X 1 A X 1 A grid cells to
generate benzene occupancy maps. Based on the inverse
Boltzmann relationship, the binding free energy associated
with a probe atom at voxel i is given by the following equation

N,

res

N.
AG; = —RT In —
Ny (7)
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50 ns cMD of apo protein
todetermine the box volume

Generate 20 different
distributions of benzenes
(0.2 M) around the protein

]_.

Obtain
aMD boost
parameters

Energy minimization and
equilibration

20x 50 ns
standard LMMD

{ 20 x 200 ns aLMMD J

Figure 2. Flowchart of the aLMMD protocol.

where R is the gas constant, T is the absolute temperature, and
N;/N, is the ratio of the observed occupancy to the expected
occupancy. The expected occupancy of a voxel by a probe
atom can be obtained using the equation

Matoms X Mrames X Cp X NA
Ny = 27
10 (8)
where n,,,, is the number of defined probe atoms per

molecule (1, = 6 for benzene), ns,.. is the total number of
trajectory frames being analyzed, C, is the molar concentration
of the probe (0.2 M), N, is the Avogadro constant
(6.02214076 X 10* mol™"), and 10? is the number of grid
cells in 1 L of the simulation box. Benzene occupancy maps
were visualized at —1.5 kcal/mol as it has been found to be the
best compromise between filtering out spurious binding sites
and keeping the true positives.”' Based on this cutoff, benzenes
are approximately at least 12.4 times more likely to be found in
the regions indicated by the benzene occupancy maps than the
bulk solvent. To compare the overlap of the benzene
occupancy maps with known ligands, ligand-bound structures
were aligned using PyMOL'” to the respective average protein
structure sampled during the simulations.

The radius of gyration (R,) of the Ca atoms of each protein
was calculated using the CPPTRAJ”' module in AMBER18.%"
Cavity analysis was performed using MDpocket”” for the last
70 ns of the aLMMD and standard aMD trajectories. All water
molecules, counterions, and benzene probes were removed
from the trajectories, followed by structural alignment of the
protein backbone atoms prior to MDpocket analysis.

2.6. Pocket Clustering and Ensemble Docking.
Snapshots from the last 70 ns of the aLMMD runs of the
five proteins with recalcitrant cryptic pockets were clustered
using the k-means clustering algorithm in the CPPTRAJ”'
module of AMBERI18. Clustering was based on the all-atom
root-mean-square deviation (RMSD) of residues that are
within 4 A of the ligand in the respective holo protein
structures shown in Figure 1. The number of clusters was set to
15, and the centroid of each cluster was selected as a
representative for the docking.

Docking of crystallographic ligands to the representative
cluster structures was carried out using AutoDock Vina 1.1.2.7*
The search space was defined by aligning all the 1§
representative cluster structures to the holo protein and

https://doi.org/10.1021/acs.jctc.1c01177
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including all residues that are within 4 A of the ligand.
Exhaustiveness was set to 64. The RMSD between the docked
pose and the crystallograghic pose was calculated using the
rms_cur tool in PyMOL’* after alignment of the binding site
residues that are within 4 A of the ligand in the crystal
structure.

3. RESULTS AND DISCUSSION

In this study, we report the development of aLMMD for the
detection of cryptic pockets and occluded binding sites. We
first describe the modifications made to standard LMMD. We
then apply aLMMD to our test set of five cryptic pockets and
three occluded binding sites. To demonstrate the challenge
these binding sites pose to conventional probe-based MD and
enhanced sampling methods, we also performed the same
number of runs and simulation length (20 X 200 ns) of
standard LMMD and aMD as aLMMD on all the targets and
compared the results.

3.1. Optimization of the aLMMD Protocol. Benzene
concentration was retained at 0.2 M. One cryptic pocket test
case and one occluded binding site test case were selected to
optimize the number of independent simulation runs,
simulation length, and analysis window for aLMMD. HSP90
was chosen for its highly challenging cryptic pocket, while the
T4 lysozyme L99A mutant was chosen for its small size, thus
ensuring rapid testing of multiple simulation protocols.

aLMMD was initially performed on the T4 lysozyme L99A
mutant using 10 simulation runs of 50 ns each, similar to the
multiple-probe implementation of LMMD.’' However, no
densities corresponding to the occluded binding site of the T4
lysozyme L99A mutant could be observed in the benzene
occupancy map (Figure S1). To enhance the sampling of
conformational space,75 the number of simulation runs was
increased to 20, but the T4 lysozyme L99A mutant binding site
remained elusive (Figure S2). As previous studies have
suggested that longer timescales may be needed in probe-
based MD methods to detect binding sites occluded by the
protein backbone,”**** we decided to increase the length of
each simulation run to 200 ns. The occluded binding site of
the T4 lysozyme L99A mutant was successfully detected when
20 aLMMD simulations of 200 ns each were performed
(Figure S3A). By contrast, standard LMMD failed to detect
the binding site (Figure S3B).

We applied this protocol to the detection of the cryptic
binding site in HSP90. However, no densities corresponding to
the cryptic pocket could be observed in the benzene occupancy
maps generated from both aLMMD and standard LMMD
simulations (Figure S4). The entire simulation length was used
to generate the benzene occupancy maps for both types of
simulations. We suspected that for such challenging cryptic
pockets, pocket opening could occur at later timescales, as it
takes time for the protein backbone to move away and expose
the pocket for benzene binding. If this is the case, the sampling
of data from earlier timescales could mask the presence of
benzene densities within the pocket at later timescales. We
examined data obtained from combining the 0—60, 60—130,
and 130—200 ns segments of each aLMMD simulation run,
each representing approximately one-third of the total
simulation length. No benzene densities were observed within
the cryptic pocket in benzene occupancy maps generated from
the 0—60 and 60—130 ns (Figure SS) segments. Only the
benzene occupancy maps generated from the 130—200 ns
segment showed benzene densities within the cryptic pocket

1973

(Figure 3A). Not only does this show that pocket opening
indeed occurs at later timescales for HSP90 but also shows that

Figure 3. Benzene occupancy maps of HSP90 generated from (A)
aLMMD and (B) standard LMMD simulations superimposed on the
ligand-bound PDB structure 1UYD. Benzene occupancy maps are
shown as black meshes. The red circles indicate the position of the
cryptic pocket.

the simulation length of 200 ns is necessary for detection of the
HSP90 cryptic pocket.

To assess the convergence of the aLMMD simulations, we
divided the 20200-ns trajectories of HSP90 and the T4
lysozyme L99A mutant into two sets of 10 trajectories each
and generated benzene occupancy maps for each set from the
130—200 ns segment. The cryptic pocket in HSP90 and the
occluded binding site in the T4 lysozyme L99A mutant were
mapped in both sets of benzene occupancy maps (Figures S6
and S7), which indicates convergence of benzene densities in
these challenging binding sites. Between both sets of
occupancy maps, there are slight differences in the size and
shape of the benzene densities within the pockets, which are
refined by the combination of data from all 20 simulation runs.
Therefore, we performed 20 aLMMD simulations of 200 ns
each for the rest of the proteins in the test set and used the
combined 130—200 ns segments of the trajectories for analysis.

As simulation length has significantly increased along with
the implementation of aMD, there is concern over whether
benzene-induced protein unfolding could occur during these
long aLMMD simulations. The R, is a measure of protein
compactness and has been used as a metric to detect protein
unfolding due to probe infiltration of the protein’s hydro-
phobic core.”® Here, we used R, to monitor the stability of the
protein fold over simulation time. In all the test cases, no
sudden or large increases in R, were observed (Figures S8—
S15), which suggests that ligand-induced protein unfolding did
not occur during the aLMMD simulations. This was confirmed
by manual inspection of the trajectories. Small fluctuations in
R, in some of the runs can be attributed to movements of
flexible loop regions and do not indicate unfolding. We did not
use the RMSD of the protein atoms to evaluate protein
unfolding as large fluctuations in RMSD values may reflect
conformational changes in flexible regions associated with
pocket opening. This is an important consideration as
significant conformational changes are required to expose the
binding sites in our test cases.

3.2. HSP90. HSP90 is a molecular chaperone that helps in
protein folding and stabilization. It contains a cryptic site that
requires the conformational transition of a loop segment into a
helix for exposure. In the reference ligand-bound structure of
HSP90 (PDB ID: 1UYD),”” the 3-methoxy group of the
inhibitor displaces Leul07 to occupy the cryptic site (Figure
1A). aLMMD was performed using an initial HSP90 structure
with Leul07 blocking the cryptic site (PDB ID: 1YER).”'
Densities corresponding to the position of the 3-methoxy
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group were observed in the aLMMD benzene occupancy maps
(Figure 3A), while standard LMMD failed to detect this
binding site (Figure 3B). This cryptic site was previously
interrogated by a few probe-based MD studies, but either
partial mapping was reported*® or it was unclear whether the
binding site was fully mapped based on the reference ligand-
bound structures provided.*>*

3.3. Bcl-xL. BclxL is an antiapoptotic protein that
suppresses apoptosis by binding to the helical BH3 domains
of proapoptotic proteins. It contains a cryptic binding site that
is revealed by the movement of the helix @3 and changes in
secondary structure of the residues N-terminal of a3. In one of
the ligand-bound structures of Bcl-xL (PDB ID: 2YXJ),”® the
deepest part of the binding site is occupied by the 4-
chlorophenyl moiety of the inhibitor (Figure 1B). aLMMD
was performed using an initial structure in which this pocket is
occupied by Phel05 (PDB ID: 1R2D).”* Benzene densities
that coincide with the location of the 4-chlorophenyl moiety
were observed in the aLMMD occupancy maps (Figure 4A),

Figure 4. Benzene occupancy maps of Bcl-xL generated from (A)
aLMMD and (B) standard LMMD simulations superimposed on the
ligand-bound PDB structure 2YX]J. Benzene occupancy maps are
shown as black meshes. The red circles indicate the position of the
cryptic pocket.

Figure 5. Benzene occupancy maps of p38 MAPK generated from
(A) aLMMD and (B) standard LMMD simulations superimposed on
the ligand-bound PDB structure 1W82. Benzene occupancy maps are
shown as black meshes. The red circles indicate the position of the
cryptic pocket.

Previous probe-based MD studies focused on mapping other
binding sites of p38 MAPK, such as the ATP binding site*"*'
and the cryptic allosteric site formed by the surface loop
backbone and side chain movements of residues 195—
198.712139%2% Thege sites were also successfully mapped by
the aLMMD simulations (Figure S16).

3.5. PTP1B. PTP1B is a negative regulator of the insulin
receptor and has been shown to be a promising target for the
treatment of type II diabetes and cancer. It contains a cryptic
allosteric pocket that is occluded by the C-terminal helix a7
and occupied by the buried residue Trp291 in the ligand-free
state (Figure 1D).>* When a ligand binds at this allosteric site,
a7 is displaced and becomes partially or fully disordered.*” To
evaluate whether aLMMD could identify the allosteric site
when it is occluded by a7, we used a structure of apo PTP1B
with a7 resolved for our simulations (PDB ID: 1SUG).”* The
allosteric pocket was successfully mapped by the aLMMD
simulations but not by the standard LMMD simulations
(Figure 6). Although previous probe-based MD studies have

while they were absent in the LMMD benzene occupancy
maps (Figure 4B). BclxL has been used as a test case in
previous probe-based MD studies. LMMD simulations that
used chlorobenzene probes were able to detect this cryptic site
because the initial structure of Bcl-xL had the pocket in an
open conformation.”* Cosolvent MD simulations that used
isopropanol probes in combination with aMD have been used
to sample the conformations of apo BclxL, but the extent of
pocket opening was unclear.** A more recent study reported
the use of 10% phenol as the cosolvent to detect this cryptic
site starting from an apo structure and observed only partial
pocket opening with incomplete displacement of Phe105.*
3.4. p38 MAPK. p38 MAPK is a protein kinase that
controls important cellular processes such as proliferation,
differentiation, and apoptosis. The activation loop containing
the conserved Asp—Phe—Gly (DFG) motif’” can adopt
different conformations to bind different ligands. In the
“DFG-in” conformation,” the DFG-Phel69 packs against
the C-helix of the N-terminal lobe, while in the “DFG-out”
conformation, Phel69 is flipped out, thus blocking the ATP
binding site and exposing a cryptic pocket beneath (Figure
1C).*° To evaluate the ability of the aLMMD simulations to
map this cryptic pocket, we used a p38 MAPK structure in the
DFG-in conformation for our simulations (PDB ID: 10UY).”*
Densities corresponding to the position of a p38 MAPK
inhibitor’s tert-butyl group bound at the cryptic pocket could
be observed in the benzene occupancy map generated from the
aLMMD simulations (Figure SA), while standard LMMD
simulations failed to map this cryptic pocket (Figure SB).
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Figure 6. Benzene occupancy maps of PTP1B generated from (A)
aLMMD and (B) standard LMMD simulations superimposed on the
ligand-bound PDB structure 1T48. Benzene occupancy maps are
shown as black meshes. The red circles indicate the position of the
cryptic pocket.

also reg)orted successful mapping of the PTPIB allosteric
site,”"*" we note that they used structures that did not contain
a resolved helix a7 for simulation, resulting in an already
exposed binding site that is accessible to the probe molecules.
The challenge in detecting this binding site was highlighted by
a recent study in which MixMD combined with aMD failed to
map it.* In that study, 10 independent 100 ns simulations
were carried out for each probe, none of which was fully
hydrophobic in nature. The relative success of aLMMD in
mapping this cryptic site could be attributed to the use of
hydrophobic benzene probes, which create a favorable
environment for hydrophobic pockets to open, and the
implementation of a large number of simulation runs at
moderately long timescales.
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3.6. PDK1. PDKI1 is a kinase that is found in the
mitochondria and inhibits the activity of pyruvate dehydrogen-
ase via phosphorylation of specific serine residues. It contains a
buried cryptic pocket within the N-terminal domain.”> The
binding of the inhibitor dichloroacetate (DCA) to PDKI1
involves the unwinding of a short segment of a helix bundle
and the displacement and rotation of Hisl149 toward the
exterior of the helix bundle (Figure 1E). Simulations were
carried out using an apo structure of PDK1 with His149 buried
within the helix bundle and occupying the cryptic binding site
(PDB ID: 2Q8F).> Densities corresponding to the location of
the cryptic pocket were observed in the aLMMD benzene
occupancy map (Figure 7A). The benzene densities over-

Figure 7. Benzene occupancy maps of PDKI generated from (A)
aLMMD and (B) standard LMMD simulations superimposed on the
ligand-bound PDB structure 2Q8H. Benzene occupancy maps are
shown as black meshes. The red circles indicate the position of the
cryptic pocket.

lapped with only one of the chlorine atoms of the bound DCA.
The second chlorine atom could not be mapped, probably
because it occupies a hydrophilic region of the pocket.
Standard LMMD simulations were unable to map the pocket
(Figure 7B).

3.7. T4 Lysozyme L99A Mutant. The L99A mutant of T4
lysozyme is a popular model system for studying the effect of
buried cavities on protein stability, protein structure, and
thermodynamics of ligand binding. It contains an occluded
hydrophobic cavity®® in the C-terminal domain that is created
by the L99A mutation and can bind small hydrophobic ligands
such as benzene (Figure 1F).>® For benzene to enter and bind
at this solvent-inaccessible pocket, subtle displacements of the
surrounding helices have to occur.’® Prominent benzene
densities were observed within the cavity in the aLMMD
benzene occupancy map (Figure 8A). They overlap well with
the single benzene ligand. No benzene densities were found
within the cavity in the standard LMMD benzene occupancy
maps (Figure 8B). This is not surprising as it has been shown
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Figure 8. Benzene occupancy maps of the T4 lysozyme L99A mutant
generated from (A) aLMMD and (B) standard LMMD simulations
superimposed on the ligand-bound PDB structure 4WS52. Benzene
occupancy maps are shown as black meshes.

that benzene binding to the cavity is observed only in
microsecond-long unbiased MD simulations.*”

Although aLMMD simulations were able to detect the
cavity, they were unable to map a narrow hydrophobic channel
that extends from the main cavity and is occupied by the
aliphatic moieties of alkyl benzenes.”® This is presumably
because the benzene probes are too bulky to enter this
channel. This agrees with a previous study in which the hybrid
probe-based MD method, SILCS-GCMC/MD, was able to
map the channel with propane probes only.*” No benzene
densities were detected within the channel as well. This
highlights a limitation of our current implementation of
aLMMD in mapping channels that are too narrow for benzenes
to access.

3.8. ERa. ERa is a nuclear receptor protein that adopts
different conformations depending on whether it is bound to
an agonist or antagonist.38 In the antagonist-bound form, the
ligand binding site is exposed and ERa is inactive. LMMD had
been used to map this inactive conformation of ERa in a
previous study.”’ Here, we are interested in the agonist-bound
and active form of ERa, in which the C-terminal helix, helix 12,
adopts a conformation that occludes the ligand binding site
(Figure 1G).>® This conformational change promotes homo-
dimerization and the recruitment of coactivator proteins.
aLMMD simulations were performed on the active form of
ERa to determine if the occluded ligand binding site could be
detected.

Although benzene densities were observed in the ERa ligand
binding site in both aLMMD and standard LMMD benzene
occupancy maps, there was more complete mapping of the
ligand binding site by aLMMD (Figure 9). Benzene densities
corresponding to both phenol moieties of the agonist
diethylstilbestrol could be observed in the aLMMD benzene
occupancy map (Figure 9A), while the standard LMMD
benzene occupancy map covered only one of the two phenol
moieties of the ligand (Figure 9B). Another agonist, ortho-
trifluoromethylphenylvinyl estradiol,”* was completely mapped
by the aLMMD simulations (Figure 9C), while its trifluor-
omethylphenyl group was not mapped by standard LMMD
(Figure 9D). Similarly, aLMMD was able to completely map a
dimesitylborane ligand®® (Figure 9E), while standard LMMD
could not map the trifluoroethyl and mesityl groups of the
ligand (Figure 9F). Our results here show that aLMMD offers
an obvious advantage over standard LMMD in that it allows
more complete and extensive mapping of the ERa ligand
binding site.

3.9. PPAR-y. PPAR-y is a nuclear receptor involved in the
regulation of lipid metabolism. Similar to other members of the
nuclear receptor family,”® the C-terminal helix of PPAR-y is
able to expose or occlude the ligand binding site depending on
the binding of agonist or antagonist ligands. The simulations
were performed using an initial structure of PPAR-y with the
ligand binding site occluded by the C-terminal helix and
decanoic acid ligand removed (PDB ID: 3U9Q) (Figure
1H).”® Both aLMMD and standard LMMD simulations were
able to map the occluded binding site occupied by decanoic
acid (Figure 10A,B). In addition, they also mapped a nearby
second pocket that is occupied by the larger ligand
GW409544% (Figure 10C,D).

The success of standard LMMD in mapping the ligand
binding site of PPAR-y suggests that it may not be as occluded
as we thought it was. Indeed, the benzene occupancy maps
indicate a pathway from the ligand binding site to the protein
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Figure 9. Benzene occupancy maps of ERa superimposed on ligand-
bound structures. (A) aLMMD and (B) standard LMMD benzene
occupancy maps superimposed on the PDB structure 3ERD. (C)
aLMMD and (D) standard LMMD benzene occupancy maps
superimposed on the PDB structure 2P1S. (E) aLMMD and (F)
standard LMMD benzene occupancy maps superimposed on the PDB
structure 2QG]J. Benzene occupancy maps are shown as black meshes.

surface via the relatively solvent-exposed second pocket.
Visualization of the simulations corroborates the pathway of
benzene entry into the ligand binding site via the second
pocket. This is also in line with observations reported in a
previous study, in which probe densities traced a path from the
ligand binding site to the second pocket and the protein
surface in GCMC/MD simulations.*!

To compare the timescale required for aLMMD and
standard LMMD to detect the occluded binding site of
PPAR-y, we examined the benzene occupancy maps obtained
from combining the 0—60, 60—130, and 130—200 ns segments
of the respective simulation runs. The GW409544 ligand was
completely mapped when the 0—60 and 60—130 ns analysis
windows were used for the aLMMD simulations (Figure
S17A,B). It was not mapped when the 0—60 ns analysis
window was used and completely mapped when the 60—130
ns analysis window was used for the standard LMMD
simulations (Figure S17C,D). This shows that aLMMD is
able to completely map the PPAR-y ligand binding site within
a shorter timescale than standard LMMD.

3.10. Timescale of Binding Site Detection by aLMMD.
Besides PPAR-y, we were curious to find out if the binding
sites in the rest of the test cases could be identified at an earlier
time point, which would allow for shorter aLMMD simulations
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Figure 10. Benzene occupancy maps of PPAR-y superimposed on
ligand-bound structures. (A) aLMMD and (B) standard LMMD
benzene occupancy maps superimposed on the PDB structure 3U9Q.
(C) aLMMD and (D) standard LMMD benzene occupancy maps
superimposed on the PDB structure 1K74. Benzene occupancy maps
are shown as black meshes. The red circles indicate the location of the
second pocket.

to be performed. All aLMMD trajectories were divided into
analysis windows of 0—60, 60—130, and 130—200 ns, each
representing approximately one-third of the total simulation
length.

As shown earlier, the cryptic binding site for HSP90 could
only be detected when the last 70 ns of the aLMMD
simulations were analyzed (Figures 3A and SS). Interestingly,
Bcl-xL represents another test case for which benzene densities
corresponding to the cryptic pocket could be detected only
when the last 70 ns of the aLMMD simulation was used for
analysis. No benzene densities were observed within the Bcl-xL
cryptic binding pocket for the two earlier analysis windows
(Figure S18). By contrast, benzene densities at the cryptic
pockets of p38 MAPK, PTP1B, PDKI1, and the occluded
binding site of the T4 lysozyme L99 mutant could be observed
in benzene occupancy maps generated from the 60—130 and
130—200 ns analysis windows, but not the 0—60 ns analysis
windows (Figures S19—522). Similar to PPAR-y, the occluded
binding site in ERa could be detected in all three analysis
windows. However, complete mapping of the diethylstilbestrol
ligand was observed only for the 60—130 and 130—200 ns
analysis windows (Figure S23).

Although our analysis shows that some of the binding sites
were detected at earlier timescales, longer aLMMD simulation
lengths of 200 ns were necessary to detect highly challenging
binding pockets in two test cases (HSP90 and Bel-xL). We
recommend an aLMMD simulation length of 200 ns per run
for all targets, especially in the absence of a priori knowledge
about the presence of cryptic pockets and occluded binding
sites in the protein.

3.11. aLMMD Generates Ligand-Accessible Confor-
mations. It is clear from the benzene occupancy maps that
benzene probes are able to access and occupy the cryptic
pockets. To determine if aLMMD could generate cryptic
pocket conformations that are accessible to known ligands,
clustering of the aLMMD trajectory structures followed by
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docking of crystallographic ligands to the representative cluster
structures was carried out.

The docking pose with the lowest RMSD from the
crystallographic pose was considered the best pose to assess
whether the trajectories have sampled pocket conformations
that can accommodate a known ligand. In all the five cases, the
docked ligand has similar binding pose to the crystallographic
ligand, with an RMSD of less than 3 A (Figure 11). Visual
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Figure 11. Docking poses of ligands at the cryptic pockets of (A)
HSP90, (B) BclxL, (C) p38 MAPK, (D) PTP1B, and (E) PDKI.
The docked ligands (pink) and representative cluster structures
(pink) they are docked to are shown superimposed on the respective
ligand-bound crystal structure (ligand in teal and protein in white),
with the ligand RMSD indicated. Residues relevant to cryptic pocket
formation are shown as sticks.

inspection of the docked poses confirms that the docked ligand
is able to access the cryptic pocket in all the test proteins. In
the case of HSP90, aLMMD sampled cryptic pocket
conformations that are larger than those in the crystal
structures, which results in the ligand docking deeper into
the pocket than its crystallographic pose.

Curiously, we note that all the p38 MAPK representative
cluster structures are not in the DFG-out conformation, and
yet the reference DFG-out ligand was able to access the cryptic
pocket during docking. On visualization of the aLMMD
trajectories, we found that although the activation loop
remained mostly in the DFG-in conformation throughout all
the simulation runs, there were a significant number of
snapshots, including the one shown in Figure 11C, in which a
substantial displacement of the DFG motif has occurred to
allow access to the cryptic pocket. These conformations are
reminiscent of the DFG-intermediate conformations that are
observed in some kinase structures, in which the DFG-Phe is
out of the C-helix pocket but not completely in a DFG-out
conformation,””*® and could represent intermediate confor-
mations of the DFG-in to DFG-out transition. This explains
why the DFG-out ligand was able to dock into the cryptic
pocket of the aLMMD snapshot even though the DFG-out
conformation was not sampled. Our result agrees with a
previous study in which a DFG-out ligand was able to dock
into p38 MAPK DFG-in conformations generated by MD
simulations,®” and suggests that the transition from DFG-in to
DFG-out conformation could be triggered by initial ligand
binding.
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3.12. Standard aMD Compared with aLMMD. It has
been previously shown that aMD was unable to fully sample
the ligand-bound conformations of Bcl-xL while cosolvent
aMD using isopropanol allowed greater sampling of the
initially buried binding pockets.”* We were curious to see if
aMD alone could detect any of the binding sites in our test set.
Here, we used MDpocket” to determine if standard aMD
could allow the exposure of cryptic pockets and the detection
of occluded binding sites. MDpocket uses Voronoi tessellation
and a-spheres to detect cavities in MD simulation
trajectories.”” The density map generated by MDpocket relates
to the number of a-spheres around grid points normalized over
simulation frames. Adjusting the isovalue for visualization
would allow the detection of conserved cavities or transient
binding channels, with a higher value allowing the visualization
of more conserved cavities. MDpocket calculations were
performed for both the aLMMD and aMD trajectories. To
allow for a fair comparison, 20 independent 200 ns aMD runs
were performed. For the recalcitrant cryptic pocket test cases,
the highest isovalue at which densities corresponding to the
cryptic pocket region are still visible in the aLMMD pocket
density map was used as a reference value for visualization. No
a-sphere densities were observed in all the cryptic pockets for
the pocket density maps generated from the aMD simulations
(Figures S24—S28), except for PDK1, which shows a tiny
speck of density that becomes prominent at lower isovalues.
This indicates that standard aMD is able to sample the open
pocket conformation, but not as efficiently as aLMMD, and
also that the PDK1 cryptic pocket is not as recalcitrant as the
other cryptic pockets in the test set.

For the T4 lysozyme L99A mutant, ERa, and PPAR-y, the
highest isovalue at which densities corresponding to a transient
channel from the protein surface to the occluded binding site
are visible in the pocket density map generated from aLMMD
simulations was used for visualization. No a-sphere densities
corresponding to a transient channel could be observed in the
pocket density maps generated from the aMD simulations of
these proteins (Figures $29—S31). This means that someone
who has no prior knowledge of the occluded cavity’s ability to
bind small ligands will not be able to detect it as a ligand
binding site based on standard aMD simulations, as there is no
visible pathway from the solvent to the cavity.

In summary, we found that aMD coupled with MDpocket
analysis was unable to identify the binding site in seven out of
eight test cases. Taken together, our analysis indicates that the
combination of aMD with LMMD is essential for the detection
of recalcitrant cryptic pockets and occluded binding sites.

4. CONCLUSIONS

We have presented an enhanced version of LMMD, called
aLMMD, in which benzene probes are incorporated into aMD
simulations, as a general and reliable method for the detection
of “challenging” binding sites in proteins. These binding sites
can be either recalcitrant cryptic pockets, which are deeply
buried pockets that are closed in the absence of a bound ligand
and open via large protein backbone movements on ligand
binding, or occluded cavities that are inaccessible to the
solvent in both the ligand-free and ligand-bound states.
Although standard LMMD and other probe-based MD
methods have been shown to be capable of identifying cryptic
binding sites, there remain such elusive pockets that are not
amenable to detection by these methods. Here, we describe
eight cases of recalcitrant cryptic pockets and occluded binding
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sites on which we validate the aLMMD method. The
elusiveness of these binding sites was demonstrated by their
inability to be fully mapped by standard LMMD, with the
exception of PPAR-y. Our results show that aLMMD is able to
unequivocally map the target pockets. This is in contrast to
previous probe-based MD studies, which either partially
mapped or failed to detect cryptic pockets in HSP90,
PTP1B, and Bcl-xL.**** aLMMD also proved to be superior
to standard LMMD in all the test cases. For six cases, standard
LMMD was unsuccessful in detecting the binding site. In the
case of ERa, aLMMD provides more complete mapping of the
binding site than standard LMMD. For PPAR-y, aLMMD was
able to detect the binding site at an earlier time point than
standard LMMD.

One limitation of aLMMD in its present form is that it
cannot fully characterize the functional group affinity patterns
of the detected binding sites. We have seen how the benzene
probes were unable to map a narrow hydrophobic channel of
the T4 lysozyme L99A mutant where aliphatic moieties bind.
It is possible that multiple probe types can be introduced into
aLMMD, like we did for mLMMD,*' which incorporates
multiple types of probes for simultaneous detection and
characterization of binding sites. However, we foresee
significant challenges in the characterization of occluded
binding sites, for which ligand entry and egress is a rare
event’ that may result in either inadequate sampling by polar
and charged probes or the appearance of spurious functional
group densities due to probes that are “stuck” within the cavity.

We expect aLMMD to be a valuable tool for the structure-
based drug discovery community as it can be applied to the
comprehensive identification of ligand binding sites in proteins
of pharmaceutical interest. New binding sites may be identified
in established targets and binding site maps can be created for
novel targets. The method may also find applications in
ensemble docking and rational drug design. The ability of aMD
to enhance conformational sampling has been harnessed to
generate diverse structural ensembles for molecular docking.”
In aLMMD, the incorporation of benzene probes into aMD
simulations arguably generates a greater proportion of relevant
ligand binding conformations that could be used for ensemble
docking. The value of aLMMD to rational drug design also
cannot be understated. As we have shown, aLMMD allows
more extensive mapping of the conformational ensemble of
binding sites compared to standard LMMD. After a binding
site has been identified, the cutoff isovalue for visualization of
the benzene occupancy maps can be lowered to better show
the full extent of pocket space that can be filled by ligands.
Hence, the shape and size of the benzene densities in the
benzene occupancy maps may be used to guide SBDD.
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