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ABSTRACT: Cryptic pockets are visible in ligand-bound protein structures
but are occluded in unbound structures. Utilizing these pockets in fragment-
based drug-design provides an attractive option for proteins not tractable by
classical binding sites. However, owing to their hidden nature, they are
difficult to identify. Here, we show that small glycols find cryptic pockets on
a diverse set of proteins. Initial crystallography experiments serendipitously
revealed the ability of ethylene glycol, a small glycol, to identify a cryptic
pocket on the W6A mutant of the RBSX protein (RBSX-W6A). Explicit-
solvent molecular dynamics (MD) simulations of RBSX-W6A with the
exposed state of the cryptic pocket (ethylene glycol removed) revealed closure of the pocket reiterating that the exposed state of
cryptic pockets in general are unstable in the absence of ligands. Also, no change in the pocket was observed for simulations of
RBSX-W6A with the occluded state of the cryptic pocket, suggesting that water molecules are not able to open the cryptic pocket.
“Cryptic-pocket finding” potential of small glycols was then supported and generalized through additional crystallography
experiments, explicit-cosolvent MD simulations, and protein data set construction and analysis. The cryptic pocket on RBSX-W6A
was found again upon repeating the crystallography experiments with another small glycol, propylene glycol. Use of ethylene glycol
as a probe molecule in cosolvent MD simulations led to the enhanced sampling of the exposed state of experimentally observed
cryptic sites on a test set of two proteins (Niemann-Pick C2, Interleukin-2). Further, analyses of protein structures with validated
cryptic sites showed that ethylene glycol molecules bind to sites on proteins (Bcl-xL, G-actin, myosin II, and glutamate receptor 2),
which become apparent upon binding of biologically relevant ligands. Our study thus suggests potential application of the small
glycols in experimental and computational fragment-based approaches to identify cryptic pockets in apparently undruggable and/or
difficult targets, making these proteins amenable to drug-design strategies.

■ INTRODUCTION
Use of structural information concerning binding site(s) on
validated protein targets1 is often the starting point of any
drug-design process. However, many of the validated targets
are not easily druggable owing to the presence of undesirable
traits in them such as featureless binding sites and the lack of
complementary hydrogen bonding partners.2,3 Adding to this
notion of undruggability is the observation that many
pharmaceutically important targets have cryptic binding
sites,4,5 which are occluded in unbound proteins but become
apparent in ligand-bound structures6,7 thereby making
structural information available only on the unbound protein
inadequate for drug-design purposes. Nonetheless, finding and
targeting cryptic binding sites presents an attractive oppor-
tunity for many of the targets that are not tractable by
traditional drug-design strategies, thereby expanding the
druggable genome.8 For years, efforts to develop inhibitors
against K-RAS, an oncogene mutated in human cancers, were
unsuccessful until site-directed tethering identified a new
cryptic allosteric pocket that was exploited to successfully
target K-RAS,4,9 thus emphasizing the importance of finding
cryptic sites in the course of drug discovery. Consequently,
identifying and utilizing cryptic binding sites for therapy has

gained momentum in the past few years.10 However,
identification of cryptic binding sites is a daunting task
owing to their hidden nature and also because molecular
mechanism(s) by which cryptic sites are formed are not
properly understood.4

Serendipity has accounted for revelation of cryptic sites in
several protein structures9,11−13 enabling characterization of
these sites which in turn has been helpful in developing
methods for identification of cryptic sites. Current approaches
to cryptic-site discovery include computational methods such
as, CryptoSite,6 long-timescale molecular dynamics (MD)
simulations combined with Markov state models14,15 or
fragment probes,4,5 mixed-solvent MD simulations,16 tools
for mapping small-molecule binding hot spots,17 and
experimental methods, such as extensive screening of small
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fragments18 and site-directed tethering.19,20 Although, Crypto-
Site, a cryptic-site prediction tool based on machine learning
and trained on a representative data set of protein structures
with validated cryptic sites, is a promising approach, it may be
limited by the availability of experimentally determined cryptic
sites, which constitute the training set. The success of mixed-
solvent MD simulations and hot spot mapping tools depends
upon the nature of probe molecules used for cryptic-site
identification and are not always successful. Fragment
screening experiments are expensive, time-consuming, and
may not always have the desired outcomes. Use of probe
molecules with the known “cryptic-site finding” potential may
possibly reduce time, efforts, and expenditure in fragment
screening experiments for identification of cryptic sites. If such
probe molecules are also amenable to mixed-solvent MD
simulations and hot spot mapping protocols, these computa-
tional methods incorporating the cryptic-site finding probe
molecules can be used to identify cryptic sites on
experimentally determined or modeled structures of protein
targets.

In the present work, we show that small glycols find cryptic
pockets on various proteins. Initial serendipitous observation
made through crystallography experiments conducted on a
protein system (RBSX-W6A, Trp6 to the Ala mutant of a

recombinant xylanase from Bacillussp. NG-27) showed the
ability of ethylene glycol, a small glycol, to discover a cryptic
pocket on RBSX-W6A. Explicit-solvent MD simulations of
RBSX-W6A with the exposed state of the cryptic pocket
revealed closure of the pocket in the absence of the glycol
molecule, whereas no change in the cryptic pocket was
observed in MD simulations of RBSX-W6A with the occluded
state of the cryptic pocket, showing that cryptic pockets are
unstable without ligands and prefer to stay in a closed state in
their absence.4,21 Upon repeating the crystallography experi-
ments with propylene glycol, another small glycol, the cryptic
pocket of RBSX-W6A was rediscovered further supporting the
finding that small glycols can discover cryptic pockets. The
cryptic pocket of RBSX-W6A showed properties similar to
those of cryptic sites characterized in other protein systems,6
and interacted with the glycols through hydrogen bonds and
van der Waals (Vdw) contacts. The combined crystal structure
and simulation results thus justify the role of glycols in
identifying the cryptic pocket of RBSX-W6A. Further, using
ethylene glycol as a probe molecule in cosolvent MD
simulations, we demonstrate its ability to induce the opening
of experimentally validated cryptic sites on a test set of two
proteins (Niemann-Pick C2, Interleukin-2). Finally, through
data set construction and analysis of protein structures with

Figure 1. Small glycols, ethylene glycol and propylene glycol, identify a cryptic pocket on RBSX-W6A. Amino acid residues (green) and bound
ligands (green) are shown in a stick model. Nitrogen and oxygen atoms are colored blue and red, respectively, while carbon atoms are colored
according to the color mentioned for residues or ligands. Hydrogen bonds are represented as dashed lines (magenta) labeled with the donor−
acceptor distance in Å. The surface of RBSX-W6A (violetpurple) is drawn and is superposed with its residue Phe4 to illustrate the open/closed
conformation of Phe4 and the associated exposed state/occluded state of the cryptic surface pocket (lightorange) caused by the presence/absence
of small glycols. The open and closed conformations of Phe4 are defined here in terms of its side-chain � 1 and � 2 (measured along N, CA, CB, CG
and CA, CB, CG, CD1/CD2 atoms, respectively) dihedral angles. (A) Exposed state of the cryptic surface pocket containing a molecule of ethylene
glycol (1,2-ethanediol, Ligand ID EDO) with Phe4 in the open state is shown for RBSX-W6A (PDB ID 5EFD, chain A) when it was crystallized in
the presence of ethylene glycol. (C) Occluded state of the cryptic surface pocket with Phe4 in the closed state is shown for RBSX-W6A (PDB ID
5XC0, chain B) when it was crystallized in the absence of ethylene glycol. (E) Exposed state of the cryptic surface pocket containing a molecule of
propylene glycol (S-1,2-propanediol,Ligand ID PGO) with Phe4 in the open state is shown for RBSX-W6A (PDB ID 5XC1, chain B) when it was
crystallized in the presence of propylene glycol. (B), (D), and (F) Electron density maps (gray) corresponding to (A), (C), and (E) are shown. The
2mFo-DFcelectron density maps contoured at the 1.0 � -level show a well-defined electron density for EDO and PGO in (B) and (F), respectively.
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validated cryptic sites, we show that ethylene glycol molecules
bind to cryptic sites in other proteins including targets of
pharmaceutical interest for which the same cryptic sites
become apparent upon binding of biologically relevant ligands.
Our study thus validates and generalizes the “cryptic-pocket
finding” potential of small glycols in proteins.

■ RESULTS AND DISCUSSION
Ethylene Glycol, a Small Glycol, Identi� es a Cryptic

Pocket in the RBSX-W6A Crystal Structure. During the
course of studies aimed at characterizing the importance of
aromatic residues in the stability of a recombinant xylanase
from Bacillussp. NG-27(RBSX),22 we observed the presence
of an ethylene glycol (1,2-ethanediol, Ligand ID EDO)
molecule occupying a surface pocket in the crystal structure
of RBSX Trp6 to the Ala mutant (RBSX-W6A) (Protein Data
Bank (PDB) ID 5EFD, Table S1) (Figure 1 A). EDO was used
as a cryoprotectant in diffraction experiments (Methods,
Supporting Information) and was clearly detected in the
2mFo-DFcelectron density map contoured at the 1.0 � -level
(Figure 1B). It must be noted that this surface pocket was not
observed in the native RBSX structure (PDB ID 4QCE)23

(Figure S1A). Analysis of atoms lining the surface pocket in
5EFD (Chain A) and their atomwise solvent accessibilities
(AwSA (Å2)) revealed that this surface pocket is composed of
both polar and nonpolar atoms (Table S2). Further, the EDO
molecule interacts with the pocket atoms by forming a
hydrogen bond (3.0 Å) with a polar, solvent accessible (AwSA:
1.059 Å2), backbone amide nitrogen atom of Ala6 along with a
number of van der Waals (Vdw) contacts (18, d ≤ 4 Å)
(Figure S2A).

Studies have shown that the interaction of surface water also
called hydration water, with the protein surface affects the
protein structure, stability, and function.24−27 The above
observations led us to wonder if in the absence of the EDO
molecule, a water molecule would interact with and occupy the
amphiphilic surface pocket found in 5EFD, prompting us to
redetermine the crystal structure of RBSX-W6A without the
use of cryoprotectant ethylene glycol in the diffraction
experiment (PDB ID 5XC0, Table S1). Much to our surprise,
the particular surface pocket observed in 5EFD was not seen in
5XC0 and the backbone amide nitrogen atom of Ala6 was also
found to be solvent inaccessible (AwSA: 0.000 Å2).

Further analysis revealed that in the absence of the EDO
molecule, the aromatic side-chain of the neighboring Phe4
residue moves and covers the surface pocket (Figure 1C,D),
occluding it and thereby making the backbone amide nitrogen
atom of the Ala6 solvent inaccessible. Based on the occluded
state and exposed state of this surface pocket in 5XC0 and
5EFD, respectively, we term it as a cryptic surface pocket,
which, otherwise masked by the side-chain of the Phe4 residue,
becomes apparent only when an EDO molecule binds to it.
Residue Phe4 is observed to have two distinct conformations
in 5XC0 and 5EFD, characterized by its side-chain � 1

(measured along N, CA, CB, and CG atoms) and � 2

(measured along CA, CB, CG, and CD1/CD2 atoms) dihedral
angles. We term the conformation of Phe4 in 5XC0 as the
“closed state” (� 1 = 176°, � 2 = 47/−137°) (Figure 1C), where
it occludes the cryptic surface pocket in the absence of the
EDO molecule, and in 5EFD as the “open state” (� 1 = −73°, � 2

= −64/113°) (Figure 1A), where it gets displaced exposing the
cryptic surface pocket upon binding of the EDO molecule.

Figure 2. Two-dimensional (2D) histogram plots showing population distribution of residue Phe4 between the closed and open states during 120
ns long explicit-solvent MD simulations of RBSX-W6A. The distribution measured every 30 ns in terms of � 1 and � 2 side-chain dihedral angles of
residue Phe4 shows that for the entire simulation time (A)−(D) Phe4 remains in the closed state and therefore the cryptic surface pocket remains
in the occluded state when the RBSX-W6A structure (PDB ID 5XC0, chain B) with Phe4 in the closed state occluding the cryptic surface pocket
was used to initialize the explicit-solvent MD simulations. For explicit-solvent MD simulations, started with the RBSX-W6A structure (PDB ID
5EFD, chain A, EDO removed) in which Phe4 is in the open state exposing the cryptic surface pocket, the same analysis shows that (E) for
approximately the first 30 ns Phe4 remains in the open state and therefore the cryptic surface pocket remains in the exposed state, then (F) Phe4
transitions to the closed state with the cryptic surface pocket transitioning to the occluded state, and after that (G) and (H) Phe4 stays closed for
the rest of the simulation and the cryptic surface pocket remains occluded.
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Further, a measurement of the solution affinity constant
between ethylene glycol molecules and RBSX/RBSX-W6A was
performed using isothermal titration calorimetry (ITC)
experiments (Methods, Supporting Information). No meas-
urable binding was seen between ethylene glycol and the RBSX
while weak binding was detected for the RBSX-W6A (Figure
S3, Table S3) suggesting binding of ethylene glycol molecules
to RBSX-W6A in solution under physiological conditions. It
must be noted that small molecular probes binding with weak
affinity such as ethylene glycol may be inaccessible to some of
the current biophysical methods of detection.28 Also,
compared to other methods, X-ray crystallography can detect
binding of MiniFrags, ultralow molecular weight compounds
binding with very low affinities,29 an observation reiterated
here through crystallography for binding of ethylene glycol to
RBSX-W6A.

Explicit-Solvent MD Simulations of RBSX-W6A Re-
veals Closure of the Cryptic Pocket in the Absence of
Ethylene Glycol Molecules. We further computationally
explored the possibility whether water molecules, in a way
similar to an EDO molecule, can induce the transition of Phe4
from the closed to the open state and the associated opening of
the cryptic surface pocket. For this, we conducted all-atom
explicit-solvent molecular dynamics (MD) simulations starting
with the RBSX-W6A structure PDB ID (5XC0, chain B) in
which Phe4 was observed in the closed state occluding the
cryptic surface pocket (Methods, Supporting Information).
The side-chain � 1 and � 2 dihedral angles for the Phe4 residue
and radial distribution function of water around the backbone
amide nitrogen atom of Ala6, as indicators of transition of
Phe4 from the closed to the open state and the corresponding
transition of the cryptic surface pocket from the occluded state
to the exposed state, were monitored from the simulation
trajectories. The peaks in the radial distribution function of
water (represented as g(r), where r stands for the distance from
the selected atoms) represent the hydration shells around the
selected atoms. The population distribution of Phe4 measured
every 30 ns in terms of its side-chain � 1 and � 2 dihedral angles
from the simulation trajectories revealed that the Phe4
remained in the closed state and therefore the cryptic surface
pocket remained in the occluded state throughout the length
(120 ns) of the MD simulations with the most populated states

of Phe4 being defined by � 1 = −170 to 160° (centered at 180°)
and � 2 = −140 to −100° (centered at −120°) (Figure 2A−D).

Interestingly, upon conducting all-atom explicit-solvent MD
simulations starting with the RBSX-W6A structure (PDB ID
5EFD, chain A, EDO removed) where Phe4 is present in the
open state exposing the cryptic surface pocket (Methods,
Supporting Information), similar analysis on the simulation
trajectories showed that Phe4 stayed in the open state and
therefore the cryptic surface pocket remained in the exposed
state for approximately the first 30 ns, � 1 = −70 to −50°
(centered at −60°) and � 2 = −80 to −50° (centered at −70°),
(Figure 2E, 1−30 ns). Thereafter, Phe4 started transitioning to
the closed state with the cryptic surface pocket transitioning to
the occluded state (Figure 2F, 31−60 ns). After that, Phe4
stayed closed and therefore the cryptic surface pocket stayed
occluded for the remaining simulation time, � 1 = −170 to 160°
(centered at 180°) and � 2 = −130 to −90° (centered at
−110°) (Figure 2G,H, 61−120 ns).

Further, the radial distribution function of water calculated
from the simulation trajectories of 5EFD (chain A) reveals that
the hydration shell that occurs at 2.95 Å from the backbone
amide nitrogen atom of Ala6 when Phe4 is in the open state
exposing the cryptic surface pocket (1−30 ns) (Figure 3B),
disappears when Phe4 transitions from the open to the closed
state occluding the cryptic surface pocket. Thereafter, (31−120
ns) (Figure 3B) the radial distribution function of water in MD
simulations of 5EFD (chain A) resembles the radial
distribution function of water calculated from the simulation
trajectories of 5XC0 (chain B) (Figure 3A), reiterating
observation made for the crystal structure 5XC0 that the
backbone amide nitrogen atom of Ala6 is solvent inaccessible
when Phe4 is in the closed state occluding the cryptic surface
pocket. Thus, the simulation results support our experimental
findings that in the hydrated environment without EDO
molecules, the closed state of Phe4 occluding the cryptic
surface pocket is preferred and the presence of EDO molecules
stabilizes the open state of Phe4 exposing the cryptic surface
pocket. It has also been shown through the use of various force
fields in MD simulations of different protein systems with
known cryptic sites that cryptic pockets are unstable without
ligands and prefer to stay in the closed state in their
absence.4,21

Figure 3. Radial distribution function of water around the backbone amide nitrogen atom of Ala6 calculated from the MD simulation trajectories of
RBSX-W6A. The peaks in the radial distribution function of water (represented as g(r), where r stands for the distance from the selected atoms)
representing hydration shells around the selected atoms are used here as indicators of change in the solvent accessibility of the backbone amide
nitrogen atom of Ala6 during the MD simulation of RBSX-W6A. (B) Hydration shell, which occurs at 2.95 Å from the backbone amide nitrogen
atom of Ala6 when Phe4 is in the open state exposing the cryptic surface pocket (1−30 ns), is not observed in (A) 1−120 ns and (B) 31−120 ns,
indicating that the backbone amide nitrogen atom of Ala6 is solvent inaccessible when Phe4 is in the closed state occluding the cryptic surface
pocket.
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Propylene Glycol, Another Small Glycol Identi� es the
Cryptic Pocket in the RBSX-W6A Crystal Structure.
Based on the results obtained so far, we hypothesized that
small glycols can discover the cryptic surface pocket of RBSX-
W6A by displacing the aromatic side-chain of the Phe4 residue.
To test the hypothesis, we redetermined the crystal structure of
RBSX-W6A in the presence of another small glycol, propylene
glycol (1,2-propanediol, racemic mixture) (PDB ID 5XC1,
Table S1) and re-examined the status of the cryptic surface
pocket. As anticipated, we reobserved the cryptic surface
pocket in the exposed state, this time containing a molecule of
S-1,2-propanediol (Ligand ID PGO) with the Phe4 in the
open state (� 1 = −74°, � 2 = −66/114°) (Figure 1E), thus
vindicating our hypothesis. The cryptic surface pocket in 5XC1
shares similar attributes with the cryptic surface pocket in
5EFD (Table S2). Similar to the scenario observed for the
EDO molecule in 5EFD, in 5XC1 also, the identified cryptic
pocket was found to be amphiphilic in nature (Table S2) and
the PGO molecule was observed to participate in the hydrogen
bonding interaction (3.07 Å) with the solvent accessible polar
backbone amide nitrogen atom of Ala6 (AwSA: 1.393 Å2),
which has unsatisfied hydrogen bonding potential (Figure
S2B). PGO in the pocket also forms a hydrogen bond with
Lys36 (Figure S2B) and forms a number of van der Waals
(Vdw) contacts (21, d ≤ 4 Å) with the pocket atoms. A recent
comprehensive study, characterizing cryptic sites in different
protein systems, has also reported that cryptic sites tend to be
less hydrophobic and more flexible.6 The finding that these
small glycols (EDO and PGO) identify and interact with the
cryptic surface pocket in a similar manner suggests a certain
level of selectivity to their mode of interaction with this pocket.
Moreover, in 5XC1, of the several surface pockets, we were
able to model PGO (2mFo-DFcelectron density map (Figure
1F)) only in this particular surface pocket emphasizing the
nonrandom nature of the interaction. It is interesting to note
that the rotational freedom about the carbon−carbon single
bond enables small glycols, EDO and PGO, to adopt different
conformations out of which these glycols display amphiphilic
character in gauche+ and gauche− conformations. Accord-
ingly, the inherent flexibility, amphiphilicity of small glycols
would enable an interplay between the dynamics of the flexible,
less hydrophobic cryptic binding site and the dynamics of the
glycol molecule interacting with the site. Although not
observed in 5XC1, we cannot rule out the possibility of R-
1,2-propanediol (Ligand ID PGR) acting in a way similar to
that of PGO and EDO.

We summarize that in RBSX-W6A, the substitution of bulky
Trp6 to Ala creates a surface pocket that remains occluded by
the aromatic side-chain of the Phe4 residue as observed in
5XC0 (Figure S1B). When EDO/PGO molecules are allowed
to interact with RBSX-W6A, they not only displace the
aromatic side-chain of Phe4 exposing the cryptic surface
pocket but also interact with the pocket in a similar manner as
seen in 5EFD and 5XC1 (Figures S1A and C, S2). Thus, the
combined crystal structure and simulation results justify the
role of small glycols in identifying the cryptic pocket of RBSX-
W6A. Importantly, cryptic cavity/cavity generated on the
protein surface at the mutation site has been successfully used
to target the oncogenic mutants, K-Ras(G12C)9 and p53-
(Y220C),30 assuming that binding of small molecules, while
inhibiting the oncogenic mutant, would not affect the
functioning of the wild-type protein lacking the mutational
cavity. This suggests that cryptic cavities/cavities arising due to

mutations are equally important for therapy in addition to such
sites inherently present in wild-type proteins. Based on our
work, it may be surmised that determination of protein crystal
structures in the presence and absence of small glycols
(ethylene glycol and propylene glycol) and a systematic
comparison of the protein structures could help in the
identification of cryptic sites in the protein under study.

Cryptic-Pocket Finding Potential of Small Glycols in
Other Proteins: Cosolvent Simulations and Data Set
Construction and Analysis. Our so far discussed results
concluded from the studies conducted on RBSX-W6A, used as
a model protein, are thus suggestive of a role of the small
glycols in finding cryptic pockets on proteins. To investigate
the cryptic-pocket finding potential of the small glycols in
other proteins with experimentally validated cryptic sites, we
conducted ethylene glycol-based cosolvent simulations on a
test set of two proteins (described below) and constructed and
analyzed the data set of proteins (Methods, Supporting
Information) from the Protein Data Bank (PDB). Our data
set construction (Table S5, Supporting Information) and
analysis revealed the ability of ethylene glycol molecules to
bind and occupy the cryptic sites of proteins: Bcl-xL (Figure
S6), actin (Figure S7), myosin II (Figure S8), and glutamate
receptor 2 (Figure S9) in which the same cryptic sites become
apparent upon binding of biologically relevant ligands. Further,
in our analysis of the above four proteins, we observed
overlapping features between the interaction profile of ethylene
glycol and the interaction profile of the biologically relevant
ligand bound at the same cryptic site (Figures S6D, S7D, S8D
and S9D) thus, pointing toward a certain level of specificity
and selectivity in the interaction of the ethylene glycol with the
cryptic sites. Our analysis thus validates and generalizes the
cryptic-pocket finding potential of small glycols in proteins.

Enhanced Sampling of the Exposed State of
Experimentally Validated Cryptic Sites of Other
Proteins by Ethylene Glycol Molecules in Explicit-
Cosolvent MD Simulations. Motivated by the application
of cosolvent MD simulations in identifying cryptic sites,16,31 we
wondered whether the use of ethylene glycol as a cosolvent in
MD simulations could unveil cryptic sites on other proteins. A
variety of small molecules containing aromatic and aliphatic
moieties substituted with different chemical functional groups
have been used as probes in cosolvent MD simulations.32

However, it is important to note that the use of ethylene glycol
as a cosolvent in MD simulations to identify cryptic sites and/
or binding hot spots has not been reported earlier to the best
of our knowledge. Over the past few years, the cosolvent-based
MD simulations approach has been increasingly employed to
assess druggability of targets of pharmaceutical interest by
identifying binding sites and hot spots on proteins33 and has
also been shown to enhance the sampling of exposed states of
cryptic sites on a range of protein targets.16,31 We chose two
proteins, Niemann-Pick C2 (NPC-2) and interleukin-2 (IL-2),
for ethylene glycol-based cosolvent MD simulations. The
choice was motivated by the observation that these proteins
are pharmaceutically important, harbor experimentally vali-
dated cryptic sites, and have been previously subjected to
cosolvent MD simulations using different probes (other than
ethylene glycol) to identify druggable cryptic binding sites.16,31

Most importantly, to the best of our knowledge small glycols
studied in this report have not been used in the crystallization
experiments of NPC-2 and IL-2. For cosolvent MD
simulations of NPC-2 and IL-2, we used a 5% v/v ethylene
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