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ABSTRACT: The interactions between proteins and ligands are
involved in various biological functions. While experimental
structures provide key static structural information of ligand-
unbound and ligand-bound proteins, dynamic information is often
insufficient for understanding the detailed mechanism of protein−
ligand binding. Here, we studied the conformational changes of the
tankyrase 2 binding pocket upon ligand binding using molecular
dynamics simulations of the ligand-unbound and ligand-bound
proteins. The ligand-binding pocket has two subsites: the
nicotinamide and adenosine subsite. Comparative analysis of
these molecular dynamics trajectories revealed that the conforma-
tional change of the ligand-binding pocket was characterized by
four distinct conformations of the ligand-binding pocket. Two of
the four conformations were observed only in molecular dynamics simulations. We found that the pocket conformational change on
ligand binding was based on the connection between the nicotinamide and adenosine subsites that are located adjacently in the
pocket. From the analysis, we proposed the protein−ligand binding mechanism of tankyrase 2. Finally, we discussed the
computational prediction of the ligand binding pose using the tankyrase 2 structures obtained from the molecular dynamics
simulations.

■ INTRODUCTION
Molecular recognition through protein−ligand binding is at the
core of multiple biological functions. During protein−ligand
binding, both proteins and ligands are flexible and adjust to
complement each other within their environments. It is
important to understand the detailed mechanism of protein−
ligand binding for drug discovery and to improve under-
standing of protein function. The experimental structural data
(e.g., X-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy) provide the key structural information
of the ligand-bound (holo) and ligand-unbound (apo)
proteins; however, the static information is insufficient for
understanding the protein−ligand binding mechanism, espe-
cially for a flexible pocket that contains several subsites.
Molecular dynamics (MD) simulation is a powerful tool that
provides a description of the dynamics and structures of
protein−ligand systems with a high spatial and temporal
resolution. Thus, in this study, we aimed to investigate the
detailed mechanism of the conformational change in the
ligand-binding pocket on ligand binding using MD simulations.
Tankyrase 2 (TNKS2) belongs to the family of poly(ADP-

ribose) polymerases (PARPs/EC: 2.4:2.30) that catalyze the
transfer of the adenine diphosphate (ADP)-ribose unit from
nicotinamide adenine dinucleotide (NAD+) to the substrate
protein (PARsylation).1 In this reaction, NAD+ is cleaved into
nicotinamide (NI) and an ADP-ribose, while the ADP-ribose

covalently binds to the target protein.2 TNKS2 has previously
been investigated as a potential drug target because it regulates
the activity of the Wnt/β-catenin pathway in colon cancer cells
through PARsylation and axin protein destabilization.2−11

Deregulation of the Wnt/β-catenin pathway has been
identified in many cancers.3,11,12 Several TNKS2 inhibitors
(ligands) have been identified, and the X-ray crystallographic
structures of holo- and apo-TNKS2 have been revealed.4,12,13

Figure 1 shows the conformations of the ligand-binding pocket
of holo- and apo-TNKS2.4,13 The TNKS2 pocket has two
subsites: one is the NI subsite and the other is the adenosine
(AD) subsite.14,15 The NI and AD subsites are adjacent and
share a D-loop. The NI subsite is located between Tyr1050 in
the D-loop and Tyr1071 in the G-loop, while the AD subsite is
located between His1048 in the D-loop and Phe1035 in the α3
helix. The ligand-binding mode analysis of the X-ray
crystallographic structures of TNKS2 complexes revealed that
the TNKS2 ligands can be classified into three groups.16−18
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The first ligand group contains NI mimetic inhibitors (e.g.,
XAV939 (XAV)4) that bind only to the NI subsite. A typical
ligand from the second group, olaparib (OLA), binds to both
NI and AD subsites.13 Finally, the ligands (e.g., IWR-
1(IWR1)12) in the third group bind only to the AD subsite.
The experimental structure of the TNKS2−XAV complex
showed that the XAV molecule from the first ligand group
formed hydrogen bonds with Gly1032 and Ser1068 in the NI
subsite; however, no hydrogen bond was formed in the AD
subsite that was occupied by His1048 and Phe1035 side
chains. The experimental structure of the TNKS2−XAV
complex assumed the open conformation for the NI subsite
and the closed conformation for the AD subsite, which is
further described as the NI-open/AD-closed form (Figure 1).
Additionally, OLA formed hydrogen bonds with Gly1032 and
Ser1068 in the NI subsite and occupied the AD subsite with
two hydrogen bonds. Both NI and AD subsites had open
conformations, as observed from the structural data of the
TNKS2−OLA complex (Figure 1). This type of conformation
is henceforth referred to herein as the NI-open/AD-open form.
In the experimental structure of the TNKS2−IWR1 complex,
IWR1 bound to the AD subsite with two hydrogen bonds;
however, no hydrogen bonds with Gly1032 and Ser1068 were

formed in the NI subsite, although the IWR1 utilized the
entrance of the NI subsite (Figure S1). The ligand-binding
pocket took the NI-open/AD-open form. For the structure of
apo-TNKS2, the ligand-binding pocket took the NI-open/AD-
closed form, which resembles that of the TNKS2−XAV
complex despite the absence of a ligand (Figure 1). The
comparison of the holo- and apo-TNKS2 structures indicates
that although the difference in pocket conformation is
explained by the different interactions between the ligand
and pocket, the detailed mechanism through which the pocket
undergoes conformational changes remains to be elucidated.
In this study, we investigated the dynamics and con-

formation of the TNKS2 pocket on ligand binding using MD
simulations. By performing four MD simulations of apo- and
holo (TNKS2−XAV and TNKS2−OLA)-structures, we
identified the four conformations of the TNKS2 pocket: the
NI-closed/AD-closed, NI-open/AD-closed, NI-open/AD-
semi-open, and NI-open/AD-open forms. The transition
between the four conformations was largely influenced by
the presence and the structural features of each ligand
interacting with the pocket, especially for the NI subsite. In
addition, we discussed a computational prediction of the OLA
binding pose for the NI-open/AD-open conformation

Figure 1. X-ray crystallographic structures of the pocket conformation of tankyrase2-olaparib (TNKS2−OLA) complex, tankyrase2-XAV939
(TNKS2−XAV) complex, and unbound-tankyrase2 (apo-TNKS2). The X-ray crystallographic structures of pocket conformations of the TNKS2−
OLA complex, the TNKS2−XAV complex, and apo-TNKS2 are shown in left, center, and right panels, respectively. Top figures show the
conformations of the ligand binding pockets. Several key residues (Gly1032, Phe1035, His1048, Tyr1050, Tyr1060, Ser1068, and Tyr1071) are
shown using a green stick model. The α3 helix, D-loop, and G-loop regions are shown in magenta. The bound ligands are shown using a ball-and-
stick model in cyan. The black dotted lines indicate the distance between the geometric center of the Tyr1050 phenyl ring and that of the Tyr1070
(the ring distance of Tyr1050−Tyr1071) (Å) and the minimum distances between Phe1035 and His1048 (the minimum distance of Phe1035−
His1048) (Å). The middle figures show the ligand binding pockets depicted using a molecular surface representation. The hydrophilic and
lipophilic regions are drawn in purple and green, respectively. The bottom figures illustrate the structural formula of each ligand. The black dotted
lines with numerals represent the distances of hydrogen bonds between the ligand and the amino acids in the binding pocket. AD, adenosine
subsite; NI, nicotinamide subsite.
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obtained from MD simulations, using molecular docking and
molecular mechanics (MM)-based calculations.

■ RESULTS
Overview of MD Simulations of Apo- and Holo-

TNKS2. We investigated the structural behaviors of three MD
simulations of apo-TNKS2, the TNKS2−XAV complex, and
the TNKS2−OLA complex using the root-mean-square
deviation (RMSD) of the Cα atoms of whole proteins and
principal component analysis (PCA) of the pocket residues.
RMSD analysis showed that the RMSD values of the TNKS2−
XAV and TNKS2−OLA complexes were kept at approximately
2.0 Å, while that of apo-TNKS2 increased rapidly from 250 ns
to 400 ns and then fluctuated around 2.5 Å (Figure S2). In
addition, the projection of the first two principal components
clearly indicated that the MD trajectory of apo-TNKS2 during
the last 550 ns (250−800 ns) deviated from the other MD
trajectories and formed an isolated cluster (Figure S2). Figure
2 illustrates a representative apo-TNKS2 structure during the

last 550 ns of MD trajectory simulation. It clearly shows that
the NI subsite of apo-TNKS2 became narrow as the Tyr1050
from the D-loop and Tyr1071 from the G-loop approached
each other. The distance between the geometric center of the
phenyl ring of Tyr1050 and that of Tyr1070 (hereafter referred
to as the ring distance of Tyr1050−Ty1071) was 4.5 Å. For all
other cases, the ring distances were observed to be >5.0 Å in
the experimental and simulation representative structures
(Table S1). Conversely, the AD subsite kept a closed
conformation resembling that of the experimental structure
of apo-TNKS2. The minimum distance between the Phe1035
and His1048 side chains (heavy atoms; hereafter referred to as
the minimum distance of Phe1035−His1048) was 4.3 Å. This
value was similar to those measured for the experimental
structures of apo-TNKS2 and the TNKS2−XAV complex that
formed the closed conformation of the AD subsite (Table S1).
This structural change in apo-TNKS2 was reproduced by
several MD simulations with different initial momenta (data
not shown). In the following analysis, we excluded the apo-

Figure 2. Representative conformation of apo-TNKS2 during the last 550 ns (250−800 ns) of MD trajectory. (Left) The ligand binding pocket is
depicted using a ribbon model. Several key residues (Gly1032, Phe1035, His1048, Tyr1050, Tyr1060, Ser1068, and Tyr1071) are shown using a
green stick model. The α3 helix, D-loop, and G-loop regions are shown in magenta. The cyan dotted lines indicate the distance between the
geometric center of the Tyr1050 phenyl ring and that of the Tyr1070 (the ring distance of Tyr1050−Tyr1071) (Å) and the minimum distance
between the Phe1035 and His1048 side chains (heavy atoms; the minimum distance of Phe1035−His1048) (Å). This conformation shows that the
NI-closed/AD-closed formed because the AD subsite remained in the closed conformation and the NI subsites became narrow compared to those
observed in the experimental structure of apo-TNKS2 (Figure 1 and Table S1). (Right) The ligand binding pocket is depicted using a molecular
surface representation. The hydrophilic and lipophilic regions are drawn in purple and green, respectively. These figures are the same view of the
structures depicted in Figure 1.

Figure 3. PCA of pocket conformation using MD trajectories of apo-TNKS2, TNKS2−XAV complex, and TNKS2−OLA complex. For the PCA,
the first 250 ns of the MD trajectory of apo-TNKS2 and 800 ns trajectories of the TNKS2−XAV complex and the TNKS2−OLA complex were
used. The left panel shows the MD trajectories projected onto the plane of the first two components (PC1 and PC2). The contribution ratios of
PC1 and PC2 were 44 and 7%, respectively. The black circles represent the projections of the representative conformations of the ligand binding
pocket. (A−F) were determined based on the PC1 value histogram shown in Figure 5, and these correspond to conformations of (A−F) of Figure
6. The black circles of 3KR7, 3KR8, and 3U9Y correspond to the ligand-binding pockets of X-ray crystallographic structures of apo-TNKS2, the
TNKS2−XAV complex, and the TNKS2−OLA complex. The right panel shows the motions corresponding to the two eigenvectors, respectively.
The red regions indicate the position of the 21 amino acid residues used for PCA (see the Methods section). The blue and green arrows represent
the motions of PC1 and PC2, respectively.
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TNKS2 MD trajectory after 250 ns to focus on identifying the
conformational change of TNKS2 upon ligand binding: the
observed closing of both the NI and AD subsites was unrelated
to the ligand binding structures.
For a detailed analysis of the change in the pocket

conformation on ligand binding, we performed an additional
PCA using MD trajectories of apo-TNKS2 (first 250 ns), the
TNKS2−XAV complex, and the TNKS2−OLA complex.
Figure 3 illustrates the projection of the first and second
principal components (PC1 and PC2) and the eigenvectors.
The contribution ratios of PC1 and PC2 were 44.4 and 7.8%,
respectively. The eigenvector of PC1 corresponds to the open-
close motion between the D-loop and the α3 helix, as well as
that between the D-loop and G-loop. Alternatively, the
eigenvector of PC2 corresponds to the swinging motion of
the Phe1035, His1048, Tyr1050, and Tyr1071 side chains in
the pocket. The PCA projection shows that the respective MD
trajectories of apo-TNKS2 and the TNKS2−OLA complex are
classified into nonoverlapping groups; the PC1 distribution of
apo-TNKS2 ranged between −25.0 and 5.0, while that of the
TNKS2−OLA complex ranged between 5.0 and 25.0.
Conversely, PC2 does not largely contribute to the
classification of the three MD trajectories. The MD trajectory
of the TNKS2−XAV complex has a wide distribution that
overlapped with those of apo-TNKS2 and the TNKS2−OLA
complex. We noticed that the TNKS2−XAV complex and apo-
TNKS2 exhibited similar experimental pocket conformations
and showed the NI-open/AD-closed form (Figure 1). The
PCA result suggested that the TNKS2−OLA complex and
apo-TNKS2 (first 250 ns) pocket maintain conformations
similar to their experimental structures (the NI-open/AD-
closed form for apo-TNKS2 and NI-open/AD-open form for
the TNKS2−OLA complex). Figure 4 shows the time courses
of the PC1 values of each MD trajectory. The eigenvector of
PC1 corresponding to the open-close motion of the AD
subsite shows that the pocket conformation of the TNKS2−
XAV complex shuttled between the NI-open/AD-closed and

the NI-open/AD-open forms. Figure 5 presents the PC1 values
of each MD trajectory in a histogram. The PC1 value

distributions are different in each MD trajectory. We selected
the representative pocket conformations from the MD
trajectories (Figures 3A−F and 6A−F) based on the PC1
value histogram in Figure 5.

Pocket Conformation of Apo-TNKS2. Figure 6A shows
the representative pocket conformation selected from the first
250 ns of the apo-TNKS2 MD trajectory (conformation A). It
can be observed that the NI subsite takes the open
conformation, although the ring distance of Tyr1050−
Ty1071 (5.0 Å) was shorter than that observed in the
experimental structure of apo-TNKS2 (Table S1 and Figure
1). Moreover, the minimum distance of Phe1035−His1048
(4.0 Å) was almost identical to that of the experimental
structure of apo-TNKS2. This indicates that the AD subsite
remained in the closed conformation (Figure S3) as it did in
the experimental structure (Figure 1). In addition, the PCA
results suggested (Figure 3) that the MD trajectory of apo-
TNKS2 was clustered near the experimental structure and did
not overlap with that of the TNKS2−OLA complex. These
observations indicate that the opening of the AD subsite did
not occur in the MD trajectory of apo-TNKS2 (Figures 3, 6A,
and S3). Therefore, the pocket conformation of apo-TNKS2
remained in the NI-open/AD-closed form in the MD
simulation.

Pocket Conformation of the TNKS2−OLA Complex.
Figure 6F shows the representative pocket conformation of the
TNKS2−OLA complex (conformation F). It was observed
that the OLA molecule interacted tightly with the pocket; thus,
both the NI and AD subsites formed open conformations

Figure 4. PC1 value time courses of MD trajectories of apo-TNKS2,
TNKS2−XAV complex, TNKS2−OLA complex, and apo-TNKS2-
CSol. Gray, red, cyan, and green lines indicate the PC1 values of apo-
TNKS2, TNKS2−XAV complex, TNKS2−OLA complex, and apo-
TNKS2-CSol, respectively. The abscissa is the simulation time (ns),
and the ordinate is PC1 value.

Figure 5. PC1 value histograms of MD simulations of apo-TNKS2,
TNKS2−XAV complex, TNKS2−OLA complex, and apo-TNKS2-
CSol. Gray, red, cyan, and green boxes indicate the occurrence
frequency rate of apo-TNKS2, TNKS2−XAV complex, TNKS2−
OLA complex, and apo-TNKS2-CSol, respectively. The abscissa
represents the PC1 value, and the ordinate represents the appearance
frequency rate (%) of conformations (A−H), thus indicating the
representative positions of the respective histograms. (A) The PC1
value peak for apo-TNKS2. (B, D) Two different PC1 value peaks for
the TNKS2−XAV complex. (C) The valley between two different
PC1 value peaks of the TNKS2−XAV complex. (E) The maximum
PC1 value for the TNKS2−XAV complex. (F) The PC1 value peak of
the TNKS2−OLA complex. (G, H) The peak and maximum PC1
value of apo-TNKS2-CSol.
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(Figure S3). Furthermore, the conformation was similar to that
observed in the experimental structure of the TNKS2−OLA
complex (Table S1 and Figure 1). Moreover, the hydrogen
bonds between OLA and the pocket residues (Gly1031,
Ser1068, Tyr1060, and Asp1045) were maintained, as in the
experimental structure (Figure 1). As discussed in the PCA
results mentioned above, the MD trajectory of the TNKS2−
OLA complex did not overlap with that of apo-TNKS2. This
suggests that the NI and AD subsites maintained the initial
conformation in the MD simulation. Conversely, a spread of
the trajectory along PC2 indicates that the swinging motion of
the Tyr1060, Tyr1071, His1048, and Phe1035 of the NI and
AD subsites occurred despite the interaction of OLA and the
pocket. These results indicate that the NI-open/AD-open form
was maintained in the MD simulation of the TNKS2−OLA
complex (Figures 3, 6F, and S3).

Pocket Conformation of the TNKS2−XAV Complex.
Further, the PCA projections (Figure 3) showed that the MD
trajectory of the TNKS2−XAV complex overlapped with those
of apo-TNKS2 and the TNKS2−OLA complex. In addition,
the time course of the PC1 values (Figure 4) clearly showed
that the PC1 values of the TNKS2−XAV complex repeatedly
fluctuated between that of apo-TNKS2 (around −15.0) and
the TNKS2−OLA complex (around 10.0) in the MD
simulation. The PC1 value histogram of the TNKS2−XAV
complex exhibits a bimodal distribution (Figure 5); one peak
(approximately −12.0) was located near the apo-TNKS2 peak
of distribution, while the other (approximately 1.0) was located
near the TNKS2−OLA complex peak of distribution. Based on
the PC1 value histogram of the TNKS2−XAV complex shown
in Figure 5, the four selected representative conformations
(B−E from the MD trajectory) are shown in Figure 6. In the

Figure 6. Representative conformations of the ligand binding pocket of MD simulations of apo-TNKS2, TNKS2−XAV complex, TNKS2−OLA
complex, and apo-TNKS2-CSol. The conformations (A−H) are labeled with (A−H). The conformations (A−H) in this figure correspond to the
positions of (A−H) in Figures 3, 5, and S6. The ligand binding pocket is depicted using molecular surface representations. The hydrophilic and
lipophilic regions are drawn in purple and green, respectively. The bound ligands (XAV and OLA) are shown using ball-and-stick models. (A) An
apo-TNKS2 conformation (23.3 ns). (B−E) Representative conformations (700.6, 414.5, 580.0, and 549.2 ns, respectively) of the TNKS2−XAV
complex. (F) A TNKS2−OLA complex conformation (60.4 ns). Conformations (A−D) exhibit the NI-open/AD-closed form. Conformations (E)
and (F) exhibit the NI-open/AD-open form. Conformations (G) and (H) are representative conformations of apo-TNKS2-CSol (616.3 and 49.6
ns), which exhibit the NI-open/AD-closed and NI-open/AD-open forms, respectively.
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four representative conformations, the XAV molecule tightly
interacted with the NI subsite, allowing the NI subsite to form
an open conformation. The hydrogen bonds between the XAV
molecule and the pocket residues (Gly1031 and Ser1068 in the
NI subsite) were maintained as in the experimental structure.
In contrast, the AD subsite formed various conformations
(Figure 6B−E). As shown in Figure 5, conformation B is
observed at one of the two peaks on the bimodal distribution
near that of apo-TNKS2 (approximately −12.0). Conforma-
tion B took the NI-open/AD-closed form (Figures 6B and S4),
as with the experimental structure of the TNKS2−XAV
complex (Figure 1 and Table S1). Conformation C (Figure
6C), which was observed at the valley between two different
peaks, took the NI-open/AD-closed form. The minimum
distance of Phe1035−His1048 was 3.6 Å (Table S1),
indicating that the AD subsite was still too narrow to
accommodate molecules such as OLA. Conformation D
(Figure 6D) was observed at the other peak of the two
different peaks on the bimodal distribution (PC1 of around
1.0) (Figure 5). Conformation D indicates a clear difference in
the AD subsite from those observed in the experimental
conformation of the TNKS2−XAV complex. The minimum
distance of Phe1035−His1048 was over 2.0 Å longer than that
observed in the experimental conformation of the TNKS2−
XAV complex, while it was shorter than that observed in the
experimental conformation of the TNKS2−OLA complex
(Figures 1 and S4 and Table S1). In comparison to the other
conformations with fully opened AD subsites (the exper-
imental conformation and conformation F of the TNKS2−
OLA complex), the AD subsite of conformation D did not fully
open or exhibit an opening to accommodate the OLA
molecule. Hereafter, this conformation was referred to as the
“semi-open” conformation. This conformation was specifically
observed in the MD trajectory of the TNKS2−XAV complex.
Notably, a cavity to accommodate a few water molecules
emerged between the D-loop and the XAV molecule. The
water molecules occupying the cavity interacted with His1048
and the XAV molecule (Figure S4). Furthermore, the semi-
open conformation corresponded to the intermediate state
between the closed and open conformations of the AD subsite.
The conformation would be further stabilized by the water-
mediating interactions. In conformation E (Figure 6E), which
was observed at a maximum PC1 value, the AD subsite formed
the fully open conformation. Conformation E was similar to
the experimental conformation of the TNKS2−OLA complex
(Figures 1 and S4 and Table S1). Therefore, conformation E
was in the NI-open/AD-open form. Additionally, several water
molecules were observed to occupy the fully opened AD
subsite and the space between the D-loop and the XAV
molecule (Figure S4). The PC1 time course of the TNKS2−
XAV complex showed that the fully open conformations
emerged transiently (Figure 4). The fully open conformations
were stabilized by the binding of OLA to the AD subsite, as
observed in the MD simulation of the TNKS2−OLA complex.
Alternatively, the ligand interaction with the AD subsite was
absent in the TNKS2−XAV complex; thus, we presumed that
the fully open conformation transiently appeared in MD
simulation of the TNKS2−XAV complex.
Taken together, the PCA results and the structural

observations clarified that the pocket conformation of the
TNKS2−XAV complex repeatedly changed between the NI-
open/AD-closed and the NI-open/AD-open forms in the MD
simulation. Furthermore, this conformational change was

facilitated by the presence of a stable semi-open conformation,
wherein a few water molecules occupied the cavity between the
D-loop and the XAV molecule (Figures 6B−E and S4). In
contrast, for apo-TNKS2, we observed that the NI subsite
became narrower (after 250 ns MD trajectory), while the AD
subsite remained in the closed conformation (Figure 2). We
also performed additional MD simulations of pseudo-apo-
TNKS2 structures derived from the TNKS2−OLA and
TNKS2−XAV complex structures to verify the conformational
change of the pocket. The results indicated that the AD
subsites of both pseudo-apo-TNKS2 structures were limited to
the closed conformation after 350 ns, compared with those of
the TNKS2−OLA and TNKS2−XAV complexes (Figure S5).
Following the comparison of the apo-TNKS2 and TNKS2−
XAV complex MD simulations, we hypothesize that a
conformational change from an AD-closed conformation to
an AD-open conformation can be induced by stabilizing the
NI-open conformation in TNKS2. Based on these results, we
further hypothesize that the ligand interaction to the NI
subsite could affect the overall binding pocket conformation.
Therefore, we investigated whether the interactions of the
chemical probe molecules with the NI subsite induce the
opening of the binding pocket by performing MD simulations
of apo-TNKS2 using cosolvent.

Pocket Conformation of Apo-TNKS2 in Cosolvent
(Apo-TNKS2-CSol). We performed an isopropyl alcohol
(IPA)−water cosolvent MD simulation of apo-TNKS2 in
cosolvent. Apo-TNKS2 in cosolvent was referred to as apo-
TNKS2-CSol. The RMSD values of the apo-TNKS2-CSol
were maintained stably around 2.0 Å, as observed for the
TNKS2−XAV and TNKS2−OLA complexes (Figure S2). The
MD trajectory was projected onto the plane defined by the first
two PCs shown in Figure 3 (see also Figure S6). The MD
trajectory of apo-TNKS2-CSol rarely overlapped with that of
the TNKS2−OLA complex. In addition, the PC1 time course
showed that the conformation of apo-TNKS2-CSol repeatedly
shuttled between the NI-open/AD-closed and the NI-open/
AD-open forms in the MD simulation, although the frequency
was lower than that of the TNKS2−XAV complex (Figure 4).
Furthermore, the PC1 value histogram of apo-TNKS2-CSol
showed the difference in distribution compared to those of
apo-TNKS2 and the TNKS2−XAV complex. The apo-
TNKS2-CSol distribution had a peak (PC1 of approximately
−13.0) and the long tail of the right side of the peak
overlapped with that of the TNKS2−OLA complex (Figure 5).
We selected two representative pocket conformations, G and
H, from the MD trajectories based on the PC1 value
histogram. These pocket conformations G and H are shown
in Figure 6.
Remarkably, for both conformations G and H, the NI

subsite maintained an open conformation during apo-TNKS2-
CSol MD simulation, despite the absence of a ligand molecule
in the NI subsite. In conformation G (Figure 6G), the NI
subsite maintained the open conformation and the AD subsite
was in the closed conformation. This is supported by the ring
distance of Tyr1050−Ty1071 (5.1 Å) and the minimum
distance of Phe1035−His1048 in the AD subsite (3.8 Å)
(Figure S7), which were almost identical to those of apo-
TNKS2 conformation A (Figure S3 and Table S1). Thus, this
conformation took the NI-open/AD-closed form. In con-
formation H (Figure 6H), the NI and AD subsites formed
open conformations. The ring distance of Tyr1050−Ty1071
and the minimum distance of Phe1035−His1048 were 7.0 Å
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and 10.2 Å, respectively. These were longer than those of the
experimental conformation of the TNKS2−OLA complex
(Figures 1 and S7 and Table S1). Thus, this conformation
forms the NI-open/AD-open form.
To investigate the relationship between the behavior of the

IPA molecules and the pocket conformation, we counted the
IPA molecules in the respective NI and AD subsites (Figure
S8). We observed that a few IPA molecules frequently went in
and out of the NI subsite. Additionally, it was rare for the IPA
molecule to access the AD subsite. The comparison of the apo-
TNKS2 MD trajectories with and without IPA molecules
suggested that the interactions of IPA molecules with the NI
subsite residues prevented the closing of the NI subsite. In
addition, the presence of the IPA molecule in the AD subsite
was not always identified in the open AD subsite conformation
during the MD simulation (Figures 4 and S8). These results
suggest that access of the IPA molecule to the AD subsite does
not directly contribute to the opening of the subsite, although
the interactions between the two might trigger the AD subsite
to open.
Interestingly, the semi-open conformation of the AD subsite

was not found to be a stable conformation in the histogram of
apo-TNKS2-CSol shown in Figure 5. In the TNKS2−XAV
complex conformation D (Figures 6D and S4), a cavity
between His1048 and the XAV molecule emerged due to the
steric hindrance effect between the trifluoromethyl group of
the XAV molecule and the D-loop. This cavity was considered
to stabilize the semi-open conformation and promote the
opening of the AD subsite (Figure S4). Conversely, since the
IPA molecule is smaller (only four heavy atoms) than the XAV
molecule and diffuses faster on the protein surface, a cavity to
accommodate water molecules was hardly formed. Thus, the
AD subsite of apo-TNKS2-CSol opened less frequently than
that of the TNKS2−XAV complex.
In summary, the apo-TNKS2-CSol MD simulation exhibited

repeated conformational changes from the NI-open/AD-closed
to the NI-open/AD-open forms, unlike the apo-TNKS2 MD
simulations. This reveals that the use of cosolvents prevents the
closing of the NI subsite and promotes the opening of the AD
subsite. The opening frequency of the AD subsite was lower
than that of the TNKS2−XAV complex because the opening
mechanism of the AD subsite is a one-step process without a
semi-open conformation; meanwhile, the TNKS2−XAV
complex has a two-step opening process. The absence of the
semi-open conformation would increase the height of the
energy barrier to go from a closed to open AD subsite
conformation compared to that of the TNKS2−XAV complex.

■ DISCUSSION
Conformational Change of Ligand-Binding Pocket on

OLA Binding. Following analysis of four MD simulations of
TNKS2 (apo-TNKS2, TNKS2−XAV complex, TNKS2−OLA
complex, and apo-TNKS2-CSol), we identified four represen-
tative forms of the ligand-binding pocket: the NI-closed/AD-
closed, NI-open/AD-closed, NI-open/AD-semi-open, and NI-
open/AD-open forms. The X-ray crystallographic structures of
the NI-open/AD-closed and NI-open/AD-open forms have
been previously identified, while the NI-closed/AD-closed and
NI-open/AD-semi-open forms were detected only in our MD
simulations. Furthermore, analysis of the dynamic conforma-
tional change of the ligand-binding pocket revealed that the
dynamic behavior of the AD subsite was dependent on the
conformation of the NI subsite. The conformational transition

of the AD subsite occurred when the NI subsite was in the
open conformation, while the AD subsite could not open and
was limited to the closed conformation when the NI subsite
was in the closed conformation. Based on the dynamic
information from our MD simulations, we hypothesized that
the pocket undergoes conformational changes upon binding
the OLA molecule, as shown in Figure 7. We hypothesize that
the IWR1 molecule also has a similar binding mechanism to
that of the OLA molecule. Further, the different conformations
from Figure 7 are referred to as numbers in parentheses.
Prior to ligand binding, the NI-closed/AD-closed form (1)

and NI-open/AD-closed form (1′) could coexist. The dynamic
behavior in the apo state corresponds to those of apo-TNKS2
and apo-TNKS2-CSol. These results suggest that either or
both the NI-closed/AD-closed and NI-open/AD-closed
conformations emerge as a result of exposure to various
experimental solvent conditions. Based on the apo-TNKS2
data, the IPA−water cosolvent revealed that the interactions of
IPA molecules with the NI subsite prevented the closing of the
NI subsite while inducing the opening of the AD subsite. This
suggests that other cosolvents, which correspond to buffer salts
and stabilizers existing in the surrounding environment of
proteins under physiological conditions, might have a similar
effect on the dynamic behavior of the conformation of the
ligand-binding pocket.
OLA binding takes place in the two TNKS2 conformations

mentioned above. When the OLA molecule binds to the NI-
closed/AD-closed form (1), the OLA molecule may access and
interact with the NI subsite, inducing a conformational change
from the NI-closed/AD-closed form to the NI-open/AD-
closed form. Following the conformational change, the
phthalazinone part of the OLA molecule would be
accommodated in the NI subsite. In the case of the NI-
open/AD-closed form (1′) and/or (2), the OLA molecule
might bind to the opened NI subsite.
After the formation of hydrogen bonds on the phthalazinone

part of the OLA molecule in the NI subsite, the conformational
change from the NI-open/AD-closed form (2) to the NI-
open/AD-open form (4) occurs through the NI-open/AD-
semi-open form (3), as observed in the conformational
changes of the TNKS2−XAV complex. The NI-open/AD-
semi-open form appeared in the TNKS2−XAV complex and
promoted a conformational change from the NI-open/AD-
closed form to the NI-open/AD-open form. The frequency
with which the NI-open/AD-open form occurred in the
TNKS2−XAV complex was approximately 10-fold greater than
that in apo-TNKS2-CSol. Finally, the cyclopropylcarbonyl part
of the OLA molecule could be accommodated in the AD
subsite with the NI-open/AD-open form (4).

Docking Study of the NI-Open/AD-Open Conforma-
tions Obtained from MD Simulations. The MD
simulations of the TNKS2−OLA complex, TNKS2−XAV
complex, and apo-TNKS2−CSol allowed the NI-open/AD-
open conformation. Here, we used molecular docking and the
single molecular mechanics Poisson−Boltzmann and surface
area (MM-PB/SA) method to evaluate the ability to reproduce
the experimental binding pose of the OLA molecule (the
prediction ability of the OLA binding pose) for a variety of NI-
open/AD-open pocket conformations.
Table 1 shows the OLA pose prediction success rates for the

sampled conformations. The molecular docking success rates
for the TNKS2−OLA complex, TNKS2−XAV complex, and
apo-TNKS2-CSol were 88.3, 40.2, and 8.3%, respectively.
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Interestingly, although the MD trajectory of the TNKS2−OLA
complex accommodated the OLA molecule in the binding
pocket, approximately 12.0% of the NI-open/AD-open
conformations failed to reproduce the experimental pose. In
addition, while the molecular docking success rates of both the
TNKS2−XAV complex and apo-TNKS2-CSol were low, that
of apo-TNKS2-CSol was the lowest. Next, we applied the
single MM-PB/SA method to the molecular docking results to
take the structural refinement and solvation effect into
consideration. The success rates of the single MM-PB/SA
method for the TNKS2−OLA complex, TNKS2−XAV
complex, and apo-TNKS2-CSol were 98.7, 72.0, and 16.0%,
respectively. This result indicates that the single MM-PB/SA
method improved the success rates of molecular docking.
Thus, while pose prediction based only on molecular docking

data is not an effective method to reproduce the experimental
binding pose of the OLA molecule, the incorporation of
structural refinements and solvation effects can increase the
reliability of pose prediction. Remarkably, the success rate of
apo-TNKS2-CSol remained low despite using the single MM-
PB/SA method. This is mainly due to the conformation
differences in the NI subsite of apo-TNKS2-CSol. A
comparison between the representative NI-open/AD-open
conformations of the TNKS2−OLA and TNKS2−XAV
complexes from MD simulations and that of apo-TNKS2-
CSol revealed that the shape of the NI subsite in apo-TNKS2-
CSol is slightly deformed due to the position of Tyr1050
compared with those in the TNKS2−OLA and TNKS2−XAV
complexes (Figure S9). This deformation could prevent
binding of the phthalazinone part of the OLA molecule and

Figure 7. Proposed mechanism of conformational changes of ligand-binding pocket on OLA binding. Four conformations (NI-closed/AD-closed
(1), NI-open/AD-closed (1′ and 2), NI-open/AD-semi-open (3), and NI-open/AD-open (4) forms) of the ligand binding pocket of TNKS2 are
shown. The dotted box indicates the conformational change between the NI-closed/AD-closed (1) and NI-open/AD-closed (1′) forms of apo-
TNKS2. The black arrows indicate the main conformational change pathway of TNKS2 upon OLA binding. The ligand binding pocket is depicted
using molecular surface representations. IPA molecule shown in the ball-and-stick model is in the NI-open/AD-closed (1′) form. XAV and water
molecules shown in ball-and-stick and space-filling models are in the NI-open/AD-closed (2) and NI-open/AD-semi-open (3) forms, respectively.
The OLA molecule shown in space-filling model is in the NI-open/AD-open (4) form. The hydrophilic and lipophilic regions are drawn in orange
and blue, respectively.
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reduce the molecular docking success rate. Such deformation
of the NI subsite is in line with a previous study conducted by
Gao et al.19 Their study found that their MD simulations of
holo protein lacking ligand, namely, ligand-unbound proteins,
did not reproduce holo-like conformations. Therefore, we
believe that the protein structures obtained directly from MD
simulations of the holo and apo states should be carefully
considered before using them for computational drug
discovery, including molecular docking and single MM-PB/
SA calculations.

■ CONCLUSIONS
We performed four conventional MD simulations of apo- and
holo-TNKS2 (apo-TNKS2, the TNKS2−XAV complex, the
TNKS2−OLA complex, and apo-TNKS2-CSol) conforma-
tions and obtained dynamic information regarding the
conformation of the ligand-binding pocket. Comparative
analysis of the apo- and holo-MD trajectories revealed that
the pocket conformation change was characterized by the four
representative conformations: the NI-closed/AD-closed, NI-
open/AD-closed, NI-open/AD-semi-open, and NI-open/AD-
open forms. Furthermore, the NI-closed/AD-closed and NI-
open/AD-semi-open conformations were observed only in the
MD simulations. The conformational changes in the pocket of
TNKS2 were mainly influenced by the presence and structural
features of ligands interacting with the NI subsite. Additionally,
based on the dynamic behavior of the pocket conformation, we
proposed a mechanism through which the pocket conforma-
tional changes take place during OLA molecule binding.
Furthermore, our results suggested that using cosolvent for
MD simulations, which has been used to detect ligand-binding
sites, was an effective method to explore the conformational
change of a ligand-binding pocket. Moreover, the prediction
ability of the OLA molecule binding pose using computational
approaches, including molecular docking and MM-based
calculations, was not always sufficient, despite the use of the
NI-open/AD-open conformation derived from the MD
simulations. Our results show the importance of selecting
suitable MD simulation structures for computational drug
discovery and design.

■ METHODS
Preparation of Initial Systems for MD Simulations.

The X-ray crystallographic structures of the TNKS2−OLA
complex (PDB ID: 3U9Y),4 TNKS2−XAV complex (PDB ID:
3KR8),13 and apo-TNKS2 (PDB ID: 3KR7)13 were obtained

from the Protein Data Bank (PDB).20 Missing atoms from
these structures were added using the homology modeling
technique with the Molecular Operating Environment software
(Chemical Computing Group, Inc.).21 These initially modeled
structures were referred to as initial structures, and their pocket
conformations were nearly identical to those of the
corresponding X-ray crystallographic structures. Next, these
initial structures were solvated in a rectangular box containing
TIP3P water molecules.22 Each system contained approx-
imately 51 000 atoms. In addition, we prepared a model system
of apo-TNKS2-CSol. MD simulations using cosolvents are
used in drug discovery to find hidden druggable binding sites,
which are named cryptic sites.23−25 For the initial MD
simulation system for apo-TNKS2-CSol, the initial TNKS2
structure used in apo-TNKS2 was placed in a rectangular box
containing TIP3P water molecules22 and IPA molecules as
chemical probes. The IPA molecules were randomly
positioned in the box, and the cosolvent contained
approximately 2.0 w/w% IPA molecules. The total number
of atoms in this system was approximately 54 000.

MD Simulations. MD simulations were performed using
the GROMACS version 5.0.6 software.26−30 The AM-
BER99SB-ildn force field31 was used for proteins and the
general amber force field (GAFF)32 was used for OLA, XAV,
and IPA (i.e., chemical probe). The partial charges for the
ligands were calculated at an RHF/6-31G(d) level using
Gaussian 09 software (Gaussian Inc.)33 and the restrained
electrostatic potential method. The periodic boundary
condition was applied to the initial system, and the
temperature and pressure were kept constant using the
Nose−̀Hoover thermostat34 and Parrinello−Rahman baro-
stat,35 respectively. The linear constraint solver (LINCS)
algorithm36 was applied to the covalent bonds, with an
integration time step of 2.0 fs taken into consideration. The
long-range Coulomb interactions were treated using the
particle mesh Ewald method37 and the direct space cutoff
distance was set to 10.0 Å. The van der Waals interactions
were calculated using a switched cutoff between 8.0 and 10.0
Å. Following solved system energy minimization, the system
was gradually heated to 298 K at 100 ps. Next, 800 ns MD
simulations under NPT ensemble (P = 1 bar and T = 298 K)
were performed. The trajectories of each system were saved
every at 100 ps (8000 conformations in each MD trajectory).

RMSD and PCA. To check the conformational change of
the entire TNKS2 structure in MD simulations, the RMSD
values of Cα atoms from the respective initial structures were
calculated. Furthermore, to analyze the dynamical behavior of
the ligand-binding pocket in MD simulations, we performed
PCA calculations using carefully selected pocket residues.
Here, we focused on the 21 amino acid residues (His1031,
Gly1032, Ser1033, Phe1035, Ala1038, Ile1039, Gly1043,
Phe1044, Asp1045, Glu1046, His1048, Ala1049, Tyr1050,
Ile1059, Tyr1060, Phe1061, Ala1062, Lys1067, Ser1068,
Tyr1071, and Glu1138) in the pocket. In the experimental
structures of the TNKS2−OLA and TNKS2−XAV complexes,
these amino acid residues were located near the ligand
molecules (OLA and XAV). Heavy atoms of each residue were
at a distance shorter than 5.0 Å from any other heavy atom of
each ligand. We applied PCA to the Cartesian coordinates of
the heavy atoms of the five key residues (Phe1035, His1048,
Tyr1050, Tyr1060, and Tyr1071) and the Cα atoms of the
other 16 residues to extract the dynamic features of the pocket

Table 1. Success Rate (%) of Olaparib (OLA) Binding Pose
Prediction Using MD and X-ray Structures

system
number of selected

structures docking
single MM-
PB/SA

MD apo-TNKS2-
CSol

12 8.0 (1) 16.0 (2)

TNKS2−XAV 122 40.2 (49) 72.0 (88)
TNKS2−OLA 7777 88.3

(6871)
98.7 (7678)

X-ray TNKS2−XAV failure failure
TNKS2−OLA success success

aNumerals without and with parentheses in the docking and single
MM-PB/SA columns indicate the success rate (%) and the number of
success poses using docking and the single MM-PB/SA method,
respectively.
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conformation. RMSD and PCA were performed using the
CPPTRAJ module of AmberTools 16.38

Evaluation of Accessibility of IPA Molecules into NI
and AD Subsites. To analyze the accessibility of IPA
molecules into the NI and AD subsites of the MD simulated
apo-TNKS2-CSol, we counted the IPA molecules in the
respective subsites and measured the distance to the IPA
molecules. To determine accessibility into the NI subsite, we
considered that the IPA molecule enters the subsite when both
the distances between the IPA C2 atom and the Gly1032 N
(main chain nitrogen) atom and between the IPA C2 atom
and the Ser1068 OG (hydroxy oxygen) atom were less than
6.0 Å (Figure S10). In addition, to determine accessibility into
the AD subsite, we considered that the IPA molecule enters
the AD subsite when the distances between the IPA C2 atom
and the His1049 Cα atom and between the IPA C2 atom and
the Phe1035 Cα atom were less than 6.0 Å. The threshold
value of 6.0 Å was determined based on the van der Waals radii
information regarding IPA and protein atoms.
Computational Method for Predicting the Binding

Pose of the OLA Molecule for TNKS2 Structures
Obtained from MD Simulations. We evaluated the ability
to reproduce the experimental binding pose of the OLA
molecule (i.e., the prediction ability of OLA binding pose) for
the TNKS2 structures obtained from MD simulations using
molecular docking and MM-based calculations.
Selection of the NI-Open/AD-Open Conformations for

Computational Pose Prediction. To evaluate the OLA
binding pose prediction, the MD structures with the NI-
open/AD-open conformation were used. When selecting these
structures, we regarded the TNKS2 structures with PC1 values
larger than 5.0 as being in the NI-open/AD-open con-
formation. These structures were extracted from the MD
trajectories of the TNKS2−OLA complex, TNKS2−XAV
complex, and apo-TNKS2-CSol. The numbers of the selected
conformations of the TNKS2−OLA complex, TNKS2−XAV
complex, and apo-TNKS2-CSol were 7777 (of 8000), 122 (of
8000), and 12 (of 8000), respectively.
Molecular Docking. Molecular docking was performed

using the Genetic Optimization of Ligand Docking (GOLD)
version 5.3.0 (The Cambridge Crystallographic Data Centre)
with the GOLD Scoring function.39,40 The standard default
settings for the genetic algorithm parameters were used. Before
performing molecular docking, the selected protein structures
were aligned to the experimental structure of the TNKS2−
OLA complex. The center of the binding site for molecular
docking was set to the averaged geometrical center of OLA
molecule from the MD trajectory of the TNKS2−OLA
complex. The binding site radius was set to 10 Å. To rescore
and refine the binding poses using the MM-based calculations
mentioned below, the 10 highest-scoring docking poses were
collected to obtain a variety of binding poses.
Single MM-PB/SA Method. Further, we used the MM-

PB/SA method41,42 to incorporate the structural refinement
and solvation effect. The MM-PB/SA method was applied to
the MM-based energy-minimized structures obtained from
molecular docking (hereafter referred to as single MM-PB/
SA.43−45) As previously mentioned, the top 10 docking poses
of the OLA molecule of each of the selected TNKS2 structures
from the MD trajectories were obtained. Each TNKS2−OLA
complex was solvated with a rectangular box containing TIP3P
water molecules22 and the solvated system was energy-
minimized. At this time, OLA molecules, 21 amino acids

(His1031, Gly1032, Ser1033, Phe1035, Ala1038, Ile1039,
Gly1043, Phe1044, Asp1045, Glu1046, His1048, Ala1049,
Tyr1050, Ile1059, Tyr1060, Phe1061, Ala1062, Lys1067,
Ser1068, Tyr1071, and Glu1138) of the ligand-binding pocket,
and the water molecules were allowed to move for geometry
optimization. The single MM-PB/SA binding affinity (ΔGbind)
was calculated using the coordinates of the receptor and ligand
extracted from an energy-minimized structure of the TNKS2−
OLA complex.

G E T S Gbind bind
gas

bind
gas

bind
solvΔ = Δ − Δ + Δ (1)

E E E E( )bind
gas

complex
gas

receptor
gas

ligand
gasΔ = − − (2)

G G G G( )bind
solv

complex
solv

receptor
solv

ligand
solvΔ = − − (3)

G G Gsolv solv,polar solv,nonpolar= + (4)

G SURFTEN SASA SURFOFFsolv,nonpolar = × + (5)

where MM-PB/SA affinity (ΔEbind
gas ) indicates the binding

energy between the receptor and the ligand, which is the
difference between the gas-phase potential energy of the
complex and the sum of the gas-phase potential energies of the
receptor and the ligand, as mentioned in our previous
study.44,45 ΔGbind

solv represents the solvation energy difference
upon protein−ligand association. The polar solvation term
(Gsolv, polar) was estimated using the Poisson−Boltzmann
equation and the atomic radii optimized by Tan and Luo,
with respect to the reaction field energies computed in the
TIP3P explicit solvents and AMBER charges. The grid spacing
used was 0.5 A°. The dielectric constants inside and outside
the molecule were 1.0 and 80.0, respectively. In the nonpolar
solvation term (Gsolv, nonpolar), SASA represents the solvent-
accessible surface area that was calculated using Molsurf
software, which is based on analytical ideas primarily
developed by Connolly.46 Furthermore, SURFTEN and
SURFOFF were 0.00542 kcal/(mol Å2) and 0.92 kcal/mol,
respectively. The probe radius was 1.4 Å. In this calculation,
TΔSbindgas was not taken into consideration.

Success Rate of Ligand Binding Pose Prediction. To
evaluate the prediction ability of the OLA binding pose, we
calculated the success rate of the OLA binding pose
predictions as follows: the RMSD value of the binding pose
with the best GOLD score or the highest MM-PB/SA affinity
among OLA molecules for each TNKS2 structure was
calculated referring to the experimental conformation of the
OLA molecule using the SMARTRMS module in GOLD
version 5.3.0.39 Pose prediction was considered successful if
the RMSD value is ≤2.0 Å. Next, we calculated the success rate
for all TNKS2 structures obtained from each MD trajectory
using the following equation

n
N

success rate =

where n represents the number of successful poses and N
represents the total number of TNKS2 structures selected from
each MD trajectory.
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(Figure S1) The X-ray crystallographic structures of the
pocket conformation of TNKS2−IWR1 complex;
(Table S1 and Figures S2-S11) Additional data of MD
simulations of apo-TNKS2, TNKS2−XAV complex,
TNKS2−OLA complex, apo-TNKS2-CSol, and pseu-
do-apo-TNKS2 structures (PDF)
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