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Abstract Epigenetic therapy is an important focus of
research for drug development in the treatment of cancer.
Valproic acid (VPA) is an HDAC inhibitor that has been
evaluated in clinical studies. Despite its success in treating
cancer, the mechanism of inhibition of VPA in HDAC is
unknown. To this end, we have used docking and molecular
dynamic simulations to investigate VPA binding to HDAC,
employing both native and rebuilt 3-D structures. The
results showed that VPA, via its carboxyl group, coordi-
nates the Zn atom and other local residues (H141-142 and
Y360) located at the catalytic site (CS) of HDAC. This
causes electrostatic and hydrogen bonding interactions
while having little interaction with the hydrophobic side
chains, resulting in a low affinity. However, after several
docking studies on different native HDAC 3-D structures
and after using several snapshots from MD simulations, it
became apparent that VPA bound with highest affinity at a
site located at the acetyl-releasing channel, termed the
hydrophobic active site channel (HASC). The affinity of
VPA for HASC was due to its highly hydrophobic
properties that allow VPA to take part in van der Waals
interactions with Y18, I19, Y20, V25, R37, A38, V41,

H42, I135 and W137, while VPA’s carboxylate group has
several hydrogen bonding interactions with the backbones
of S138, I19, N136 and W137. MD simulations showed
that the HASC door continuously opened and closed, which
affected the affinity of VPA to the HASC, but the affinity
toward the HASC was consistently higher than that
obtained for the CS, suggesting that the HASC could be
involved in the mechanism of inhibition.
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Introduction

The epigenetic processes controlled by histone acetyltrans-
ferase (HAT) and histone deacetylase (HDAC) have been
widely studied, as these proteins represent emerging targets
for functional modification in certain diseases, such as
cancer [1] and HIV [2].

HDAC belongs to a family of 18 proteins that catalyzes the
deacetylation of acetylated ε-amino lysines in histone tails.
The proteins are divided into four groups based on their
homology domain, their cofactors, and their ability to shuttle
between the nucleus and the cytoplasm. HDAC isoforms 1, 2,
3 and 8 belong to class I, while isoforms 4, 5, 6, 7, 9 and 10
belong to class II. The class I isoforms are usually located in
the nucleus and require a zinc ion (Zn) for activity, while the
class II isoforms can be located in either the nucleus or the
cytoplasm, depending on the cell's metabolic needs. Class IV
contains only one isoform, HDAC11, which significantly
differs in its domain composition compared to other HDAC
isoforms. It is believed that HDAC11 diverged earlier in
evolution than the other isoforms. Finally, class III consists
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of isoforms that require NAD(+) as a cofactor, and they are
commonly known as sirtuins [3].

Several HDAC inhibitors (HDACIs) have exhibited
anticancer activity and are currently regarded as a new
approach to cancer treatment. Their activity has been
evaluated from the altered patterns of gene expression
observed in neoplastic cells from aberrant HDAC recruitment
[4]. When cancer cells are treated with HDACIs, growth
arrest, apoptosis or differentiation of the cells is often
observed [5–7].

HDACIs are classified according to their chemical
structure. Most are nonselective between HDAC isoforms
from class I and II [8]. Valproic acid (VPA) is a well-known
anti-epileptic and mood-stabilizing drug, and it is also an
HDACI [9]. VPA causes growth arrest and induces
differentiation of transformed cell cultures by inhibiting
multiple class I and II HDACs (but not isoforms 6 and 10)
[8, 10]. There is evidence that VPA induces the hyper-
acetylation of core H3 and H4 with low potency (Ki≈mM),
which causes differentiation in hematopoietic cell lines in a
p21-dependent manner [10]. VPA has been used for therapy
in prostate cancer cells and in vivo models from prostate
cancer xenografts. Acute administration of VPA has been
shown to produce net histone H3 acetylation as well as up-
regulation of p21, androgen receptors, and prostate specific
androgen (PSA). The chronic treatment, however, led to a
decrease in the net proliferation rate due to an increased
expression of caspases 2 and 3 [11].

Due to the well-known antitumor activity associated with
VPA after decades of usage as a relatively well-tolerated drug,
many phase I and II studies have reported that its utility in
treating different types of tumors is a result of HDAC
inhibition [12]. A phase II clinical trial of the use of VPA
to treat castration-resistant prostate cancer concluded that the
PSA (used to monitor disease evolution) correlated inversely
with VPA levels, even though VPA treatments produced
many adverse effects [13]. Mora-Garcia and coworkers
demonstrated the advantages of using VPA in combination
with hydralazine (a non-nucleoside DNA methylation
inhibitor) as an adjuvant for immune intervention in cervical
cancer patients. The global effect from a combination of
these two epigenetic modifiers was the cell expression of
immune molecules that were absent prior to treatment [14].
Moreover, another study demonstrated that the combination
of hydralazine and VPA caused potent growth inhibition for
certain cell cancer lines [15]. There are sufficient experi-
mental data to demonstrate the inhibitory activity of VPA
with regard to HDAC, but these data have not been
investigated in detail at the molecular level.

The carboxyl group of VPA interacts with the Zn atom at
the HDAC binding site electrostatically, thereby providing
VPA recognition [16]. Exploring the extra ligand-binding
pocket, or orthostatic site, is straightforward using

docking [17] and molecular dynamic (MD) simulations
[18]. These simulations are generally corroborated by
experimental methods [19]. Therefore, we have employed
docking and MD simulations to understand the binding
mode of VPA onto HDAC8 at the atomic level by
employing a set of 14 native 3-D structures retrieved from
the Protein Data Bank (PDB) and using several snapshots
retrieved from MD simulations captured every 0.5 ns over
a time span of 9 ns.

Materials and methods

General procedure

To use all of the 3-D structures of HDAC attained from the
experimental methods, a search of the PDB was performed,
which found 14 structures that belonged to isoform 8 (PDB
codes: 1T64 [20], 1T67 [20], 1T69 [20], 1VKG [20], 1W22
[21], 2V5W [22], 2V5X [22], 3EW8 [22], 3EWF [23],
3EZP [23], 3EZT [23], 3F0R [23], 3F06 [23], 3F07 [23]).
A multiple alignment was carried out with clustalW2 [24],
and the results were edited and analyzed with Jalview [25]
to find similarities and differences in the sequences among
the reported 3-D structures. The 3-D structures were used
for docking simulations as the native structures (initial
coordinates). Then, the missing residues at the N- and C-
terminals and in the middle of the protein sequence were
built using MODELLER [26], and a minimization of the
energy of the whole protein was performed on both the
native and fulfilled structures.

Docking protocol

VPA was drawn with the Isisdraw program [27], and its
geometry was optimized using Hyperchem (Version 6.0,
Hypercube, USA, http://www.hyper.com) [28] at the
molecular mechanic level. Afterward, a Gaussian program
[29] was used to complete the optimization to AM1 and
then to B3LYP (6-31G* d,p) basis sets. Water molecules
and other ligands were removed from HDAC8 PDB
structures while the Zn atom was retained. AutoDock-
Tools was used to prepare the blind docking study with a
grid box of 126×126×126 Å (distance between two grid
points was set to 0.375 Å), centering the grid box on the
protein, which was rigid. We used a Lamarckian genetic
algorithm to perform the search with an initial population
of 100 random individuals, and 1.0×107 iterations were
run with the AutoDock 4.0.1 [30] program. The results
were analyzed with AutoDockTools and the Accelrys
Discovery Studio Visualizer. To validate the docking
procedure, the protein was re-docked with the co-
crystallized ligand using a PDB structure 1F07, which
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has APHA as ligand. The energy in the docking studies
was calculated as a function of the following five terms:
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where the five ΔG terms on the right-hand side are
empirically determined coefficients using linear regression

analysis from a set of protein-ligand complexes with
known binding constants [30].

Molecular dynamics protocol

The input protein coordinates were taken from the structure
with PDB code 3F07 because it had the fewest number of
missing residues and it did not contain any mutations. The
MD simulations were carried out using NAMD2.6 [31] with a
CHARMM27 force field [32]. The protein was cleaned of
water molecules and the ligand APHA, and the missing
loops were constructed with MODELLER [26]. Hydrogen

Fig. 1 Sequence alignments of the HDAC8 crystallized structures. The HDAC sequence differences. The missing residues and mutations are in yellow
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atoms were added with the psfgen command within the
VMD program [33], and the structure was minimized using
the steepest descent algorithm for 2000 steps using a
CHARMM27 force field [32] and processed with NAMD2.
The resultant structure was immersed in a TIP3 water box,
and the charge was neutralized. The particle-mesh Ewald
method [34] and periodic boundary conditions were applied
to complete the electrostatic calculations. We used Nose-
Hoover Langevin piston pressure control and maintained
temperature at 310 K [35]. The SHAKE [36] method was
used to provide an integration time step of 2 fs while keeping
all bonds to the hydrogen atoms rigid. The equilibration
protocol involved 1500 minimization steps followed by
30 ps of MD at 0 K of water and ions while freezing the
entire protein. Once the minimization of the whole system
was achieved, the temperature was increased from 10 to
310 K over 30 ps to ensure that it could continue to modify
its volume with 30 ps of NTP dynamics [35]. As a final step,
the NTV dynamics continued for 9.5 ns. The trajectory of the
system was stored at every 1 ps, and the simulations were
analyzed by capturing several snapshots every 0.5 ns. All
snapshots and the RMSD calculation were obtained with
carma program [37]. Each one of these conformations was
submitted to a docking simulation with VPA.

Results and discussion

In this study, we combined docking and MD simulations to
explore the affinity and recognition between VPA and the

HDAC isoform 8. The first step was to retrieve all 14
HDAC8 3-D structures from the PDB, which were then
subjected to multiple sequence alignment studies. These
studies showed variations in the sequences, as are depicted
in Fig. 1. Afterward, all HDAC8 3-D structures were
submitted to docking simulations using VPA as the ligand,
which was validated with RMSD values between the
docked VPA and co-crystallized ligands of less than 2 Å
(data not shown). The free energy (ΔG) and Kd values
resulting from the interaction between VPA and each
HDAC8 tested are listed in Table 1. Table 1 shows two
values belonging to two binding sites. One of these is the
catalytic site (CS) where the Zn atom is located, which has
been the principal target for ligand design [38]. However, in
the CS, there are few structural differences between all the
HDAC families that cause ligands to act as pan-inhibitors
due to their nonspecific inhibition. The principal pan-
inhibitors are suberoylanilide hydroxamic acid (SAHA) and
trycostatine (TSA) [39]. From the ΔG values that could be
influenced from the X-ray protein structure resolution
(Table 1), we showed that there was no correlation between
the resolution and ΔG values in either the native PDB or
the minimized 3-D structures.

The great majority of the HDACIs interact with the CS
by making several hydrogen bonds with the carboxyl or
hydroxamic acids, and some compounds that possess an
aromatic moiety act selectively. Tubacin, which is structur-
ally related to SAHA [40], is an example of this. There is
evidence that suggests that the VPA carboxyl moiety
interacts with the CS by forming hydrogen bonds and

Table 1 Free energy values (ΔG, kcal mol-1) of interactions between VPA and HDAC8 obtained by docking simulations

HDAC8 structure condition Native Docking (loop added) Minimization Minimization (loop added)

Active sites of HDAC8 CS HASC CS HASC CS HASC CS HASC

PDB code X-ray resolution (Å) ΔG ΔG ΔG ΔG ΔG ΔG ΔG ΔG

1T64 1.9 −6.24 −6.33 −6.42 −7.17 −4.25 −5.63 −4.72 −5.56
1T67 2.31 −4.56 −6.63 −6.16 −6.88 −4.1 −5.8 −4.58 −5.67
1T69 2.91 −4.96 −7.17 −6.57 −7.19 −4.25 −6.47 −4.91 −5.34
1VKG 2.2 −5.25 −6.82 −5.36 −6.98 −4.36 −6.81 — —

1W22 2.5 −6.72 −7.33 −6.48 −7.36 −4.59 −5.93 −4.75 −6.54
2V5W 2 −5.88 −6.88 −5.94 −7.21 −4.51 −6.23 −4.65 −5.5
2V5X 2.25 −4.8 −6.77 −6.18 −6.95 −4.43 −6.59 −4.87 −5.72
3EW8 1.8 −5.98 −6.87 −6.17 −6.76 −5.24 −6.72 −4.85 −6.68
3EWF 2.5 −5.98 −6.22 −5.9 −6.69 −4.69 −6.75 −5.22 −6.67
3EZP 2.65 −6.29 −6.77 −5.95 −6.49 −5.08 −6.7 −4.61 −6.56
3EZT 2.85 −6.07 −7.01 −5.77 −6.91 −4.98 −6.55 −4.82 −6.52
3F0R 2.54 −5.94 −5.75 −5.84 −6.58 −4.37 −6.22 −4.88 −5.82
3F06 2.55 −6.31 −6.91 −6.08 −6.96 −5.09 −6.62 −4.94 −6.76
3F07 3.3 −6.25 −7.08 −6.23 −7.01 −4.73 −6.78 −4.67 −5.72
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electrostatic interactions between specific side chain resi-
dues (H142-143 and Y306) and the Zn atom, respectively.
These implications are in agreement with results from
docking studies [16]. However, there is no evidence that the
VPA hydrophobic chain interactions at the CS are due to
neighboring aromatic residues, which explains the high
affinity of other known HDACIs. For this reason, we
focused our study on applying MD simulations to several
HDAC8 structures retrieved from the PDB to explore the
VPA binding to the sampled 3-D structures.

The docking strategy was used to explore the entire
protein using a blind docking procedure to allow VPA to
reach all potential binding pockets and to accommodate
those with the greatest affinity. Table 1 shows the ΔG and
affinity values of VPA, which showed the highest affinities
for the hydrophobic active site channel (HASC), where
some miscellaneous HDACIs have been shown to bind
[41]. It should be noted that the ligands reported to bind to
the HASC possess highly hydrophobic chains, such as the
cyclostellettamines. The HASC is located in a hydrophobic
channel where the acetate is believed to be released after
HDAC catalyzes the histone deacetylation. Table 1 also
contains all of the 3-D structures investigated using VPA as
the ligand, and VPA exhibited stronger affinity to the
HASC than to the CS in all structures except for PDB
3F0R. This difference in affinity could be a result of the
3F0R missing two residues (A32 and K33) compared to the
other sequences, as illustrated in Fig. 1.

The higher affinity of VPA for the HASC than the CS
was shown in all 3-D structures tested (native [except
3F0R], rebuilt and minimized after rebuilt), suggesting that
the HASC could be the VPA binding site. This would
explain its structural differences compared to other HDA-
CIs, which are typically larger and can form several
hydrogen bonds as acceptors or donors. Also, their aromatic
moieties make Π-Π interactions with the neighboring
aromatic residues near the CS [38]. In contrast, VPA is a
small ligand and has a high lipid partition coefficient due to
its two hydrocarbon chains [42]. Consequently, these
physicochemical properties could explain VPA’s high
affinity for the HASC located in the acetyl release channel
in all HDAC8 3-D structures tested. This acetyl release
channel has been verified experimentally [41] and was
characterized using X-ray methods by Vaninni and Wang
[21, 43]. The acetyl release channel connects the CS,
HASC, and the “back door,” which is regulated by
conformational changes of HDAC8 -helixes 1 and 2. Also,
this tunnel is an important area because it is where the free
acetate is released after histone deacetylation is carried out
at the CS. The VPA docking with native and re-built 3-D
HDACs resulted in ΔG and Kd values with higher affinities
at the HASC than the CS (see Table 1). To explain these
results, we examined the 3-D structural details to help

explain these differences. Shown in Fig. 2 are docking
results from the native 3-D HDAC structure of PDB 3F0R.
These docking results show that the carboxyl group of the
VPA binds to the CS by coordination with both the Zn ion
and hydrogen bond acceptors, such as Y306, H142 and
H143 side chains, as has been reported for an HDAC
homologue and VPA complexes [16]. However, Fig. 2b
illustrates that VPA hydrophobic chains do not interact
because only polar residues, such as H142 and H143 and
Y306, are in close proximity. The arrangement resulting in
the highest affinity between the HASC and VPAwas due to
the VPA carboxyl moiety making several hydrogen
bonding interactions with the side chains of Y24 and
S138 as well as with the backbone amides from I19, S138,
and W137. The VPA side chain moieties also formed
hydrophobic interactions with the aromatic cluster of Y18,
Y20 and W37 as well as with the side chains of V25, I19
and I135.

Fig. 2 Interaction of VPA with HDAC8. (a) Docked VPA (yellow)
blocking the catalytic site (yellow arrow) and VPA (green) in the
acetate release channel (green arrow). (b) VPA interacting with
residues of the catalytic site (left) and the acetate release channel
(right). (c) Close-up of the stabilization of VPAwith the acetate release
channel residues
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The ΔG values from Table 1 that changed significantly
in some HDAC 3-D structures could be explained by an
alignment study, as shown in Fig. 1. This figure demon-
strates that there are some mutations, that could be relevant
for ligand recognitions and protein structure, which include
E85P (1T69), S39D (2B5X), D101N (3EZP), D101A
(3F06), D101E (3EZT), D101L (3EW8), H143A (3EHF),
Y306F (2V5W), N357H (3EZP, 3F06, 3EZT, 3F0R, 3FO7,
3EWS), and H357A (3EWF). Figure 1 also shows that
other structures possessed deletions, including 85–91
(1T67, 3EZP, 3EZT), 86–91 (1T69), 89–102 (1VKG), 85–
94 (1W22), 84–91 (3F06), 83–93 (3EW8), and 32–33
(3F0R). It is clear that these mutations or deletions altered
the binding between VPA and HDAC. The 2V5W structure
contained a mutation at Y306F, but the affinity was not
modified. This is because both of those amino acids are
aromatic and also because residue 306 does not appear to
be involved in VPA recognition due to the proximity of the

VPA hydrophobic side chain in relation to Y or F306. This
means that the changes in the ΔG energy value were due to
other pocket structural-chemical factors not governed by
the Y306 residue. Because it is known that proteins are
dynamic, the domain movements were detected using
docking studies that showed various conformations and
consequently, different ΔG values [44]. The ΔG value
differences observed at the CS could be due to the CS
entrance diameter (5 Å) as was observed in the native 3-D
structures (1T67, 1T69, 1VKG and 2V5X) or in the other
3-D structures used (6 Å). This explains the lower affinity
of VPA toward 1T67, 1T69, 1VKG, and 2V5X, shown in
Table 1. This implied that the missing residues affected the
ligand recognition of the 3-D HDAC structures. Approxi-
mately 13 residues were added to replace the missing
residues in the middle of the protein for structures 1T67,
3EZP, 3EZT, 1T69, 1KKG, 1W22, 3F06, 3EW8 and 3F0R.
The structural additions changed the VPA recognitions to

Fig. 3 (a) RMSD plots of the 9.5 ns MD simulations. (b) Rg values
reaching protein stabilization. (c) RMSF values showing greater
movements in the loops. (d) Secondary structure, which maintained

its HDAC structures. (e) SASA values showing that the solvate protein
surface was maintained after 5 ns

2306 J Mol Model (2012) 18:2301–2310



the CS and the HASC, as depicted in Table 1. Despite these
structural modifications to the native 3-D structures, the
highest affinity for VPA remained the HASC. Subsequently,
the protein was minimized and then used for docking to
allow the HDAC 3-D structural receptor to reach its optimal
energy conditions [45]. The docking results showed that
VPA had a lower affinity to HDAC in both sites than in the
native 3-D structures, measuring between 0.1 - 0.5 mM for
the CS and 0.01 - 0.05 mM for HASC. Despite all of the 3-
D rebuilds and structural minimizations, VPA still recog-
nized the HASC with more affinity than the CS (see
Table 1). In conclusion, these complex theoretical analyses
showed that VPA bound to the HDAC HASC in all 3-D
HDACs tested (native and structurally modified by rebuild-
ing and minimizing). To provide evidence that the HASC
recognizes VPA and that the HASC could feasibly be the
binding site for VPA, we employed MD simulations to show
additional binding pockets [46] because of the many protein
movements that docking scarcely considers.

The sequence alignments (Fig. 1) allowed us to choose the
PDB structure most frequently cited in the literature [47],
possibly due to the fact that it has a better 3-D structural
quality. Furthermore, to demonstrate that the HASC was
identified, we applied MD simulations, employing protocols

used by our group, to allow for the treatment of macro-
molecules under physiological conditions, such as solvation,
ions and protein flexibility [44, 48]. This is possible by
combining docking and MD simulations [44, 48]. The MD
simulation results demonstrated that in the first 4 ns, the
HDAC structure was stable according to the RMSD, because
5 ns maintained the stability, until the simulation was finished
(Fig. 3a). This was because the radius gyration decreased at
3 ns (Fig. 3b), but then it reached its initial value and
maintained it with few changes. Similarly, the root mean
square fluctuations (RMSF) were greater in residues 85–109,
205–217 and 277, as these residues belonged to well-known,
identified HDAC8 loops [21]. As seen in Fig. 3c, greater
movements were found in loop 202–212, which, together
with loop 31–36, are near the CS where other ligands, such
as triconstatin (TSA), bind. Greater loop movements were
not influenced by the ligand recognition at the CS or HASC.
It is important to mention that there are residues missing in
some of the HDAC 3-D structures because they belong to
the loop, and consequently, they show greater structural
dynamics compared to those that form the CS and HASC.
Figure 3d illustrates how the secondary structure was
conserved, which suggests that the HDAC maintains its
conformational behavior without risking protein deformity.

Fig. 4 Dynamics of the back
door of the acetate release
channel. (a) The door at the
beginning of the MD simula-
tions. (b) The door increases its
diameter. (c) HASC residues
and their movement during MD
simulations
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Last, the solvent accessible surface areas (SASA) initially
increased, but after 5 ns, they remained constant. Further-
more, after this HDAC protein was validated, several
snapshots (each 0.5 ns) from the 9.0 ns MD simulation were
extracted to carefully explore the docking procedure for VPA
binding to HDAC, as has been reported for other proteins.
During the MD simulations, it was shown that the acetate
release channel exhibited the same behavior, as was reported
by Wang [43]. The reported conformational changes on the
surface of the enzyme, particularly in the exit of the internal
cavity of approximately 14 Å, were in accord with this result
(Fig. 4a and b). This channel is connected to the CS and was
conserved, as was illustrated using the MD simulations.
These conformational changes were controlled primarily by
I56, H51, H42 and E46. These residues appeared to act as a
doorframe that was partially closed, but it then expanded
during the first 4 ns (Fig. 4).

All of the conformational snapshots were screened against
VPA by docking simulations, and the Kd remained predom-
inantly around 0.5 mM. Short moments of low (1 mM) and
high (0.05 mM) affinity were also observed. The reported Km
for HDAC8 to deacylated ε-acylated lysyl moieties in histones
is 0.03 mM [49]. While the experimental Ki of VPA to
HDAC8 has not been reported, it was 0.4 mM in HDAC1
[9]. Taking this into account, VPA could be displaced from the
catalytic site by the natural substrate, acetylated lysines, due to
the higher affinity HDAC has toward them. However, it is
possible that VPA inhibits HDAC function by blocking the
back door escape of acetate, according to a previous study on
structures taken from the PDB database. VPA interacted with
the HASC in all snapshots. This confirmed that there was
another site because VPA binds to the catalytic site; however,
this does not entirely explain VPA’s inhibitory effects. The
greater affinity of VPA for the HASC (Table 1) was due to the
several van der Waals interactions it has with Y18, I19, Y20,
Y24, V25, R37, A38, V41, H42, I135, N136 and W137 as
well as the hydrogen bonds it forms with S138 and I19.

The sequence of the catalytic site is conserved in class 1
HDACs; therefore, the Km value obtained for one isoform
can be used for all. In this study, we obtained a Km similar
to one determined empirically [9].

In conclusion, VPA binds with the CS by electrostatic
interactions between the carboxyl group and the Zn atom,
while VPA’s hydrophobic chains are located at the base of the
catalytic gorge without any evidence of hydrophobic interac-
tion to explain VPA’s low affinity (mM range). The docking
procedures employing the crystal structures and MD simu-
lations showed that VPA was located at the HASC, which
blocks the release of the acetate and inhibits the HDAC
catalytic activity. With these insights, new drug discovery
strategies could now focus on designing compounds that
target both the CS and the HASC, allowing selectivity for
HDAC8.
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