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Abstract

Histone deacetylases (HDACs) are key regulators of gene expression and thereby compel-
ling targets in the treatment of various cancers. Class- and isoform-selective HDAC inhibi-
tors targeting the particular isoform to treat cancers without affecting the normal expression 
of other isoforms are highly desirable. Molecular dynamics simulations were performed 
with the set of selective inhibitors and HDAC isoforms of three different classes. The results 
were compared both within and across the isoforms. The hydrogen bonds between protein 
and inhibitors are directly correlated with the selective experimental activity. The calcu-
lated distances between important amino acids and the metal binding part of inhibitors have 
disclosed the optimal distance to be maintained by a selective inhibitor. In addition, the 
calculated non-bonded interaction energies between inhibitor and catalytic residues revealed 
that the subtle difference in the amino acids at the highly conserved active sites of HDAC 
isoforms effectively scripts the selectivity story observed experimentally. The results of this 
study provide valuable information in designing highly selective HDAC inhibitors.

Key words: Histone deacetylase; Inhibitor selectivity; Molecular dynamic simulation; Drug 
design; Non-bonded interaction energy.

Introduction

Acetylation state of epsilon amino groups of N-terminal lysine residues of histone 
proteins is controlled by two families of enzymes, histone acetyl transferases (HAT) 
and deacetylases (HDAC) (1). Whereas HATs transfer acetyl group to N-terminal 
lysine residues in histones, HDACs catalyze the deacetylation of the added acetyl 
groups. The balance between the addition and removal of acetyl groups is disturbed 
by the increased level of any of the catalyzing enzymes. Mainly the increased levels 
of HDACs lead to the chromatin condensation and transcriptional repression (2-5). 
Modulation of these acetylated amino groups plays crucial role in the process of 
transcription (6, 7). The removal of acetyl groups from the terminal lysine residues 
of histone proteins exposes the positive charge of the lysine residues which leads to 
the strong binding with the negatively charged DNA that wraps around the histone 
proteins to form the structure of nucleosomes (8). This epigenetic regulation of 
gene expression through the remodeling of chromatin has a critical role in the onset 
and progression of cancer (9-11). The effective inhibition of HDAC enzymes has 
emerged as a potential strategy to regulate the transcriptional changes associated 
with cancer and several other diseases. Number of HDAC inhibitors was also found 
to have potent anticancer activity in preclinical studies with high tumor specificity 
(12, 13). These HDAC inhibitors also affect the neoplastic growth and survival 
by regulating host immune response and tumor vasculature (14-16). These HDAC 
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inhibitors were also investigated as potential treatments for a variety of CNS diseases 
and disorders, including Hutington’s disease, Parkinson’s disease, Alzheimer’s dis-
ease, stroke, and depression (17). As a first one of several HDAC inhibitors entered 
clinical studies, a drug suberoylanilide hydroxamic acid (SAHA) was approved by 
the FDA in 2006 for the treatment of cutaneous T-cell lymphoma. Based on the 
homology to yeast HDACs, mammalian HDACs were classified into four classes. 
Class I of this classification comprises HDAC1-3 and 8 isoforms whereas class II 
includes HDAC4-7, 9, and 10 isoforms. The HDAC11 isoform is the new member 
of human HDAC family and is classified to be class IV HDAC as this includes 
characteristics of both class I and II but more of class I. Class III gathers all HDACs 
that acts as deacetylating enzymes using NAD1 as cofactor whereas the other class 
of HDACs contain a divalent metal ion, Zn21, in their active sites as co-factor. 
Class II Zn-containing HDACs are larger in size than the other classes of HDACs 
and are further divided into two subclasses, IIa (HDAC 4, 5, 7, and 9) and IIb  
(HDAC6 and 10) based on their sequence homology and domain organization. 
The HDACs of class IIa are highly conserved in their C-terminal catalytic domain 
but have no similarity to N-terminal domain (18). In addition to the most studied 
histone proteins as main substrate for HDACs, some recent reports have shown 
diverse type of nonhistone proteins such as transcription factors, signal transduction 
mediators, and a molecular chaperone as the substrates for HDACs (19-22). All the 
Zn-dependent HDACs are very similar in their structures containing highly con-
served tunnel-like active site with the catalytic machinery at the bottom (Figure 1).  
This catalytic machinery includes a divalent metal (Zn21) ion and a charge relay 
system of His-Asp dyads. A chemical mechanism was proposed particularly for the 
metal ion-dependent HDACs based on the biochemical and genetic data along with 
the crystal structures of HDAC8 and a bacterial HDAC-like protein (23-27). In this 
proposed mechanism for deacetylation process, the likely first step is conducted by 
a nucleophile on the carbonyl carbon of the substrate. It was also proposed that, 
since no residue present close to the catalytic machinery is a reasonable nucleophile, 
a zinc-bound water molecule present in the active site acts as nucleophile (28).  
In terms of HDAC-inhibitor complexes, the hydroxyl group of the hydroxamic 
acid acts as a structural mimetic of the catalytic water. This first step followed by 

Figure 1: (A) Structure of human HDAC8 with the active site region in color. An inhibitor bound at the active site is shown in stick form with Zn21 ion in sphere 
representation. (B) Zoomed view of the active site showing the tunnel-like active site with the positions of charge relay system residues and tunnel-forming residue 
pairs labeled in black and corresponding colors, respectively.
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various steps involving two histidine residues of His-Asp dyads, the metal ion, and 
a tyrosine residue of the active site until the final products of acetic acid and lysine 
products are obtained. The His143 in HDAC8 protonates the lysine after the carbon-
nitrogen scissile bond cleaves upon the completion deacetylation process (29, 30).  
It is also suggested from the experimental data about the structural and catalytic roles 
of the bound zinc ion and histidines of His-Asp dyad of charge relay system. Along 
with these components, two other aspartate residues are also likely to be important 
for catalysis whose carboxylate moieties form hydrogen bonds with the imidazolyl 
nitrogen atoms (Nδ1) of each histidine. This arrangement is similar to the charge-
relay system observed in serine proteases that is known to increase the basicity of 
the imidazole Nε2 atom (31, 32). A wide range of diverse chemical structures were 
designed and developed with potent inhibitory profiles for different class of HDACs 
(33, 34). Two HDAC inhibitors, namely, SAHA (vorinostat) and FK228 (istodax), 
have already received FDA approval to be used as anticancer drugs (35). On basis 
of the chemical structures, HDAC inhibitors can be classified into various structural 
classes such as aliphatic acids, hydroxamic acids, cyclic peptides, and benzamides. 
Most of the available HDAC inhibitors can be covered under a well-accepted gen-
eral pharmacophore model containing an aromatic hydrophobic cap group (HCG), 
a linker hydrophobic spacer that resides at the narrow tunnel connecting the enzyme 
surface to the bottom of the active site that contains the catalytic machinery and  
the zinc-binding group (ZBG) responsible for chelation of Zn metal ion at the active 
site (36, 37). Various groups such as mercaptoacetamide and benzamide moieties 
as ZBG instead of traditional hydroxamic acid moiety were developed aiming to 
improve the potency of the known HDAC inhibitors. More recently, after observing 
the promising results from the mercaptoacetamides as ZBG, cysteine-derived chemi-
cal fragments were designed and tested to have micromolar potency against multiple 
HDAC isoforms (38). Some of the old studies stated that in order to design isoform-
selective HDAC inhibitors, other parts of the HDAC proteins should also be con-
sidered as the active site is highly conserved in all HDACs and also mentioned that 
developing isoform-selective HDAC inhibitors as a challenging task (39). A recent 
study reported a set of linkerless hydroxamic acids developed as selective HDAC8 
inhibitors (40). Various attempts made, to date, aiming to develop isoform-selective 
HDAC inhibitors mainly focused on the different characteristics and variability of 
the shape of the protein surface around the active site and the differences in the 
protein flexibility between the isoforms (41). Most of the selective HDAC inhibitors 
available today were the outcome of screening of large libraries (42, 43). Despite of 
more research, the structural reasons that can be utilized in designing potent isoform-
selective compounds remain unknown and challenging. In the area of designing iso-
form-selective HDAC inhibitors, one of the bottlenecks is the lack of 3D structures 
of human HDACs. Homology modeling technique followed by validation has pro-
vided a valid starting point in designing isoform-selective HDAC inhibitors.

This study aiming to find some structural characteristics that are unique to indi-
vidual HDAC isoforms has also employed homology modeling to build 3D struc-
tures of HDAC 10 and 11 isoforms of class II and IV followed by validation. The 
valid structures of these isoforms along with the crystal structure of HDAC8 were 
used in molecular docking of selective inhibitors. A series of molecular dynamics 
simulations were performed to observe the dynamic behaviors of these HDAC-
inhibitor complexes. The results and analyses of the dynamic simulations provided 
new information from the structural perspective that can be utilized in isoform-
selective HDAC inhibitor designing.

Materials and Methods

Homology Modeling

All divalent metal ion dependent HDAC enzymes possess a tunnel-like active site 
with a Zn21 ion at the bottom to process the acetylated lysine residues of histone 
proteins. These tunnel-like active sites were found to be very much conserved in 
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all HDAC isoforms regardless of their classes. The primary sequences of HDAC8 
from Class I, HDAC10 of class II and HDAC11, which is the only isoform from 
class IV were aligned and compared to analyze the conservation of tunnel-forming 
residues (Figure 2). The Align Multiple Sequences protocol of Accelrys Discovery 
studio 2.5 (DS) (Accelrys Inc., San Diego, USA) was used in aligning the primary 
sequences of all HDAC enzymes under study. Multiple alignment scoring matrix, 
gap opening, and extension penalties were set to BLOSUM, 10.0 and 0.05, respec-
tively. The primary sequences of all three HDAC enzymes were retrieved from 
UniProtKB, the protein knowledgebase, database that provides comprehensive and 
high quality freely accessible protein sequence and functional information (44).

Homology modeling is one of the best and reliable ways to produce 3D structure of a 
protein for which no crystal structures were determined. As it is also known as com-
parative protein modeling, this process requires a crystallographically determined 
3D structure of a comparatively similar (homologous) protein, which is widely 
called as template. Homology modeling starts with the primary sequence com-
parison of target and template proteins. The identification of templates and align-
ment of sequences are often automated utilizing various open access servers and 
standalone programs such as BLAST from NCBI (45) and DS from Accelrys Inc.  
The reliability of the homology modeled protein is completely based on the 
sequence alignment and thus it is the very important and limiting step in the pro-
cess of homology modeling. In this study, all three HDAC enzymes were built 
by homology modeling method using Build Homology Models protocol that runs 
MODELER algorithm as implemented in DS (46). The BLAST tool was used to 
identify the possible template structures from Protein Data Bank (PDB). The top 
ranked structures based on the identity towards the target sequence were selected 
as template structures in modeling target HDAC enzymes. In terms of HDAC8, 
though a number of crystal structures is available in PDB it was modeled using 
one of the structures bound with SAHA (PDB code: 1T69) in order to build the 
N-terminal and a central missing regions. The 3D structure of HDAC10 was built 
using single and multiple templates. Upon the comparison of the stereochemical 
quality of the models the best model was selected (Additional Text A1). The 3D 
structure of HDAC11 was built using one of the HDAC8 crystal structures as this 
only class IV isoform is phylogenetically close to class I HDACs than class II 
HDACs. Ten homology models were built for every target protein and the regions 
that were not aligned with identical equivalent parts of the templates were consid-
ered variable regions and optimized further by selecting High Level of Optimization 
during homology modeling. The MODELER is able to simultaneously incorporate 

Figure 2: Sequence alignment of HDAC8, 10, and 11 isoforms from class I, II, and IV of HDAC  
family, respectively. The charge relay system residues are shown in red color and tunnel-forming residues 
are shown in green color.
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structural data from one or more reference proteins. Structural features in the refer-
ence proteins are used to derive spatial restraints which, in turn, are used to gen-
erate model protein structures using conjugate gradient and simulated annealing 
optimization procedures (47). The stereochemical quality of the constructed mod-
els was assessed using various structure assessment tools such as PROCHECK, 
WhatCheck and PROSA-web and the manual investigation of important charac-
teristics (48-50).

Selection and Preparation of Ligand Structures

To check and investigate the isoform selectivity of some known inhibitors, we 
selected three HDAC inhibitors tested against HDAC8 and HDAC10 using the 
same experimental conditions from the literature. Since HDAC11 of class IV is still 
a new member of HDAC family for which no inhibitory profiles could be retrieved 
from literature. Very recently some patents were filed discussing the importance 
of HDAC11 inhibitors in the treatment of various disorders including cancer (51). 
Thus inclusion of this less studied class IV isoform in selectivity study would be 
more informative in the future. All three compounds were constructed and energy 
minimized using CHARMM forcefield as available in DS. The Minimization pro-
tocol of DS running with smart minimizer option was used to energy minimize the 
small molecules. The Smart minimizer option includes both steepest descent and 
conjugate gradient algorithms to minimize the structures.

Molecular Docking Calculation

Molecular docking is a rapid process to predict the best possible biological confor-
mation of a compound in the active site of a particular protein. In this study, three 
diverse compounds selected from the literature based on their isoform-selective 
HDAC inhibitory profiles were docked into the active site of three isoforms from 
three classes of HDAC family. Molecular docking program GOLD (Genetic Opti-
mization for Ligand Docking) 5.0.1 from Cambridge Crystallographic Data Centre, 
U.K., was used to dock the database of compounds into a defined active site (52). 
The GOLD uses a genetic algorithm to dock the small molecules into the protein 
active site. It allows the full range of flexibility of ligands and partial flexibility of 
protein. Protein coordinates from the constructed homology models of all three 
HDAC isoforms were utilized to define the active site. The active site was defined 
with 10 Å radius around the bound inhibitor. Top 10 scored conformation of every 
ligand was allowed to be saved at the end of the calculation. The early termination 
option was used to skip the genetic optimization calculation when any five confor-
mations of a particular compound predicted within the rmsd value of 1.5 Å. The 
GOLD fitness score is calculated from the contributions of hydrogen bond and van 
der Waals interactions between protein and ligand, intramolecular hydrogen bond, 
and strain of the ligand (52, 53). All other parameters were kept at their default val-
ues. Nine complexes comprising three inhibitors bound in the active sites of three 
HDAC isoforms were generated to be utilized in further study.

Molecular Dynamics Simulations

The MD simulations reported to provide significant insights in understanding and 
play important role in predicting structural motions. It was also proved to be a pow-
erful method to investigate structural and dynamical information of macromolecu-
lar structure in atomic details (54-67). Initial coordinates for the protein atoms were 
taken from the complex structures of HDAC8, HDAC10 and HDAC11 enzymes 
bound with the three inhibitors and their apoforms. The protonation states of all ion-
izable residues were set to their normal states at pH 7. Twelve MD simulations were 
performed for systems including apoforms of HDAC8, HDAC10, HDAC11 and 
their inhibitor complexes. All MD simulations were performed with GROMOS96 
43a1 forcefield using GROMACS 4.5.3 package running on a high performance 
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linux cluster computer (68, 69). During the MD simulations, all the protein atoms 
including divalent metal ion (Zn21) were surrounded by a cubic water box of SPC3 
water molecules that extended 10 Å from the protein and periodic boundary condi-
tions were applied in all directions. The systems were neutralized with Na1 or Cl2 
counter ions replacing the water molecules and energy minimization was performed 
using steepest descent algorithm for 10,000 steps. A 100 ps position restrained MD 
simulations was performed for every system followed by 5 ns production MD simu-
lations with a time step of 2 fs at constant pressure (1 atm), temperature (300 K). The 
electrostatic interactions were calculated by the PME algorithm and all bonds were 
constrained using LINCS algorithm. A twin range cutoff was used for long-range 
interactions including 0.9 nm for van der Waals and 1.4 nm for electrostatic inter-
actions. The snapshots were collected at every 1 ps and stored for further analyses 
of MD simulations. The system stability and behavior of tunnels present in every 
system was analyzed using tools available with GROMACS 4.5.3 and PyMol pro-
grams.

Results and Discussion

In order to investigate and address the inhibitor selectivity over different HDAC 
isoforms we have selected three small molecules with their selective inhibitory 
profiles against HDAC8 and HDAC10 isoforms from class I and II, respectively. 
These chosen selective inhibitory compounds include SAHA, PCI-34051 (PCI) 
and compound 16 (C16). The structures and selective IC50 values of these com-
pounds are summarized in Table I (38, 70). From the observed experimental values 
it is found that SAHA and C16 are 10 times selective towards HDAC10 compared 
to HDAC8 whereas PCI is more than 1000 times selective to HDAC8 compared to 
HDAC10. The activity profile of these compounds for HDAC11, the new isoform 
in HDAC family, is not available in the literature. Comparing the selectivity profile, 
PCI is more selective towards HDAC8 compared to other two and thereby has high 
importance in this study. It is noteworthy that SAHA and PCI, chemically, possess 
same zinc binding part that is hydroxamic acid moiety as present in most of the 
HDAC inhibitors. The most selective PCI does not contain the aliphatic hydropho-
bic linker that is present in other two compounds. In the other hand, C16 contain 
amide and thiol groups as metal binding moieties. These observed differences from 
the chemical structures of these selective inhibitors cannot provide deep insights in 
structural perspective to understand the selectivity. We therefore used molecular 
docking and MD simulations to explain the high selectivity of PCI and low selec-
tivity of SAHA and C16 to HDAC8 isoform. Interestingly, the effects of binding of 

Table I
Chemical structures and IC50 values of three selective HDAC inhibitors.

Name Structure
Metal binding 
moiety

IC50 (µM)

HDAC8 HDAC10

SAHA

NH

O

NHOH

O

Hydroxamic acid 0.41 0.04

PCI

N

O

NHOHO

Hydroxamic acid 0.01 13

C16

O
NH

O
NH

SH
O

S

Amide and thiol .30 2.22
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these HDAC8 and 10 selective inhibitors in HDAC11, the only member of class IV 
HDAC, are also addressed in this study.

Selection of Best Docking Conformations

Three compounds with considerable selectivity towards HDAC8 and HDAC10 
were docked in to the active site of all three isoforms (HDAC8, 10 and 11) using 
same docking parameters. The protein co-ordinates of three homology modeled 
structures were used as target molecules. HDAC8 was modeled to rebuild the miss-
ing regions in its structure as well as to add the artifacts of homology modeling 
using DS. So that HDAC8 structure will have the same effect as that of HDAC10 
and HDAC11 during MD simulations. From the set of GOLD predicted conforma-
tions of these compounds, we have selected the poses based on the best GOLD 
fitness and molecular interactions with active site residues and the distance from 
divalent metal ion (Zn21) present at the bottom of the active site. The interactions 
and the binding modes were also compared with that of the crystal structure. In 
terms of HDAC8-SAHA complex, the binding conformation of SAHA was copied 
into the active site of HDAC8 during the homology modeling process. A total of 
twelve systems including nine inhibitor complexes and three apoforms of different 
HDAC isoforms were used in MD simulations (Table II).

Overall Stability of the Systems

The analysis of the stability of all complexes containing three inhibitors during the 
time scale of MD simulations is discussed. The stability of each protein complex 
during the simulation has been monitored by plotting the RMSD of the complexes 
with respect to their initial structures (Figure 3). The RMSD of the apo-form of 
HDAC8 was observed with an average RMSD value of 0.254 nm. The HDAC8-
SAHA and HDAC8-PCI complexes were also converged very close to that of 
apo-form with average RMSD values of 0.261 nm and 0.257 nm, respectively. The 
HDAC8-C16 complex converged at 0.217 nm indicating the difference in stability 
in HDAC8 complexes (Figure 3A). In terms of HDAC10 and inhibitor complexes, 
the HDAC10 apoform converged with an average value of 0.337 nm whereas the 
complexes with SAHA, PCI, and C16 converged at the average RMSD values 
of 0.317 nm, 0.340 nm, and 0.346 nm, respectively (Figure 3B). The RMSD cal-
culations for all HDAC11 complexes were relatively higher compared to that of 
other systems. The HDAC11 apoform converged at an average value of 0.368 nm. 
Among the HDAC11 complexes, PCI complex converged at a maximum value of 
0.479 nm whereas SAHA and C16 complexes with average values of 0.430 nm and 
0.379 nm, respectively (Figure 3C). In all the systems used in MD simulations, the 
apoforms of all the isoforms converged at lower RMSD values compared to most 
of their inhibitor-bound counter parts indicating the effect of inhibitor binding. The 

Table II
Modeling system details in MD simulations.

Protein Inhibitor Total atoms Solvent molecules Counter-ions

HDAC8

– 73451 23243 12 Na1

SAHA 73445 23232 12 Na1

PCI 73457 23234 12 Na1

C16 73456 23230 12 Na1

HDAC10

– 79262 25204 16 Na1

SAHA 79244 25189 16 Na1

PCI 79238 25185 16 Na1

C16 79237 25181 16 Na1

HDAC11

– 69352 21943 2 Cl2

SAHA 69343 21931 2 Cl2

PCI 69340 21928 2 Cl2

C16 69354 21929 2 Cl2
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potential energy is another simple way to measure the stability of the systems. The 
stability of each protein complex during the simulation has also been monitored 
by plotting the potential energies of the system. Plots of the potential energy as a 
function of time indicated that all the systems in the study were well equilibrated 
and remained stable throughout the simulation (Figure 4). Analyses of RMSF plots 
of all the systems divulged the information on flexible regions of the complexes. 
In HDAC8-SAHA complex, the regions made of residues 83-92, 204-223, and  
272-274 were flexible for more than 0.2 nm from their initial position indicating 
the changes in these regions (Figure 5A). Among these F208 and M274 of HDAC8 
and equivalent residues in other isoforms are present in active site and form the 
tunnels in HDAC enzymes. Thus this flexible nature of these residues was taken 
into account in further analyses. Exactly the set of residues that is equivalent to the 
observed flexible residues in HDAC8 was flexible in HDAC10 and 11 systems as 
well (Figure 5B and 5C). This flexible behavior of a particular set of residues in all 
systems led us analyzing these regions elaborately in further analyses.

Binding Modes of SAHA in HDAC Isoforms

The investigation of binding modes of selected inhibitors started with SAHA, the 
best studied and FDA approved HDAC inhibitor. An analysis of binding modes 

Figure 3: The RMSD plots of SAHA, PCI, and  
C16 complexes of (A) HDAC8 (B) HDAC10 and  
(C) HDAC11. Blue, red, and green color lines represent 
SAHA, PCI, and C16, respectively. Corresponding 
HDAC-apo form is shown in black lines.
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of SAHA at the active sites of different HDAC isoforms revealed that its binding 
modes are different in every isoform. In terms of HDAC8 binding, the HCG of 
SAHA was completely attracted towards F208, whose backbone is located at the 
tunnel and side chain is at the surface. The phenyl rings of SAHA and F208 are 
involved in strong hydrophobic interactions (Figure 6A). This interaction along 
with another σ-π interaction between the aliphatic hydrophobic spacer of SAHA 
and H180, which is one of the tunnel forming residues brought the binding mode 
of SAHA completely one-sided (Figure S1A). The interactions at the bottom of 
the active site in HDAC8 were mainly of hydrogen bonds. The carbonyl group of 
hydroxamic acid moiety was located very close to the divalent metal ion enabling 
very strong co-ordinate interaction at the active site. The amino and hydroxyl 
groups of hydroxamic acid moiety formed two hydrogen bonds with G151 and 
D178, respectively. The binding mode of SAHA at the active site of HDAC10 
isoform is different compared to that of HDAC8. The only phenyl ring of SAHA 
which was constantly in interaction with F208 in HDAC8 has maintained similar 
hydrophobic contact with Y305 which is located other side of the surface. Like 
F208 in HDAC8, the backbone of Y305 is located at the tunnel and its aromatic 
side chain is present at the surface. The hydrophobic spacer of SAHA is located 
between F144 and H174 enabling strong hydrophobic interactions from the tunnel 
walls. The hydroxamic acid portion of this inhibitor forms three strong hydrogen 

Figure 4: The potential energy plots of SAHA, PCI, 
and C16 complexes of (A) HDAC8 (B) HDAC10 and 
(C) HDAC11. Blue, red, and green color lines  
represent SAHA, PCI, and C16, respectively. Corre-
sponding HDAC-apo form is shown in black lines.
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bond interactions including two hydrogen bonds with the catalytically important 
H135, which is one of the two histidine residues involved in charge relay system of 
the enzyme (Figure 6B). Moreover the carbonyl group of the inhibitor was located 
very close to the metal ion enabling very strong co-ordinate bond formation. The 
binding mode of the same inhibitor at the active site of HDAC11 isoform showed 
that it binds similar to the binding mode observed in HDAC10. In HDAC11, the 
amide group attached to the phenyl ring has formed a hydrogen bond interaction 
with Y304 where the phenyl ring itself is present very close to the same amino 
acid and also to F152. The hydrophobic spacer was kept between H183 and F152 
to maintain hydrophobic contacts but these hydrophobic contacts were lesser in 
strength because of the wider tunnel observed in HDAC11 (Figure S1C). In terms 
of hydrogen bonding interactions mediated through the hydroxamic acid moiety 
of SAHA, two hydrogen bonds were formed with H143 and D181, which are 
important residues of charge relay system. The carbonyl group was located to form  
co-ordinate interaction with the metal ion.

Binding Mode of PCI in HDAC Isoforms

Investigating the binding modes of PCI at the active sites of three different iso-
forms under study disclosed important molecular level interactions that might be 

Figure 5: The RMSF plots of SAHA, PCI, and C16  
complexes of (A) HDAC8 (B) HDAC10 and (C) HDAC11. 
Blue, red, and green color lines represent SAHA, PCI, and 
C16, respectively. Corresponding HDAC-apo form is shown 
in black lines.
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necessary for a potent inhibitor. The binding detail of PCI at the catalytic active 
site of HDAC8 includes the strong hydrophobic interaction between the phenyl 
ring substituted with a methoxy moiety at its para position and F208 along with 
a strong π-π interaction between the six-membered part of indole ring and H180, 
one of the tunnel forming residues and hydrogen bonding interactions through 
the hydroxamic acid with G151, another tunnel forming residues (Figure 7A). 
Unlike the interactions observed in HDAC8-SAHA complex, PCI complex has 
maintained the shape of the tunnel throughout the course of MD simulation from 
the initial structure (Figure S2A). In HDAC10-PCI complex, PCI interacts at the 
surface of the active site just like the way SAHA interacted, where F205 was far 
away for any sort of hydrophobic interactions with its phenyl ring. The meth-
oxy containing phenyl group of PCI was in constant contact with Y305 and F144  
(Figure 7B). The central indole moiety was kept between the tunnel forming resi-
dues but did not make any strong hydrophobic interactions as observed in HDAC8-
PCI complex. This was due to the different binding mode of PCI at the wider active 
site of HDAC10 compared to that of HDAC8 (Figure S2B). The surface view of 
HDAC10-PCI clearly shows the bent conformation of PCI which makes the tun-
nel forming residues move away from each other. The hydroxamic acid moiety 
has formed a hydrogen bond interaction with D172. The PCI binding mode at the 
active site of HDAC11 has shown two strong π-π interactions with F152 and H183, 
tunnel forming residues, through the methoxy group bearing phenyl ring and six-
membered ring of indole moiety, which was located between the tunnel forming 
residues (Figure 7C). PCI has formed hydrogen bonds with G151 of HDAC11 iso-
form. In all the PCI binding modes the carbonyl group of hydroxamic acid moiety 
was found within interacting distance to the metal ion (Zn21). The PCI was com-
pletely buried into the tunnel-like active site of HDAC11 unlike its binding with 
other isoforms (Figure S2C).

Binding Mode of C16 in HDAC Isoforms

Analyses of binding modes of C16 in three different isoforms led to the observa-
tion of diverse binding nature of this compound. In terms of HDAC8-C16 complex, 
the inhibitor binds full length of the tunnel-like active site and having its both the 
phenyl rings at the surface enabling strong hydrophobic interactions. In the bind-
ing mode, the phenyl ring attached with the hydrophobic spacer was kept close 
to F208 and F152 whereas the spacer itself is present between the tunnel forming 
residues (Figure 8A). But the terminal phenyl ring was almost kept out of the active 
site pocket (Figure S3A). The lower part of the bound C16 forms hydrogen bonds 
through its two amide groups with Y306, H143, and G151. The terminal thiophene  
group binds F152 through a strong π-π interaction. In terms of metal ion co- 
ordination, both the carbonyl groups present in C16 are angled towards the metal 
ion enabling strong co-ordinate interactions. The terminal thiophene along with 
its attached amide group binds the secondary internal cavity that was formed in 
HDAC8 to accommodate long ligands. This behavior of HDAC8 was known from 
previous studies (71). In HDAC10-C16 complex, an unusual binding of C16 was 
observed. The surface view of its binding showed that the wide and shallow active 
site of HDAC10 was unable to accommodate C16, a long ligand. Due to this reason 
the terminal part of C16, which is thiophene containing amide substitution making 
its way out from the other side of the active site (Figure S3B). From this binding 
mode, we observed that C16 binds the metal ion covalently through its thiol group 
which is present between two amide groups. The second phenyl group found to be 
in hydrophobic contact with Y94 (not shown in Figure). The central spacer located 
between the tunnel forming residues while the amide groups make hydrogen bonds 
with H135 and G143, the important active site residues. Describing about the bind-
ing mode of C16 at HDAC11 active site, the second phenyl ring was located close 
to Y304 and F152, which can make hydrophobic interactions possible at the surface 
of the active site. As observed in HDAC10-C16 complex, the thiol group interacts 
with the metal ion covalently. The amide groups of C16 formed hydrogen bonds 

Figure 6: Binding modes of SAHA in (A) HDAC8 
(B) HDAC10 and (C) HDAC11 isoforms. The bound 
SAHA is shown in cyan colored stick form whereas 
the pale green and light pink color sticks represent 
charge relay system and tunnel-forming residues, 
respectively. Hydrogen bonds and pi interactions are 
shown in black and red dashed lines, respectively.
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with H142, G151, D181, and Y304 while the thiophene ring mediates a π-cation 
interaction with Zn21 ion. From the surface view it is clear that HDAC11-C16 
complex did not show any secondary internal cavity as observed in HDAC8 to 
accommodate long inhibitors like C16 (Figure S3C).

Hydrogen Bond Network of Inhibitors

The number of hydrogen bonds formed in every HDAC-inhibitor complex 
was calculated throughout the simulation time. In terms of SAHA complexes, 
HDAC8-SAHA complex has formed two or three hydrogen bonds during the 
first half of the simulation and one or two at the end. The HDAC10-SAHA com-
plex was observed with three or four hydrogen bonds during the first part of 
the simulation time and two or three hydrogen bonds at the end of the simula-
tion. In HDAC11-SAHA complex, SAHA has formed three or four hydrogen 
bonds throughout the simulation (Figure 9). In the simulation of PCI complexes, 
HDAC8-PCI and HDAC11-PCI complexes have formed two or three hydrogen 
bonds more frequently in the second half of the simulation time when compared 
to that of the HDAC10-PCI complex. The C16 complexes were observed with 
more number of hydrogen bonds than any other complexes. The HDAC8-C16 
complex has shown less number of hydrogen bonds compared to HDAC10 and 
HDAC11 counterparts. The analyses of hydrogen bond formation between spe-
cific HDAC isoform and inhibitors have shown a very strong correlation with the 
experimental activity.

Hydrogen Bond Distances

The average hydrogen bond distances between the inhibitors and active site com-
ponents of different HDAC isoforms were calculated for the complete course of 
MD simulations. The distance of 3.5 Å, which is the normal expected distance for 
hydrogen bonds, was fixed as the maximum distance for the calculated average 
hydrogen bonds between the protein and ligands. Tables III, IV, and V summarize 
the hydrogen bonds formed by inhibitors in all three HDAC isoforms under study. 
These Tables also include hydrogen bonds that were discussed in binding mode 
analyses and strong hydrophobic interactions such as π-π, σ-π, and π-cation inter-
actions observed between protein and inhibitors.

Distance Between Inhibitors and Catalytic Residues

The measurement and analyses of the distance maintained between the hydroxamic 
acid moiety of all three inhibitors and the important catalytic residues H142, H143, 
and the divalent cation (Zn21) revealed the difference in response of these resi-
dues towards the bound inhibitor (Figures 10, 11, and 12). These residues are fully 
conserved in all three isoforms under study. The distance between the hydroxamic 
acid of SAHA in all three HDAC complexes and the corresponding H142 (H134 in 
HDAC10; H142 in HDAC11) residue is calculated (Figure 10A). This distance in 
HDAC8 and 11 complexes are maintained similar with average distance values of 
0.29 nm and 0.30 nm, respectively, whereas in HDAC10 complex this distance was 
observed high with an average value of 0.39 nm. In terms of PCI bound complexes, 
the distances between the hydroxamic acid moiety of PCI and H142 (H134 in 
HDAC10; H142 in HDAC11) residue were observed and found to be different in all 
complexes. The average distances in HDAC8, 10, and 11 complexes were 0.74 nm, 
0.32 nm, and 0.56 nm, respectively (Figure 10B). In C16 complexes, the metal bind-
ing part of the inhibitor was not hydroxamic acid but the amide and thiol groups. 
From the binding mode analyses, it was observed that the inhibitor C16 binds the 
catalytically important metal ion of HDAC8 through its carbonyl groups but in other 
isoforms it binds covalently through its thiol group. Thus the distance between the 
amide group attached with thiophene ring and H142 was measured in HDAC8-C16 

Figure 7: Binding modes of PCI in (A) HDAC8 
(B) HDAC10 and (C) HDAC11 isoforms. The bound 
PCI is shown in deep olive colored stick form 
whereas the pale green and light pink color sticks 
represent charge relay system and tunnel-forming 
residues, respectively. Hydrogen bonds and pi inter-
actions are shown in black and red dashed lines, 
respectively.
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complex. In HDAC10- and HDAC11-C16 complexes, the distances between the 
thiol group and equivalent histidine (H134 in HDAC10; H142 in HDAC11) resi-
dues were calculated. The calculated distances in HDAC8 and HDAC11 complexes 
were observed with the same average distance value of 0.35 nm whereas the distance 

Figure 8: Binding modes of C16 in (A) HDAC8 
(B) HDAC10 and (C) HDAC11 isoforms. The bound 
C16 is shown in chocolate colored stick form whereas 
the pale green and light pink color sticks represent 
charge relay system and tunnel-forming residues, 
respectively. Hydrogen bonds and pi interactions are 
shown in black and red dashed lines, respectively.

Table IV
Hydrogen bond distances between active site residues in HDAC10 and inhibitors SAHA, PCI, and C16.

Residues SAHA PCI C16

H135 3.088 (3.444) – 3.125
G143 3.419 – 2.960
C145 – – 3.119
D172 – 2.718 (3.280) 2.203 (2.554)
H174 – – –
Q177 – – 2.999
E198 – – 2.251 (2.671)
D265 3.419 2.678 2.177 (2.411)
E302 2.947 3.366 –
G303 – – –
G304 – – 1.995 (3.289)
Pi Interactions – σ-π with F95 π-π with Y94 

The maximum hydrogen bond distance was considered 3.5 Å. Two or more hydrogen bonds with the 
same residue are shown in parentheses.

Table V
Hydrogen bond distances between active site residues in HDAC11 and inhibitors SAHA, PCI, and C16.

Residues SAHA PCI C16

N103 – – 2.071 (3.235)
G140 2.622 – –
H142 – – 2.875
H143 2.952 – –
G151 – 2.523 2.319 (3.222)
C153 – 3.284 (3.148) 2.670
H183 – – –
D181 3.499 – 2.141 (2.925)
Q184 3.392 – –
D261 – – 2.362 (2.634)
S301 3.134 2.717 2.758
G303 – – –
Y304 3.130 3.218 1.612
Pi Interactions – π-π with F152 π-cation with Zn21 

The maximum hydrogen bond distance was considered 3.5 Å. Two or more hydrogen bonds with the 
same residue are shown in parentheses.

Table III
Hydrogen bond distances between active site residues in HDAC8 and inhibitors SAHA, PCI, and C16.

Residues SAHA PCI C16

G140 – – 2.863
W141 – – –
H143 – – 2.980
G151 3.001 2.832 2.741 (2.928)
C153 – – 2.319 (3.072, 3.340)
D178 2.800 – –
G305 – 2.765 (3.058) 3.230
Y306 – – 3.338
Pi Interactions σ-π with H180 π-π with H180 π-π with Y100 and F152

The maximum hydrogen bond distance was considered 3.5 Å. Two or more hydrogen bonds with the 
same residue are shown in parentheses.
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Figure 9: Number of hydrogen bonds formed by 
SAHA, PCI, and C16 in (A) HDAC8, (B) HDAC10, and 
(C) HDAC11 isoforms. SAHA, PCI, and C16 are repre-
sented in blue, red, and green, respectively.

in HDAC10 complex was high (0.61 nm) (Figure 10C). In addition, the distances 
between same part of inhibitors and the other histidine residue (H143 of HDAC8) 
were also calculated from the trajectories stored for last 4 ns of MD simulation. In this 
case, HDAC8-SAHA complex has maintained an average distance value of 0.38 nm. 
The HDAC10 and HDAC11-SAHA complexes have maintained the similar aver-
age values of 0.26 and 0.28 nm, respectively (Figure 11A). The PCI complexes have 
shown different average values in three different complexes as observed in H142 
distance. The HDAC10-PCI complex has shown a high average distance value of 
0.55 nm followed by HDAC8-PCI complex has shown 0.43 nm as an average dis-
tance value where the initial distance value of 0.32 was maintained until 1.8 ns.  
The HDAC11-PCI complex has shown a very stable distance with this residue 
throughout the simulation time with an average value of 0.32 nm (Figure 11B). All 
of the C16 complexes have maintained similar distances between the metal bind-
ing group of inhibitor and the second histidine residues with the average distance 
values of 0.26, 0.33, and 0.33 nm in HDAC8, 10, and 11 complexes, respectively 
(Figure 11C). All the distances calculated between the metal binding groups of the 
inhibitors and two charge relay system residues involved in catalytic activity of the  
enzyme have disclosed the importance of maintaining a particular distance from one of  
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the charge relay system histidine residues. From these distances, we observed in 
HDAC8-SAHA complex that the 10 times HDAC10 selective inhibitor, SAHA has 
maintained its metal binding group very close to H142 (0.30 nm) but away from 
H143 (0.38 nm) during the simulation. In HDAC10-SAHA complex the distance 
with H142 was high (0.39 nm) compared to that of H143 (0.26 nm). The distance 
plot for inhibitor PCI, which is highly selective towards HDAC8 isoform, has 
showed that both of the charge relay histidine residues were pushed away from its 
hydroxamic acid moiety as the simulation proceeded. Both the distances in HDAC8 
increased from its first half average distance values of 0.46 nm and 0.31 nm to 
0.79 nm and 0.45 nm, respectively. This simultaneous movement of H142 and H143 
observed in HDAC8 upon the selective inhibitor binding provided clues to crack the 
subtle information present in the active sites of different isoforms. In HDAC10-PCI 
complex, only H143 residue was far away from the inhibitor but this distance was 
almost carried from the initial complex and not due to the binding of inhibitor. This 
behavior of PCI in HDAC8 complex could possibly be the reason for its selective 
nature. In C16 simulations, HDAC10 complex has shown a similar behavior that 

Figure 10: Distances between ZBG of (A) SAHA 
(B) PCI (C) C16 and H142, H134, and H142 of 
HDAC8, 10, and 11 isoforms, respectively. Blue, red, 
and green colors represent HDAC8, 10, and 11 iso-
forms, respectively.
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was showcased by PCI in HDAC8 complex upon the distance with H142 but not 
H143 indicating that C16 can have some selectivity towards HDAC11 over HDAC8 
and 10 isoforms. The distances between metal binding portions of all inhibitors and 
metal ions of all isoforms were also calculated to observe if there are any unusual 
changes which can affect the expected binding of the inhibitors. All the distances 
were well maintained throughout the simulation time (Figure 12). The HDAC10- 
and HDAC11-C16 complexes have bound with metal ions covalently which showed 
the lowest distance values of less than 0.1 nm in the distance plots (Figure 12C).

Energetics of Inhibitor Binding

The electrostatic and van der Waals (vdw) contributions to the non-bonded inter-
action energies of all three inhibitors forming direct interactions with active site 
residues in HDAC8, 10, and 11 isoforms were calculated. From the interaction  
energies calculated, it was evident that H143, G151, and the metal ion of HDAC8 
have shown substantial contributions to the electrostatic energy in the ligand binding 

Figure 11: Distances between ZBG of (A) SAHA  
(B) PCI (C) C16 and H143, H135, and H143 of 
HDAC8, 10, and 11 isoforms, respectively. Blue, red, 
and green colors represent HDAC8, 10, and 11 iso-
forms, respectively.
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to HDAC8 (Table VI). Analysis of non-bonded interaction energies of HDAC10-
inhibitor complexes also disclosed that G143 and the metal ion have contributed 
majorly in ligand binding. The HDAC10 selective inhibitors, SAHA and C16, have 
shown favorable interaction energies with G143 than PCI (Table VII). The HDAC8 
selective amino acid M274 has contributed differently to the inhibitors. The SAHA 
and PCI have shown favorable electrostatic interaction energy values whereas the 
high HDAC10 selective C16 has shown repelling positive energy. Analyzing the 
contributions from E272 of HDAC10, which is the only different active site amino 
acid compared to HDAC8, have shown high favorable interactions with C16, the 
high HDAC10 selective inhibitor, followed by SAHA with low selectivity com-
pared to C16, and PCI, the HDAC8 selective inhibitor. From these results, it is 
evident that the inhibitors have utilized this subtle difference observed between 
HDAC isoforms. The metal ion present in active site of HDAC10 has contributed 
favorably with SAHA and PCI but high positive energy was observed in C16 com-
plex due to the covalent bond formation observed between the thiol group and the 
Zn21 ion in HDAC10 and HDAC11 complexes. The electrostatic energy with Zn21 
was approximately 20 kcal mol21 more favorable in SAHA complex than that of 

Figure 12: Distances between ZBG of (A) SAHA  
(B) PCI (C) C16 and Zn21 ions of HDAC8, 10, and 11 
isoforms, respectively. Blue, red, and green colors rep-
resent HDAC8, 10, and 11 isoforms respectively.
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PCI adding more evidence to the less experimental HDAC10 inhibition observed. 
This was exactly opposite in case of HDAC8 complexes that once again explained 
the experimental results. In HDAC11 complexes, G151, Y209, Y304, and the Zn21 

have shown major contributions to all inhibitors (Table VIII). Particularly, Y209, 
which is F208 and F205 in HDAC8 and 10 isoforms, has particularly contributed 
more with PCI, a HDAC8 selective inhibitor. Another HDAC11 residue, L268 that 
is different to HDAC8 and HDAC10 has contributed favorably with C16 and also 
with PCI but not with SAHA. The electrostatic interaction energy observed with 
Zn21 in SAHA and PCI complexes were similar but C16 complex has shown high 
positive energy because of the formation of covalent bond. The calculated non-
bonded interactions and analyses have shown that the subtle differences observed 
in the active sites have contributed more in terms of selectivity observed in different  
HDAC inhibitors. 

F208 Loop and M274 Loop

Two loops located in the active site region and donating each tunnel forming resi-
due in HDAC isoforms were tracked during the simulation. The first loop contains 
F208, F205, and Y209 in HDAC8, 10, and 11 isoforms and the second contains 
M274, E272, and L268 in HDAC8, 10, and 11, respectively. In HDAC8-SAHA 
system the first loop moved away from the active site but carried the hydrophobic 
interaction with the phenyl ring of SAHA, one of the HDAC10 selective inhibitors. 
In other two HDAC8-inhibitor complexes, this loop has been stable and maintain-
ing the shape of the tunnel. The second loop possessing M274 in HDAC8 was 

Table VI
Non-bonded interaction energies of inhibitors with active site residues of HDAC8.

Residue

SAHA PCI C16

Coulomb vdw Coulomb vdw Coulomb vdw

H142 1.12 72.89 21.61 20.11 23.22 20.53 
H143 21.71 22.53 21.21 21.10 22.01 0.35 
D176 20.61 20.03 8.85 20.02 8.05 20.19 
D178 8.47 21.46 19.86 21.04 28.82 1.43 
G151 23.50 21.13 22.80 23.78 23.11 21.69 
F152 3.77 21.73 0.98 23.35 21.16 26.12 
H180 0.66 23.58 6.02 24.31 2.17 22.94 
F208 3.49 22.95 21.14 21.36 21.29 22.26 
M274 20.52 20.23 20.38 20.30 13.13 20.11 
Y306 21.43 21.31 0.93 23.97 12.93 25.54 
ZN 266.13 8.64 288.69 10.75 2150.12 11.15 

Table VII
Non-bonded interaction energies of inhibitors with active site residues of HDAC10.

Residue

SAHA PCI C16

Coulomb vdw Coulomb vdw Coulomb vdw

H134 1.43 20.39 20.22 22.06 20.53 20.23 
H135 3.30 20.94 0.04 21.35 0.10 1.33 
D170 1.58 20.03 6.78 20.04 22.03 20.02 
D172 8.79 21.04 10.05 0.73 8.92 0.30 
G143 21.29 22.27 0.68 21.43 22.62 23.23 
F144 21.68 23.97 20.73 24.58 4.36 20.97 
H174 22.69 22.85 20.58 23.10 4.32 22.96 
F205 0.00 0.00 20.01 0.00 2.53 20.02 
E272 2.25 21.34 9.69 20.61 25.10 20.46 
Y305 1.74 21.31 23.73 22.44 5.31 21.32 
ZN 280.78 15.06 262.20 9.53 29.76 11486.50 
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flexible to some extent in C16 complex but not in other complexes (Figure 13A).  
The flexibility of the equivalent loops in HDAC10 complexes was also observed. 
This observation has shown that F205 of the first loop was far away from the active 
site. This makes the tunnel very wide in HDAC10 isoform. The other variable res-
idue E272 of the second loop in HDAC10 was also very flexible in all HDAC10 
complexes and shown favorable interaction energy with C16, the HDAC10 selec-
tive inhibitor (Figure 13B). The equivalent loops present in HDAC11-inhibitor 
complexes also have shown high flexibility during the simulation. The loop con-
taining Y209 was less flexible in PCI complex compared to that of SAHA and 
C16 complexes thereby showing more favorable interaction energy with PCI. The 
loop with L268 was less flexible in HDAC11 compared to other isoforms. This 
residue has interacted with the three inhibitors differently showing the response 
of this unique residue present in HDAC11 isoform.

Conclusion

The HDACs have become very important targets in the treatment of various can-
cers but the development of isoform-selective inhibitors has become a difficult and 
challenging task as the tunnel-like active site that is present in HDACs is very much 
conserved across all isoforms. In this study, we aimed at finding the differences in 
three HDAC isoforms, namely HDAC8, 10, and 11, from three different classes of 
zinc-dependent class of these enzymes. From the sequence alignment of these three 

Table VIII
Non-bonded interaction energies of inhibitors with active site residues of HDAC11.

Residue

SAHA PCI C16

Coulomb vdw Coulomb vdw Coulomb vdw

H142 20.10 20.89 20.73 20.12 20.74 21.02 
H143 1.34 0.19 20.26 22.64 0.81 22.16 
D179 0.87 20.14 20.78 20.01 21.47 20.02 
D181 13.19 20.67 8.35 20.96 17.57 20.86 
G151 22.41 21.97 22.34 22.46 24.33 22.73 
F152 21.07 20.02 2.05 26.41 20.20 27.96 
H183 1.05 23.45 4.15 24.23 20.30 21.52 
Y209 21.74 20.06 23.51 20.93 21.61 20.05 
L268 2.15 23.76 20.96 5.82 21.12 2.17 
Y304 26.30 25.79 24.21 24.96 210.40 21.07 
ZN 278.42 7.49 273.86 6.89 278.89 974.39 

Figure 13: Binding modes of SAHA, PCI, and C16 inhibitors at the active site of (A) HDAC8 (B) HDAC10 (C) HDAC11. HDAC8, 10, and 11 proteins are 
shown in grey, orange, and blue cartoons. The positions of corresponding residues are marked with colored dots corresponding to the bound ligand.
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HDAC isoforms we have observed that only one active site amino acid, which is 
M274 in HDAC8, E272 in HDAC10, and L268 in HDAC11, being different in all 
isoforms along with another amino acid being different in HDAC11 alone. Three 
chemically diverse HDAC inhibitors with selective experimental results were 
selected and docked into the active site of all isoforms after building their 3D struc-
tures using homology modeling methodology. Best binding poses were selected 
and their analyses disclosed the qualitative information about the protein-ligand 
interactions and identify the ligand structural features and important protein resi-
dues for activity and selectivity. Furthermore, the best binding poses were used as 
initial structures in MD simulations to observe the critical interactions maintained 
and introduced between protein and inhibitor. The results of the MD simulations 
provided more information about the protein-inhibitor complexes. From the results, 
it was found that the experimental activities are mainly determined by hydrogen 
bonds formed by the inhibitor particularly by the metal binding part of the inhibi-
tors and aromatic interactions observed at tunnel and surface of the active site. 
Non-bonded interaction energies of catalytic residues with inhibitor were calcu-
lated for all complexes. These interaction energy values revealed the highly inter-
acting residues from three different isoforms towards the binding inhibitors. The 
single amino acid difference among the isoforms has majorly influenced the inhibi-
tor binding in different isoforms. This indicated that this subtle difference at the 
active site among the isoforms can explain the reasons for the selective behavior of 
inhibitors. These findings from this study can effectively be used in designing novel 
isoform-selective HDAC inhibitors.
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