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Histone deacetylases (HDACs) play an important role in gene transcription. Inhibitors of HDACs
induce cell differentiation and suppress cell proliferation in tumor cells. Although many HDAC
inhibitors have been designed and synthesized, selective inhibition for class I HDAC isoforms
is a goal that has yet to be achieved. To understand the difference between class I HDAC
isoforms that could be exploited for the design of isoform-specific HDAC inhibitors, we have
built three-dimensional models of four class I histone deacetylases, HDAC1, HDAC2, HDAC3,
and HDAC8. Comparison of the homology model of HDAC8 with the recently published X-ray
structure shows excellent agreement and validates the approach. A series of HDAC inhibitors
were docked to the homology models to understand the similarities and differences between
the binding modes. Molecular dynamic simulations of these HDAC-inhibitor complexes indicate
that the interaction between the protein surface and inhibitor is playing an important role;
also some active site residues show some flexibility, which is usually not included in routine
docking protocols. The implications of these results for the design of isoform-selective HDAC
inhibitors are discussed.

Introduction

Modification of the ε-amino group of specific lysines
within histones by acetylation and deacetylation plays
a crucial role in the transcriptional process.1 Two
families of enzymes, acetyl transferases and deacety-
lases, are involved in controlling the acetylation state
of histones. Many recent studies show that inhibition
of histone deacetylases (HDACs) elicits anticancer ef-
fects in several tumor cells by inhibition of cell growth
and inducing cell differentiation. As a result of these
findings, several programs for the development of
HDAC inhibitors as anticancer drug have been initiated.
Natural products such as the hydroxamic acid tricho-
statin A (TSA)2 and the cyclic tetrapeptides apicidin3

and trapoxin4 as well as synthetic inhibitors,5 such as
suberanilo hydroxamic acid (SAHA)6 or the simplified
TSA analogue CG-1521 (Chart 1),7 have been studied
in cancer cell lines and in tumor animal models8 in order
to develop new approaches to cancer chemotherapy.9

Detailed biochemical studies show that there are four
classes of histone deacetylases. Class I and II HDACs
are zinc-containing hydrolases. Eleven mammalian
HDAC genes have been found so far.10,11 HDAC1,
HDAC2, HDAC3, and HDAC8 are the members of class
I and are related to the yeast RPD3 gene product.
Traditionally, HDAC 11 was also counted as a member
of this class. However, a recent phylogenetic analysis
revealed it to be in the separate class IV, which diverged
very early in prokaryotic evolution.12 Class II con-
tains HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and

HDAC10, homologues of the yeast HDAC1 protein.
Class III is a series of the NAD-dependent Sir2 family
of enzymes.13 They are structurally and evolutionarily
unrelated to the other HDAC classes. Accumulating
biological data suggest that each member of the HDAC
family is a component of a physical complex playing a
distinct role in gene expression. For instance, retino-
blastoma tumor suppressor protein is associated with
a large protein complex containing HDAC1 and E2F
transcription factor14 while HDAC4 and HDAC5 are
associated specifically with myocyte enhancer factor
MEF2A and repress MEF2A-dependent transcription.15

Recent data also indicate that a variety of other cancer-
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Chart 1. Some Known HDAC1 Inhibitors
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related proteins, including p53, are also substrates of
HDACs.7d,16

The X-ray crystal structures of an HDAC homologue,
histone deacetylase-like protein, HDLP, from A. aeolicus
and its TSA and SAHA complexes were first elucidated
with 2.0 Å resolution.17 It revealed that HDLP has a
tube-like, 11 Å deep channel (called the channel after-
ward) which leads to the active site and which accom-
modates the lysine side chain in the natural substrate
and TSA or SAHA in the protein-inhibitor complexes
(Figure 1). A catalytic zinc ion is at the bottom of this
channel. The aliphatic chain of TSA or SAHA has
multiple favorable contacts with hydrophobic residues
in the channel. Interestingly, there is a 14 Å long side
pocket (called the internal cavity afterward) adjacent
to the Zn2+ binding site. The role of this internal cavity,
which is conserved across a range of class I HDACs was
not elucidated in the original publication. Subsequent
docking calculations from our group7a suggested that it
accommodates the acetate after hydrolysis and can
potentially act as a second binding site. A sequence
alignment shows a 35.2% sequence identity of HDLP
and human HDAC1 (Figure 2), with similarly high
homologies to other members of HDAC class I. The
residues around the HDLP Zn2+ binding site are com-
pletely conserved in all human class I HDACs. All of
the hydrophobic residues that make up the 11 Å channel
in HDLP are also identical in the four class I HDACs
shown in Figure 2. With one exception, the residues
making up the 14 Å internal cavity are either identical
or conservatively substituted across the different class
I HDACs. As can be expected from the high degree of
sequence similarity shown in Figure 2, class I HDACs
have the same structural features as HDLP described
above. As will be discussed later, this relationship is
confirmed by the excellent agreement between the
homology models derived from sequence alignment and
the recently published X-ray structures of HDAC8. 18

Although the exact mechanism by which HDACs
selectively regulate specific genes is poorly understood,
it is obvious that the selective inhibition of specific
HDACs over others is highly desirable and more likely
to yield specific and nontoxic drugs. This goal has been
frequently stated,9b but the high similarity of the
residues in the channel, active site, and internal cavity
of all class I HDACs means that other parts of the
proteins will also have to be considered for the design

of isoform-specific inhibitors. In particular, it is not clear
whether currently investigated HDAC inhibitors such
as the ones shown in Chart 1 have the potential of being
isoform-specific, whether inhibitors with larger surface
contact areas such as apicidin have more potential, or
more subtle differences between isoforms can be ex-
ploited. The results so far indicate that this is a very
challenging task. For example, the most extensively
studied inhibitor, TSA, unselectively inhibits all Class
I and II HDACs.19 One of the most severe obstacles for
the design of rational design of selective HDAC inhibi-
tors is the lack of three-dimensional structures of
human HDACs. In recent years, homology modeling
techniques have been proven to predict three-dimen-
sional protein structures with a considerable accuracy
if the template structure and the target structure have
above 30% residue identity, and their sequences have
been well-aligned.20 The generation and refinement of
homology models for different HDACs could therefore
provide a starting point for the design of specific
inhibitors.

In this paper, we present homology models of four
Class I human HDACs (HDAC1, HDAC2, HDAC3, and
HDAC8) that are validated by comparison with the
X-ray structure of HDAC8 which became available
during the course of our study. The similarities and
differences between the isoforms were then probed by
docking three known HDAC inhibitors (TSA, SK-683,
and CG-1521) into each of the homology models. In
addition, three HDAC inhibitors that are currently in
clinical trials are docked to the three most diverse
homology models. Finally, the dynamic behaviors of
these HDAC-ligand complexes have been studied
through a series of molecular dynamics simulations.
These results provide new information for designing
isoform-selective HDAC inhibitors.

Computational Methodology

Sequence Alignment and Homology Modeling. Se-
quences of Human HDAC1 (Genbank Accession Number
Q13547,482aa), HDAC2 (Genbank Accession Number AAH-
31055,488aa), HDAC3 (Genbank Accession Number AAH-
00614,428aa), HDAC8(Genbank Accession Number AAH-
50433,377aa), and histone deacetylase-like protein (HDLP,
Genbank Accession Number 1C3P_A,375aa) were extracted
from the NCBI protein sequence database. All sequences were
imported into the ClustalW program21 and the sequence
alignment editor, BioEdit,22 for multiple pairwise alignments.
The resulting alignments were examined manually. The three-
dimensional structure of HDLP (PDB code: 13CR) was used
as a template for human HDACs homology modeling in the
Modeler7 program.23a Electrostatic Surfaces were generated
using the Delphi module of InsightII with the Charmm27 force
field, a grid spacing of 0.5 Å, and dielectric constants of 2 and
80 for the solute and the solvent, respectively.

Molecular Docking. AutoDock 3.024 was used for all
docking calculations. The AutoDockTools25 package was em-
ployed to generate the docking input files and to analyze the
docking results. A grid box size of 90 × 90 × 90 points with a
spacing of 0.375 Å between the grid points was implemented
and covered almost the entire HDAC protein surface. For TSA
and other inhibitors, the single bonds except the amide bond
were treated as active torsional bonds (see all structures in
Chart 1). One hundred docked structures, i.e. 100 runs, were
generated by using genetic algorithm searches. A default
protocol was applied, with an initial population of 50 randomly
placed individuals, a maximum number of 2.5 × 105 energy
evaluations, and a maximum number of 2.7 × 104 generations.

Figure 1. Surface representation of the 11 Å channel and
the 14 Å internal cavity of the HDLP-TSA complex. TSA is
displayed as yellow CPK model.8
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A mutation rate of 0.02 and a crossover rate of 0.8 were used.
Results differing by less than 0.5 Å in positional root-mean-
square deviation (RMSD) were clustered together and repre-
sented by the result with the most favorable free energy of
binding. The RMSD value reported in this work is an all heavy
atom comparison between the docked structure and the initial
structure.

The xleap module in Amber8 package26 was used to generate
the missing hydrogens for HDACs models. The united partial
charges for protein atoms were taken from the standard Amber
force field. The partial charges for all docked ligands were
derived from two-step electrostatic potential (ESP) calculations
in the Amber8 package using HF/6-31G* wave functions
obtained by single point calculations in G98.27 These ligand
partial charges were further modified by using the AutoDock-
Tools package so that the charges of the nonpolar hydrogen
atoms were assigned to the atom to which the hydrogen is
attached.

The choice of the scoring function is a crucial decision in
any docking study, and a large number of comparative studies
have appeared in the literature. On the basis of the many
successful examples of structures of protein-ligand,28 protein-
protein,29 and protein-oligosugar30 systems and the limited
inclusion of ligand flexibility, which is important for adequate
docking to the constrained active site of HDACs, we chose the
AutoDock docking protocol and scoring function. There are only
a few examples of docking studies of metalloprotein-ligand
systems in the literature.31 This paucity is due to the difficulty
in finding the proper force field parameters for metal centers
in metalloproteins. Since for the purpose of flexible docking
calculations a nonbonded model for a metal center is more
realistic than a bonded one, we used the nonbonded Zn2+

parameters of Stote et al.32 which were used successfully in
several molecular dynamics studies.33 This approach has been
validated in our previous work7a that showed excellent agree-
ment between calculated and experimental binding constants

Figure 2. Sequence alignment of A. aeolicus HDLP (histone deacetylase-like protein) and class I human HDACs (HDAC1, HDAC2,
HDAC3, and HDAC8). The secondary structure assignment was derived from the HDLP structure. Catalytic residues, Zn2+-
binding residues, and residues forming the 14 Å internal cavity are marked as green, red, and blue dots, respectively.
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(R2 ) 0.91) for seven inhibitors ranging over 5 orders of
magnitude in activity.

Molecular Dynamics Simulations. The Sander module
of Amber826 was used for molecular dynamics (MD) simula-
tions. Starting from the initial structures obtained by the
docking studies, standard Amber02 force field parameters were
assigned to the HDAC protein structures using xleap. General
Amber Force Field (GAFF) parameters were assigned to
ligands. The partial charges for all ligands were derived from
restrained electrostatic potential34 (RESP) calculations as
described above. All ligands were given a total formal charge
of 0. Equivalent atoms were assigned to equal partial charges.
The nonbonded model for a Zn2+ was chosen to allow the
change of coordination number during the simulation.32

Protein-ligand systems were solvated by a cubic box of
TIP3P waters,35 which extended at least 15 Å away from any
given protein atoms. Systems were setup for simulations with
the Particle Mesh Ewald (PME) method for treating long-range
electrostatic interactions, a 10 Å cutoff for nobonded van der
Waals interactions, and periodic boundary conditions. All
bonds involving hydrogen atoms were constrained using the
SHAKE algorithm. The time step of 2 fs was used to integrate
the equations of motion. Systems were minimized by holding
protein structure with a force of 50 kcal‚m-1 with the combina-
tion of 2500 steps of steepest descent and 2500 steps of
conjugated gradients. Systems were gradually heated to 300K
in 15000 steps by imposing a force of 5 kcal m-1. Then, the
systems were equilibrated at 300K for 30ps and followed by
another 30 ps with PME treatment. Finally, the systems were
run for 1 ns of production simulation at constant temperature
(300 K) and pressure (1 atm) with the Berendsen coupling
algorithm with a time constant for heat bath coupling of 0.2
ps. The ptraj module in Amber8 and the WebLab4.0 program
were used to analyze and visualize the structures and MD
trajectories.

Results and Discussion
Sequence Alignment and Homology Models Vali-

dation. The final result of multiple sequence alignment
of the HDACs is shown in Figure 2. HDAC1, HDAC2,
HDAC3, and HDAC8 share the same active site and zinc
binding residues with HDLP. The differences between
HDAC1 and HDAC2 are very small with a 85% se-
quence identity and 93% sequence similarity (using the
similarity matrix PAM25036) while HDAC1 and HDAC3
are slightly more distinct with a 52% sequence identity
and 73% sequence similarity. The percentages of iden-
tity and similarity drop to 53% and 31% when HDAC1
and HDAC8 are compared. The ability to distinguish
between the isoforms is expected to correlate with these
differences, i.e., HDAC1 and HDAC2 will be hard to
distinguish whereas sequence differences between
HDAC1 and HDAC8 could be exploited by suitable
inhibitors.

In addition to the highly homologous regions, HDAC1,
HDAC2, and HDAC3 have additional segments in their
C-terminal domains that are about 50-110 amino acids
long. When these portions of the sequences were sub-
jected to a BLAST search at the NCBI website, no
alignment was possible, and no similar sequences (other
than themselves) were found. The function of these
residues was proposed to recruit other enzymes to large
protein complexes that may regulate their activities.37

Therefore, they may have less influence on the substrate/
inhibitor binding. Due to the lack of structural informa-
tion on these portions, they were omitted in the further
study.

After sequence alignment of the HDACs, 10 models
for each of the four HDACs were generated through the
Modeler7 program.21a The resulting models were further

optimized with the MD function implemented in Mod-
eler. The quality of the models thus obtained was then
evaluated with respect to the conformation of the
peptide backbone and the packing environment. Gen-
eration of the Ramachandran plots using Procheck21b,c

(for plots, see Supporting Information) gave no residues
having Phi/Psi angles in the disallowed ranges, and the
percentage of residues having Phi/Psi angles in the most
favorable ranges is around 90%, similar to the template
structures used. The quality of Ramachandran plots was
satisfactory for all of the models. In the second test, the
packing environments for residues of the same type in
high quality experimental structures (<2 Å resolution)
deposited in the Protein Data Bank were compared with
our HDAC models using WHAT IF.38 A score of -5.0 or
worse usually indicate poor packing. In general, our
HDAC models have similar packing scores compared to
the template X-ray structure. A few residues (see plots
in the Supporting Information) are poorly packed in
these models based upon scores less than -5.0. How-
ever, these values were again similar to the ones in the
template structure. In summary, the quality of our
HDACs models has been checked by two different
criteria. The results showed that our models are reliable
for performing further docking and MD studies.

Comparison of the Homology Model and X-ray
Structure of HDAC8. During our homology modeling
studies of HDACs, the X-ray structures of human
HDAC8 cocrystallized with several inhibitors were
reported at 1.9 and 2.5 Å resolution.18 Comparison of
the X-ray structures to our homology model of HDAC8
offers another, independent way of validating our
results and provides a “worst case” scenario for the other
homology models because HDAC8 has the largest
sequence difference compared to the HDLP template.
The overlay of the two structures, together with the
analysis of the secondary structure for each of the
residues as generated by Stride39 is shown in Figure 3.

With a backbone RMSD of 2.07 Å for residues 14-
324, the HDAC8 homology model is very similar to the
X-ray structure 1T69. The overall secondary and ter-
tiary structures are very similar for the model and the
X-ray structure. This also includes the loops adjacent
to the active site (located at the center in Figure 3). The
only major differences between the two 3D structures
as identified by Stride are located in the region from
Asp333 to Leu346 because of the sequence diversity
between HDLP and HDAC8 in this region. In particular,
the homology model displays a series of continuous
turns while the X-ray structure displayed only coils.

Our earlier docking study of HDLP7a proposed that
the internal cavity accepts the hydrolyzed acetate, which
would then depart upon opening of flexible residues at
the end of the cavity. It was thus gratifying to note that
the internal cavity is exposed to the outside environ-
ment in one of the X-ray structures of HDAC8 but it is
closed in the other structures. This indicates that there
is some flexibility of this side of the cavity. It could be
either opened or closed depending on the structural
difference of inhibitors. Our molecular dynamics simu-
lation study of the X-ray structure of HDAC840 shows
that this region is quite flexible and the cavity could be
opening and closing during the time scale of our MD
simulation. In the HDAC8 model shown, this cavity is
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not directly exposed to the exterior. The detailed study
of this region demonstrates that a two-residue deletion
subtly changed the loop B structure by rotating one
lysine residue, which covers the cavity in the homology
model, out of its normal position. Another large confor-
mational difference between our model and the X-ray
structure of HDAC8 was found in loop A, about 20-30
residues long, residing between the last helix and the
second to last one. In our model, multiple turns exist
in this loop while it is largely a random coil in the X-ray
structure as shown in Figure 3. We are currently
investigating the flexible opening of the internal cavity
as a potential second binding site for HDAC inhibitors.
Such inhibitors should then display significant selectiv-
ity for HDAC8 because of a much lower flexibility of this
loop in the other isoforms.

Discussion of the Homology Models. Ramachan-
dran plots, packing analysis, and comparison of one of
the homology models to the X-ray structure suggests
that the homology models will be good predictors of the
actual structures. The overall folds of the HDACs

models are quite similar. In all four models studied, a
single R/â domain that includes an eight-stranded
parallel â sheet sandwiched between 13 and 17 helices
is displayed. Almost half of the residues are involved
in these secondary structures, while the other half exists
in the loops and turns which link these secondary
structures together. The residues that are critical for
catalysis appear in several loops adjacent to the active
site and are highly conserved, leading to essentially
identical active sites in the different class I HDACs. It
is therefore unlikely that the binding pocket itself can
be exploited to achieve isoform selectivity. Instead, an
analysis of the interactions on the surface could identify
motifs that could be used to understand selective
binding. Figure 4 shows the Delphi-generated electro-
static surfaces of the two available X-ray structures as
well as the four HDAC homology models.

The environment in the direct vicinity of the channel
exit shows some small differences that might be used
to differentiate among isoforms. In particular, the
surface of HDAC8 in this area is less polar than that of
HDAC1, while that of the remaining two class I HDACs
are of intermediate polarity. It is also noteworthy that
the surface charges agree fairly well between our model
and the experimental structure of HDAC8. The largest
differences in surface potentials among the class I
HDACs occur in areas far away from the active site. For
example, it can be seen in Figure 4 that HDAC1 and
HDAC2 display considerably more positive charge on
the face containing the active site entry point than
HDAC3 or HDAC8. These differences could be respon-
sible for the selective recruitment of other proteins that
allow the HDACs to target specific genes or specific
lysines on other proteins such as p53.7d

Docking of Inhibitors to HDACs Models. The
findings presented above suggest that the structural
basis for class I isoform selectivity can be elucidated by
docking of different HDAC inhibitors to the isoforms.
It is known in the literature that the majority of HDAC
inhibitors do not differentiate between class I HDACs.
They should therefore have very similar binding modes
for the different HDACs discussed here. Conversely,
HDAC inhibitors that show isoform selectivity should
have different binding modes. To investigate this hy-
pothesis, we docked several different hydroxamic acid-
based HDAC inhibitors to the four homology models.
TSA is thought to be a strong inhibitor of all class I
HDACs, as indicated by IC50 values of ∼0.2 µM for
HDAC1, HDAC3, and HDAC8.41 SK-683 was selected
as a potent inhibitor that makes surface contacts using
symmetric groups. Finally, we chose our lead compound,
CG-1521, which does not make surface contacts due to
the rigid backbone.

The results for TSA, SK-683, and CG-1521 are shown
in Figure 5 while the calculated binding energies are
summarized in Table 1. As expected, TSA binds in the
active site of HDAC1, HDAC2 and HDAC3 with a
similar pattern. All docked TSA structures have the
same orientation as in the X-ray structure of the
HDLP-TSA cocrystal. The hydroxamic acid group,
attached with its long aliphatic chain lying in the 11 Å
channel, binds to the zinc atom at the bottom of this
channel. The aromatic ring is close to either a Glu or
an Asp residue. For SK-683 in HDAC1, the two identical

Figure 3. Secondary structures and fold comparison between
the homology model and the X-ray structure of HDAC8 (first
line: sequence, starting at Leu14; second line: fold in x-ray
1T64; third line: fold in homology model). E: â-strand; H:
R-helix; T: turn; G: 310-helix; B: breaker.

6940 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 22 Wang et al.



aromatic groups are in contact with regions A and C
described in our previous work,7a while these groups are
shifted slightly to regions B and C in HDAC2 and
HDAC3. CG-1521 binds straight into the 11 Å channel,
and its aromatic tail points directly out in all four HDAC
proteins.

The estimated free energy of binding of TSA in the
docked structure is about -10.1 kcal/mol for HDAC1.
For SK-683, it is about -11.5 kcal/mol. This result
agrees with the experimental observation of stronger
binding of SK-683 compared to TSA and CG-1521 to
HDAC1. Therefore, the estimated free energies of bind-

Figure 4. Electrostatic surfaces on a scale of +5 to -5 for homology models and X-ray structures of HDLP and HDACs 1, 2, 3,
and 8.

Figure 5. Structures of docked TSA (green), SK-683 (purple) and CG-1521 (cyan) in the active sites of HDAC1 (a), HDAC2 (b),
HDAC3 (c), and HDAC8 (d) (left) and their top views in these proteins with surface representations (right).
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ing of TSA to HDAC2 and HDAC3 agree with such
observations. All three inhibitors have shown small
differences in binding energies for HDAC1, HDAC2, and
HDAC3, but such difference are in the range of error of
the scoring function used, as shown in our previous
work.7a From the results presented there, it is clear that
the scoring function is sufficiently accurate to distin-
guish between nanomolar and micromolar inhibitors.

Next, we applied the method to three HDAC inhibi-
tors that are in clinical trials: SAHA is one of the best-
studied simple hydroxamic acids and has progressed to
phase II clinical development against cutaneous T cell
lymphoma. The structure of the complex between SAHA
and HDAC8 was solved at 2.9 Å resolution.18a MS-275
is in phase I trials and was chosen for our present study
as one of the very few known class I isoform specific
HDAC inhibitors.18b,41 Finally, NVP-LAQ82442 is in
phase I trials against solid tumors and has been
identified in our screening procedure as a potential
isoform specific inhibitor. These three inhibitors were

docked to the homology models of HDAC1 and HDAC3.
For the case of HDAC8, the high-resolution X-ray
structure by Somoza et al. was used in the docking.18a

The calculated binding energies are shown in Table 1,
and the docked structures are shown in Figure 6.

In analogy to the findings for TSA, SK-683, and CG-
1521, the position and computed binding energies of
SAHA is very similar in the three homology models and
is very close to the experimental and computed struc-
tures of the complex between HDLP and SAHA.7a

However, a direct comparison between the computed
HDAC8-SAHA complex with the experimental struc-
ture is difficult because of the poor resolution of the
X-ray structure, which leads to several undefined
residues in the active site region, as well as well as the
fact that in the X-ray structure, the protein adopts a
different conformation that closes the second binding
site. In agreement with the available experimental data,
SAHA binds to the active site and is found to be a
weaker inhibitor of HDACs than TSA. The differences
in binding energies between the isoforms are again
smaller than the expected error of the method. SAHA
is therefore not expected to exhibit significant isoform
selectivity. In contrast, MS-275 is described as a strong
inhibitor of HDAC1 (IC50 ∼ 0.3 µM) and a good inhibitor
of HDAC3 (IC50 ∼ 8.3 µM) in one study,41 while another
finds essentially equal inhibition of HDAC1 and HDAC3
by MS-275.18b Both studies agree that it is not an
inhibitor of HDAC8. Although the calculated binding
energies of this benzamide-type inhibitor are not as well
validated as the binding energies of the hydroxamate
inhibitors and are therefore considered to be quantita-
tively less reliable, the calculated binding energies are
in better agreement with an equal inhibition of HDAC1
and HDAC3.18b More importantly, the bonding mode
shown in Figure 6c reveals the structural origin of the
absence of activity of MS-275 in HDAC8. MS-275 does
not bind to the active site, but rather to the cavity
adjacent to the active site. This is in analogy to the
results of Somoza,18a which also indicate that this cavity
can act as a second binding site. However, in the case
of MS-275, binding to the secondary site is approxi-
mately 2 orders of magnitude stronger than binding to
the active site. Encouraged by these results, we inves-
tigated other known HDAC inhibitors to find class I

Table 1. Calculated and Experimental ∆Gbinding (in kcal/mol)

∆Gbinding(calcd) ∆Gbinding(exp) Na

HDAC1 TSA -10.1 -10.3 29
-9.0d

SK-683 -11.5 -12.3 11
CG-1521 -8.7 -7.8 3
SAHA -8.3 -8.6 1
MS-275 -11.5 -8.9d 1
NVP-LAQ824 -8.8 NAb 1

HDAC2 TSA -10.1 NAb 29
SK-683 -10.0 NAb 8
CG-1521 -8.6 NAb 3

HDAC3 TSA -10.4 -9.0d 27
SK-683 -10.5 NAb 1
CG-1521 -8.3 NAb 1
SAHA -9.2 NAb 1
MS-275 -12.2 -7.0d 1
NVP-LAQ824 -11.0 -10.2c 1

HDAC8 TSA -9.9 -9.0d 43
SK-683 -10.7 NAb 4
CG-1521 -8.1 NAb 11
SAHA -8.2 NAb 1
MS-275 -11.2e no activityd 6
NVP-LAQ824 -9.4 NAb 1

a N is the number of structures in the first cluster except CG-
1521. For CG-1521, N is the number of structures in the clusters.
b Not available. c Reference 42, HDAC only partially purified.
d Reference 41. e ∆Gbinding(calcd) for second binding pocket, value for
active site binding is -8.9 kcal/mol

Figure 6. Structures of docked SAHA (blue), MS-275 (red), and NVP-LAQ824 (yellow) in the active sites of HDAC1 (a), HDAC3
(b), and HDAC8 (c).
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isoform-selective inhibitors. Hydroxamic acid NVP-
LAQ824 was calculated to bind stronger to HDAC3 than
to HDAC1. Analysis of the different binding modes
shown in Figure 6 suggests the origin of the difference
in binding constants. Small changes in the binding
pocket at the exit of the active site caused by the change
of Glu98 in HDAC1 to Asp92 in HDAC3 result in a
change in orientation of the indolyl side chain of NVP-
LAQ824 and a stronger binding to HDAC3. Although
these initial results will have to be verified experimen-
tally and analyzed in more detail by molecular dynamics
simulations, they provide insights into the types of
studies that can be used for the identification of isoform
specific class I HDAC inhibitors and make NVP-LAQ824
a potential lead compound for the selective inhibition
of HDAC3. Comparison of the computed results with
the IC50 of 32 nM42 reported for a partially purified,
unidentified HDAC from H1299 lung carcinoma cells
also suggest that the isoform studied there might be
HDAC3. In combination with the results for MS-275,
these results demonstrate that virtual screening of a
large structure database holds promise to find novel,
selective class I HDAC inhibitors.

Molecular Dynamics Simulations of Models of
HDAC-Inhibitor Complexes. While the docking
methodology used to study the binding of the HDAC
inhibitors allows for flexibility of the ligands, it does not
include protein mobility. In a very constrained active
site such as that of HDACs, this could lead to very
strong repulsive interactions. In addition, the docking
calculations do not properly sample the conformational
space that could lead to a variety of different binding
modes of the ligands.43 We have therefore performed 1
ns molecular dynamics simulations of HDACs, and their
inhibitors were found to be stable under NPT conditions
using AMBER8. After equilibration, all complexes con-
verged and were stable in this time frame as indicated
by monitoring temperature, density, pressure, and total
energy over the course of the simulation (see Supporting
Information). RMSD fluctuations of backbone atoms
during MD simulations are also often used as an
indication of stability of inter- and intradomain move-
ments in protein systems and were found to be small
in the systems studied. For the inhibitor complexes of
TSA, SK-683, and CG-1521 with HDAC1, HDAC2, and
HDAC3, RMSDs were calculated for protein backbone
heavy atoms (CA, N, C). For example, in the complex
of HDAC1-TSA, the backbone RMSD varies by 2.5 Å
during the complete 1 ns simulation, with the majority
of the movement occurring in the first 100 ps (see
Supporting Information). It can thus be stated that the
MD simulations of the different complexes are reason-
able representations of the system.

As discussed earlier, the use of a nonbonded model
allows the geometry and coordination number around
metal ions to change during the course of the simula-
tion. To check whether the zinc coordination and
number are reasonable, they were monitored during the
course of the MD simulations. Analysis of the simulation
trajectory shows that the zinc coordination number and
geometry could therefore probe for whether the hydrox-
amic acids act exclusively as bidentate ligands or if other
modes of binding might be possible as suggested by the
asymmetric bond lengths observed in the highest reso-

lution X-ray structure of a HDAC-inhibitor complex,
1T69 (2.00 Å and 2.22 Å).18a A monodentate coordination
would suggest that a number of nonchelating functional
groups could also serve as zinc binding moieties.

The results for the TSA-HDAC1 complex shown in
Figure 7 are typical for all of the HDAC-inhibitor
complexes. The Zn2+-O1 and Zn2+-O2 distances oscil-
late around 2.4 and 2.5 Å during the 1 ns simulation
time. These values match the X-ray results (2.25 and
2.45 Å in Chain A of HDLP-TSA complex 1C3R) quite
well. The coordination number of Zn2+ is 5 including
one His and two Asp residues, as found in the X-ray
structures. Interestingly, the more rigid inhibitor CG-
1521 showed different behavior in two of the cases. As
shown in Figure 8, the coordination number changed
for HDAC1-CG-1521 and HDAC3-CG-1521 during the
simulation time frame. The Zn2+-O1 distance remains
at 2.5 Å in the first 600 ps and changed to 4.7 Å in the
last 400 ps in the HDAC1-CG-1521 complex. In the
HDAC3-CG-1521 complex, the average Zn2+-O1 dis-
tance is 2.5 Å in the first 728 ps and is elongated to 4.2
Å in the remaining 272 ps, leading to a tetracoordinated
zinc ion. This change in the coordination number allows
for a better fit of the triene system of CG-1521 in the
11 Å channel. It also suggests that possibility of replac-
ing the bidentate hydroxamic acid residue by other
metal binding groups.

The sequence alignment of the four class I HDACs
showed that all residues forming the active sites are
located in loops, suggesting that the entry channel is
fairly flexible. This flexibility is not considered by the
docking calculations, but it can be studied in the MD
simulations. Figure 9 shows a picture of 21 snapshots
of the active site of the HDAC1-TSA complex in the
time frame of 400-600 ps. TSA forms close contacts
with Phe142, Tyr295, His132, and His133. In agreement
with the small changes in the Zn2+-oxygen bonds
shown in Figure 7, the movement of the zinc-binding
residues His170, Asp168, and Asp256 is also relatively
minor. In contrast, significant movements are observed
for Phe197. In the X-ray structure of the HDLP-TSA
complex, the 4-methyl group on TSA is sandwiched
between Phe197 and Phe142. Our simulations show
that Phe197 is quite flexible and can easily move to
accommodate larger groups such as the N-methylpyrole
moiety in APHA-8 or the phenyl ring in SK683 while
maintaining the stacking with Phe142. This high flex-

Figure 7. Zn2+-oxygen distances in HDAC1-TSA complex.
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ibility was also observed in other simulations of HDAC-
TSA complexes, indicating that this interaction is
common and could be used to improve binding con-
stants43.

As shown in Figure 5, HDACs have several pockets
available for interactions at the surface of the protein.
The MD simulations allow the exploration of the con-
formational space of the aromatic moieties of the inhibi-
tors. For this purpose, Figure 10 shows a radial plot of
the appropriate dihedral angles in the HDAC1-TSA,
HDAC1-SK-683, and HDAC1-CG-1521 complexes as
a function of the simulation time. Similar plots for
HDAC2 and HDAC3 systems are included in the Sup-
porting Information.

In the HDAC1-TSA complex, the dihedral angle
prefers to lie in the range of 90° to 120°. This allows
the electron-rich N,N-dimethylaminobenzyl group to
interact with a single pocket on the HDAC1 surface.
Interestingly, only binding to one of the pockets is
observed during the simulation time or in the docking,
indicating that the positioning of the N,N-dimethylami-
nobenzyl between Pro29 and Glu98 is more favorable
than the alternative sites. In contrast, HDAC1-SK-683
is more flexible. While one of the aromatic rings
(denoted with dihedral angle 1 in Figure 10) maintains
surface contact at all times, the second aryl group has
little surface interactions and a wide angle distribution.
This suggests that there is little binding interaction of
this group with the surface, and that the binding
constant could be further improved by addition of a more
flexible linker. The increased binding constant of SK683
compared to TSA is most likely due to the binding
interaction with Phe197 discussed earlier. For the
HDAC2 and HDAC3 systems, a similar pattern was
observed but the actual values differ. In agreement with
the qualitative considerations from Figure 4, this sug-
gests that the surface of HDAC3 is more different from
that of HDAC1 than that of HDAC2. Hence, this result
would be helpful for further rational design of selective
inhibitors for different HDAC isoforms.

It is clear from Figure 10 that CG-1521 shows a very
different conformational behavior. All dihedrals have a
very narrow angle distribution, resulting from the
conjugation of the side chain and the fact that the triene
portion is inserted straight into the 11 Å channel with
no contacts between the HDAC1 surface and the aro-
matic group. This may also partially explain the relative
inhibition activity of SK-683 > TSA > CG-1521. Intro-
duction of more aromatic groups around the kink atom
would enhance the binding activity.40 This conclusion
agrees with our previous docking study.7a

Summary

The three-dimensional models for four class I histone
deacetylases (HDAC1, HDAC2, HDAC3, and HDAC8),
which were built using homology modeling and vali-
dated by bioinformatics techniques and by comparison
to an X-ray structure not used in the generation of the
models, were docked to three widely studied HDAC
inhibitors (TSA, CG-1521, and SK683). Three more
HDAC inhibitors that are in clinical trials (SAHA, MS-
275, and NVP-LAQ824) were docked to HDAC1, HDAC3,
and HDAC8. The high homology of the class I HDACs
in the active site region and the 11 Å channel make it
unlikely that the small differences in these parts of the
enzyme can be exploited to achieve isoform selectivity.
However, small differences in the shape and charge
distribution around the opening of the active site hold

Figure 8. Zn2+-oxygen distances in HDAC-CG-1521 com-
plex.

Figure 9. Twenty-one active site snapshots selected from 400
to 600 ps for the HDAC1-TSA complex. The orange ball
represents the Zn2+ ion. Residues shown in yellow correspond
to the starting positions in the 1 ns simulation.
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potential for differentiating between HDAC1, HDAC3,
and HDAC8, while a differentiation of HDAC1 and
HDAC2 will be more difficult. The finding that the
selectivity of previously known isoform specific inhibi-
tors can be reproduced and rationalized indicates that
this computationally efficient method could be used to

screen larger virtual libraries of HDAC for isoform
selectivity. This is demonstrated by identification of
NVP-LAQ824 as a potentially isoform selective inhibi-
tor.

Analysis of the docked structures and the results from
MD simulations using a nonbonded model for the metal

Figure 10. Selected dihedral angles of inhibitors describing the conformational changes of the cap terminus in the 1 ns time
frame of the HDAC1-inhibitor complexes.
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complexation are in agreement with these qualitative
considerations. In addition, they provide insights into
the balance between binding to the metal and interac-
tions in the channel and on the surface. Optimization
of the interactions in the channel and on the surface
that take the flexibility of the protein into account could
therefore counteract the weaker metal binding of a
monodentate ligand, providing alternatives to the cur-
rently used hydroxamic acids binding units. The design,
synthesis, and evaluation of novel HDAC inhibitors that
make use of these principles is currently in progress and
will be reported in due course.
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