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On the Function of the 14 A Long Internal Cavity of Histone Deacetylase-Like
Protein: Implications for the Design of Histone Deacetylase Inhibitors
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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. AutoDock calculations
of known and novel HDAC inhibitors as well as of several probe molecules to histone
deacetylase-like protein (HDLP), using a modified scoring function for metalloproteins,
demonstrate excellent agreement (R = 0.92) between experimental and computed binding
constants. Analysis of the docked structures allows a determination of the different binding
motifs in known inhibitors. Such calculations are a useful tool for the prediction of binding
constants for new HDAC inhibitors. Exploration of the 14 A long internal cavity adjacent to
the active site by docking of small molecular probes suggest that it plays a crucial role by
accepting the cleaved acetate and releasing it at the far side of the cavity. The importance of
the findings for the design of new inhibitors is discussed.

Introduction

Acetylation and deacetylation of the e-amino group
of specific lysines within histones play a crucial role in
the transcriptional process.! Two families of enzymes,
acetylases and deacetylases, are involved in controlling
the acetylation state of histones. Recent studies show
that inhibition of histone deacetylases (HDACS) elicits
anticancer effects in several tumor cells by inhibition
of cell growth and induction of cell differentiation. As a
result of these findings, several programs for the
development of HDAC inhibitors as anticancer drugs
have been initiated. Compounds such as the hydroxamic
acids trichostatin A (TSA)2? and suberanilohydroxamic
acid (SAHA)3 or the cyclic tetrapeptides apicidin? and
trapoxin® as well as synthetic inhibitors,%28 including
our simplified TSA analogue CG1521,” have been stud-
ied for this purpose in cancer cell lines and in tumor
animal models (Chart 1).8 With no doubt, the inhibition
of HDACs is a rapidly growing and very promising area
for cancer chemotherapy.?

The X-ray crystal structures of an HDAC homologue,
histone deacetylase-like protein (HDLP), from Aquifex
aeolicus, and its TSA and SAHA complexes have been
elucidated with 2.0 A resolution.!® The X-ray structure
revealed that HDLP has a tubelike, 11 A deep channel
(called the channel afterward) which leads to the active
site and which accommodates TSA or SAHA (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 A long internal cavity (called
the internal cavity afterward) adjacent to the Zn binding
site. A sequence alignment shows a 35.2% sequence
identity of HDLP and human HDAC1 (see Figure 11 in
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Figure 1. Surface representation of 11 A channel and 14 A
internal cavity of HDLP. T'SA is displayed as a yellow space-
filling model.8

Supporting Information). The residues around the HDLP
7Zn binding site are completely conserved in human
HDACI1. All of the hydrophobic residues that make up
the 11 A channel in HDLP are identical in HDAC1.
Most of the residues making up the 14 A internal cavity
are either identical or conservatively substituted in
HDACI1. As can be expected from the high degree of
sequence similarity shown in Figure 11, HDAC has the
same structural features of HDLP described above.
Since there is no X-ray structure of human HDAC1
available now, we developed a homology model of
human HDAC1 based on the HDLP X-ray structure.!!
In particular, both have a tubelike channel adjacent to
a long internal cavity (Figure 12 in Supporting Informa-
tion). Arg27 lies in the internal cavity in both cases. This
high degree of similarity suggests that the internal
cavity plays a significant role in the reaction that could
potentially be exploited for drug development. Similar
features can also be found in other class I histone
deacetylases.1?
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Chart 1. Known HDAC1 Inhibitors and Novel CG1521 Inhibitor
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The X-ray structure of the potent HDAC inhibitor
TSA bound to HDLP establishes that the function of the
channel is to accommodate the acetylated lysine side
chain. From this finding it is clear that one of the design
strategies for HDAC inhibitors is to utilize this channel
to accommodate mimics of the acetylated lysine side
chain and its complexation to the essential zinc ion in
the active site.1 The function of the 14 A long internal
cavity, according to the authors of the structural study,
“is not clear”.1° One reasonable hypothesis is that it
could accommodate the acetate product after the hy-
drolysis reaction, releasing this byproduct in a separate
step. However, no evidence supports this possibility so
far.

As part of our effort to develop new histone deacety-
lase inhibitors, we investigated the binding modes of
HDAC inhibitors as well as probe molecules using
AutoDock. Here we present the results of validation
studies and the docking of the novel HDAC inhibitor
CG1521 into the active site of HDLP, indicating that
an appropriately modified AutoDock scoring function is
able to accurately reproduce the interactions in the
active site, the 11 A channel, and the surface interac-
tions. We also report computational evidence for the
possible role of the internal cavity of HDLP/HDAC as a
transport vehicle for the acetate byproduct of the
hydrolysis reaction. These results provide new concepts
for the design of novel HDAC inhibitors.

Computational Methodology. AutoDock 3.01% was
used for all docking calculations. Through precalculated

grids of affinity potentials, it evaluates suitable ligand
positions on a given protein. It allows random move-
ments of multiple ligand conformations of the ligand on
the protein surface while the protein is required to be
rigid. Therefore, it is possible to explore the potential
binding pocket or binding modes for studying protein—
ligand interaction. A free energy scoring function in the
AutoDock3.0 program,'® which is based on a linear
regression analysis, the AMBER force field, and a large
set of diverse protein—ligand complexes with known
inhibition constants were used to investigate the dif-
ferent ligand binding affinities. Several detailed studies
by the McCammon group on binding modes and affinity
of HIV-1 integrase inhibitors have shown that the
estimated free energies from the AutoDock program are
in good agreement with the available experimental
values.!* The AutoDockTools!® package was employed
to generate the docking input files and to analyze the
docking results. A grid box size of 90 x 90 x 90 with a
spacing of 0.375 A between the grid points was imple-
mented and covered almost the entire HDLP surface.
For TSA, SAHA, CG1521, and other inhibitors, the
single bonds except the amide bonds 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 de-
fault protocol was applied, with an initial population of
50 randomly placed individuals, a maximum number
of 2.5 x 10° energy evaluations, and a maximum
number of 2.7 x 10* generations. A mutation rate of 0.02
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Figure 2. Comparison of X-ray structure (yellow) and the best docked structures (green) of the HDLP—TSA complex (left) and

HDLP—-SAHA (right).

and a crossover rate of 0.8 were used. Results differing
by less than 0.5 A 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 values reported in this work are
based upon all heavy atom comparisons between the
docked structures and the initial structures.

The structure of HDLP with TSA, PDB code 1c3r,16
was taken directly from the Protein Data Bank.!” The
xleap module in Amber 6.0 package!® was used to
generate the missing hydrogens in this structure. The
united partial charges for protein atoms were taken
from the Amber force field. The partial charges for all
docked ligands were derived from two-step electrostatic
potential (ESP) calculations in the Amber 6.0 package
after HF/6-31G* or HF/6-31+G* (if the species is in
anionic form) single point calculations by using the
Gaussian package.!” These ligand partial charges were
further modified by using the AutoDockTools package
so that the charges of the nonpolar hydrogen atoms were
assigned to the atom to which the hydrogen is attached.

Although there are many successful examples of
structures of protein—ligand,?° protein—protein,?! and
protein-oligosugar?? systems studied by the AutoDock
program, there are only a few examples of docking
studies of metalloprotein—ligand systems in the litera-
ture.?? 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 non-
bonded Zn parameters of Stote et al.2* which were used
successfully in several molecular dynamics studies.??
Nevertheless, these parameters have to the best of our
knowledge not yet been used in docking calculations and
need to be validated.

Results and Discussion

Parameters and Docking Validation. The rapid
evaluation of binding constants for HDAC would be a
highly desirable tool for discovering new HDAC inhibi-
tors. Although different docking programs are available,

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

AGea AGexp Na RMSD (Ay

TSA -9.7 -10.37 2 0.90
SAHA -6 -8.67 6 1.94
SK-658 -11.0 —11.7%7 1 23.66
SK-683 -12.8 -12.3%7 1 3.04
SK-692 -11.9 —12.3% 1 4.13
APHA-8 -9.4 —8.62% 2 1.71
CG1521° -8.6 -17.87 1 9.06

-8.3 1 2.43
AcNHOH -5.6 NA4 8 0.59
AcO- -5.3 NA? 3 1.54
HOAc -4.0 -3.2 2 1.75

@ N is the number of structures in the first cluster except
CG1521. For CG1521, N is the number of structures in the first
and second clusters. ® Two different binding modes were found.
See discussion. ¢ Initial structures were manually put near the
active site except TSA. For TSA, it is the original X-ray structure.
All RMSD values here are from all atom-based superimposition
against the initial structure. ¢ Not available.

no energy function is available for metalloproteins such
as HDAC. This prompted, for example, the recent
development of a QM/MM scoring function for the
binding studies of inhibitors of carbonic anhydrase and
carboxypeptidase.?6 However, the use of an appropri-
ately modified empirical scoring function is significantly
less demanding on computational resources and thus
allows the rapid evaluation of a large number of binders.
We started our docking study by validating the Zn
parameters for use in AutoDock calculations. There are
two X-ray structures of HDLP—TSA (PDB code, 1c3r)
and HDLP—SAHA (PDB code, 1¢3s) complexes available
so far, which can be used for method performance
evaluation. To be consistent in the subsequent docking
studies of other compounds, only the protein structure
in 1c3r was used because it (2.0 A) has a better
resolution than 1c3s (2.5 A). Figure 2 shows the
comparison of the docking structures of HDLP—TSA,
HDLP—-SAHA and their initial structures. Numerical
results are summarized in Table 1. Of 100 genetic
algorithm runs, the best docked structure of TSA (green)
has a RMSD of 0.9 A compared to its corresponding
X-ray structure (yellow) in Figure 2, left. In comparison
with the X-ray structure of TSA in the channel, the
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Figure 3. View of surface and active site of SK-683 bound to HDLP.

docked structure has similar multiple interactions with
the residues, His131, His132, Tyr297, Phel41, Phe198,
etc. For the Zn binding part of TSA, the calculation also
gave a reasonable geometry. The distances of Zn+--O(C)
and Zn---O(H) are 2.45 and 2.24 A in the X-ray structure
while they are 2.54 and1.84 A in the best docked
structure. The following three binding clusters have
very similar structures. The RMSDs are 1.1, 1.2, and
3.3 A compared to the X-ray structure, respectively. The
structure with RMSD 3.3 A shows that the aromatic end
group interacts with a very shallow pocket containing
His170, GIn192, Tyr196, Ala197, and Leu265. Interest-
ingly, the results in a 2001 patent show that the
additional aromatic group attached at the kink carbon
position in TSA significantly enhances the HDAC
inhibition activity.2” The origin and potential applica-
tions of this finding will be discussed later.

The quality of the docking results is very similar for
the second test system, the HDLP—SAHA complex,
shown on the right in Figure 2. In these calculations,
the protein coordinates of the TSA complex lc3r were
used. The long chain of SAHA fits into the channel quite
well. The aliphatic chain is positioned between the two
phenyl groups, forming the favorable C—H---x interac-
tions in analogy to the methyl group close to the
hydroxamic acid tail in TSA. The results from these two
test cases indicate that AutoDock, combined with the
nonbonded Zn-parameters provided by Stote and Kar-
plus,?* is suitable for studying HDLP—ligand interac-
tions. It should also be pointed out that in a recent
study, Mai and co-workers manually mutated the
related residues within 12 A around the 11 A channel
of HDLP to those of HDAC1.282 By using this small
HDAC1 model, three different docking programs,
AutoDock, Dock, and GRAMM, were tested and were
consistent with our results. AutoDock was found to
reproduce the experimental results best.252

Docking of SK-658, SK-683, SK-692, APHA-8, and
CG1521. Recently, SK-658, SK-683, and SK-692 with
ICs0 values of 2.5, 1, and 1 nM have been reported as
new, strong inhibitors of HDAC1.27 To understand how
these HDAC1 inhibitors bind to the protein, docking
studies were performed following the same procedure
described above. The results for SK-683 are shown in

Figure 3. Molecular surface visualization showed that
there are four shallow pockets (A, B, C, and D) on the
HDLP surface, Figure 3. Interactions of these pockets
with the aromatic groups could enhance the binding
ability. In analogy to the structures described above, the
cinnamyl chain fits into the 11 A channel, the NHOH
group binds to the Zn ion, and there are hydrogen bond
interaction with His131 and His132. For example,
SAHA has one terminal aromatic group accommodated
in pocket B and has an ICsp of 200 nM. When the
additional aromatic group of SK-658 was introduced at
the kink atom in SAHA using an amide bond linkage,
Chart 1, it greatly decreased the ICsp to 1 nM. These
shallow pockets may be present in human HDAC1 as
the sequence of this region is highly conserved compared
to HDLP. The docking study of SK-692 shows that the
linear fused polyaromatic rings fit quite well in the
narrow pocket. Thus, SK-691, an isomer of SK-692, has
100-fold less inhibition activity than SK-692 owing to
fewer favorable interactions with these pockets. SK-658
has a binding mode very similar to SK-692. It is worth
mentioning that SK-683 is a TSA-like HDAC1 inhibitor.
The linker containing a meta-substituted benzene ring
moiety is a good mimic of the linker in TSA. Like the
behavior of the methyl group close to the NHOH site in
TSA, this benzene ring is stacked between the two
parallel phenyl rings of residues Phel41 and Phel98,
which exist in both HDLP and HDAC1 and form
favorable s—m interactions. The two aromatic side
chains are pointing to pockets B and D, as shown in
Figures 13 and 14 in the Supporting Information.
APHAs, 3-(4-aroyl-1H-2-pyrrolyl)-N-hydroxy-2-prope-
namides, are a novel series of HDAC inhibitors which
have been recently studied by Mai and co-workers.28
Among structures presented there, APHA-8 is the most
active one to inhibit maize histone deacetylase (HD2)
and mouse histone deacetylase 1 (mHDAC1). It has
pIC50 values of 6.29 and 7.00 for mHDAC1 and HD2,
respectively. Interestingly, it was found that APHA-1,
which has a structure very similar to APHA-8, has a
different binding pattern in the active site.®®2% For
APHA-8, the pyrrole-ethylene chain interacts with the
Phe 141 and Phe 198 residues; the pyrrole-N;-methyl
group has favorable interactions with the a-carbon atom



Cavity of Histone Deacetylase-Like Protein

Figure 4. Two calculated binding modes of CG1521 in the
11 A channel (orange) and in the 14 A cavity (green).

of Gly140 and partially with the Phel41 side chain.
When we docked APHA-8 into the active site of HDLP,
we found the pyrrole-ethylene chain of APHA-8 has a
binding pattern similar to the one postulated by Mai et
al.282 However, the Ni-methyl group is similar to the
C4-methyl group in TSA, intercalated by the two paral-
lel Phe 141 and 198 residues and forms favorable CH-
.- interactions. The pyrrole C4-phenylacetyl portion
occupies pocket D on the surface (see Figure 15 in the
Supporting Information). The distances of Zn---OH-
(NHC=0) and Zn---O=C(NHOH) are 2.71 and 1.97 A,
respectively. They are slightly shorter than these in the
HDLP-TSA complex (Zn---*OH(NHC=0), 2.24 A and
Zn---O=C(NHOH), 2.45 A).

These results encouraged us to study CG1521, which
is structurally similar to TSA and which also has shown
remarkable antiproliferative activity in the PC-3 cell
line and good HDAC1 inhibition activity in the nano-
molar range.” No X-ray structure of the HDLP—-CG1521
complex is available so far. Following the above studies

Figure 5. New proposed inhibitor with multiple interactions with the HDLP surface.
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of TSA, SAHA, and SK compounds, we docked CG1521
into the active site of HDLP. Two different types of
binding modes of CG1521 to HDLP have been found.
One is close to the normal binding mode of TSA in the
11 A channel. In comparison with the input structure,
it has an RMSD of 2.4 A (see the orange structure in
Figure 4). The estimated free energy of binding of —8.3
kcal/mol for this structure is close to the experimental
value of —7.8 kcal/mol.

More interestingly, we also found a second binding
mode, where CG1521 is lying in the 14 A internal cavity
with a free energy of binding of —8.6 kcal/mol, as shown
by the green structure in Figure 4. While the hydrox-
amic acid group coordinates the Zn ion, the phenyl group
tail is directed deeply into the internal cavity. Although
it is unlikely that the channel around the active site
would allow this binding mode, this result does suggest
that the cavity could be exploited to gain additional
binding sites in the design of new types of HDAC
inhibitors. This concept will be discussed in more detail
below.

A second design element that emerges from these
studies is possible interactions with the hydrophobic
pockets on the surface of HDLP near the exit of the
channel. TSA interacts with only one of these pockets.
The understanding that can be derived from HDLP—
ligand docking study can be used to design stronger and
more specifically binding ligands for HDLP or HDACI.
From the results discussed above, a new class of
structure with three branched aromatic groups can be
proposed. The docked structure of one such inhibitor is
shown in Figure 5. It can be seen that the new ligands
of this type interact strongly with three of the hydro-
phobic pockets on the HDLP surface, providing selective
binding interactions in addition to the interactions in
the channel. Furthermore, the benzyl groups could be
functionalized in para position to modulate other prop-
erties such as solubility. The synthesis and biological
assays of this class of compounds gave indeed very
promising results and will be reported separately.2?
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Figure 6. Linear regression of estimated free energy of
binding from AutoDock vs experimental values derived from
IC50.

Estimated Free Energies of Binding. The esti-
mated free energy of binding of the best docked struc-
ture of TSA is —9.7kcal/mol. The best value obtained
for SAHA is —7.6 kcal/mol. These results agree with the
experimental observation of stronger binding of TSA
than SAHA to HDAC. More interestingly, all the
calculated free energies of binding of TSA, SAHA, SK-
658, SK-683, SK-692, and CG1521 are close to the
values derived from the experimental ICsy values.” In
fact, our results demonstrate a reasonably good linear
relationship between estimated free energy of binding
from docking and experimental inhibition activity as
shown in Figure 6. Part of the reason for this good
relationship is the estimation of free energy function of
AutoDock which is derived from a large database of
diverse protein—ligand complexes with known inhibition
constants through a linear regression-like QSAR tech-
nique for estimation of inhibition constants. Good agree-
ment has been reported between estimated free energies
of binding and experimental values for HIV integrase—
ligand systems.* The correlation coefficient of R = 0.92
seen in the present study is much better than commonly
expected for the relatively simple scoring function of
AutoDock and should not be generalized. Nevertheless,
it appears that the correlation is excellent at least for
this system and thus increases our confidence that the
activity of new HDAC inhibitors can be estimated fairly
accurately using AutoDock.

Wang et al.

Function of 14 A Internal Cavity of HDLP or
HDAC1. With these promising results in hand, we now
return to the previously found novel binding mode of
CG1521. Although the shape of the entrance channel
makes the alternative binding mode shown in Figure 4
unlikely, it does hint at the possible role of the internal
cavity, which is presently not well understood. To
investigate other possibilities for interactions at the Zn
binding site and the cavity, we performed AutoDock
calculations with three different small probe
molecules: N-hydroxyacetamide to explore the competi-
tion between metal binding and polar interactions, and
acetate and acetic acid as models for the interaction of
the protonated and deprotonated hydrolysis product
with the hydrolytic center. Analysis of these results
should give insight into the role of the cavity and a
better understanding of the hydrolytic process.

The results of the acetate and the acetic acid docking
calculations are summarized in Figure 7A and 7B. For
acetic acid, the structures in the two strongest binding
clusters with free energies of binding of —4.0 and —3.8
kcal/mol, respectively, are found near the hydrolytic
center, named Region I. There is a second cluster of
binding sites for acetic acid in Region III, where it
interacts with the Argl6 residue, with a AG, of —3.7
keal/mol.?0 Finally, hydrogen bonding interactions with
Arg27 leads to binding of acetic acid in a region between
Regions I and III, named Region II in Figure 7A.
Interestingly, none of the favorable binding sites are
located in the 11 A channel. Region III is the bottom of
the internal 14 A cavity, while Region I is at the
connection between the 11 A channel and the internal
cavity. It may therefore be deduced that the function of
the internal cavity is to accommodate the hydrolysis
product, acetic acid or acetate. Comparison of the free
energies of binding from the AutoDock calculations
shows that the binding abilities of acetic acid in the
three regions are quite similar.

Docking of acetate into the active site further supports
the above results.?! As expected, acetate has stronger
Zn binding ability than acetic acid due to acetate’s
anionic character. Structures in the eleven strongest
binding clusters are located at the hydrolytic center,
Region I (green-colored structures in Figure 7B). Their
binding free energies range from —5.3 to —5.0 kcal/mol.
Cluster 12 (orange-colored structure in Figure 7B
belonging to Region IIT) contains 26 out of a total of 100
structures and has a binding free energy of —3.8 kcal/
mol. In Region II, acetate (cyan-colored structure in

Figure 7. Calculated binding modes (Region I, II, and III) of acetic acid (A), acetate (B), and N-hydroxyacetamide (C) in the 14

A internal cavity of HDLP.
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Figure 8. Picture of internal cavity after deacetylation. While the free lysine chain is leaving the 11 A channel, the byproduct
acetate is passing through the 14 A cavity. The catalytic center therefore is ready to accept the water and acetylated lysine for

the next cycle of hydrolysis.

Figure 7B) was also found with a binding free energy
of —2.6 kcal/mol. Again, no low-energy binding sites
were found in the 11 A channel. Although the binding
of acetate is slightly more exothermic than that of acetic
acid, the difference in the desolvation penalty between
neutral acetic acid and anionic acetate needs to be
considered. Therefore, compared to the alternative
binding sites in Regions II and III, it is expected that
acetate will not bind strongly to the Zn binding site. It
is well-known that acetic acid and acetates are not good
zinc binders.?2 The importance of the anionic character
of the acetate for binding in the internal cavity is
demonstrated by docking of N-hydroxyacetamide, a
simple model of the binding motif of known inhibitors
TSA, SAHA, and CG1521. Again, the strong binding
sites were found in Region I and Region II. The lowest
free energy of binding of —5.6 kcal/mol was calculated
for the green-colored structure in Figure 7C.

These results raise a number of questions for the steps
before and after the actual hydrolysis that have impli-
cations for the design of new HDAC inhibitors. First,
how does the byproduct of the hydrolysis, the acetate,
leave the active site if the docking calculations predict
there is not favorable interactions for acetate along the
exit channel used by the lysine chain? Second, how is
the water necessary for hydrolysis transported into the
active site, which is buried deeply along the narrow,
hydrophobic 11 A channel? Consideration of these
questions led us to a new hypothesis for the role of the
internal cavity for the function of HDLP or HDAC1. We
postulate that after the hydrolytic reaction, while the
protonated lysine side chain is leaving the catalytic
center via the 11 A channel, the acetate or acetic acid
could remain in the 14 A internal cavity since there are
no favorable binding sites along the 11 A channel and
the channel is still occupied by the protonated lysine
side chain. The L1 loop (Lys14-Arg27), which separates
the 14 A internal cavity from the solvent exposed
surface of the enzyme, has considerable mobility as
judged by its larger temperature factor (B-factor) than
the rest of the structure.l® For example, Arg16, which
is located at the very end of the internal cavity, has a
B-factor of 67.0 A% in the X-ray structure. This indicates
that the cavity contents may exchange with the bulk
solvent. Therefore, the possibility arises that the acetate
does not leave via the channel, but rather passes
through the 14 A cavity as shown in Figure 8. The first
binding site for the acetic acid or acetate could be Arg27
which then is in equilibrium with Argl6, another
binding site at the bottom of the cavity. Side chain

Figure 9. Water distribution in the internal cavity and
surface of HDLP. Blue dots represent water molecules. Picture
directly generated from chain A of X-ray structure 1¢3r.1°

movement of the surface-exposed Argl6 could then
bring the acetic acid or acetate out of the 14 A cavity
and exchange it with the bulk water. Conversely, the
uptake of water molecules in the opposite direction could
regenerate the activity of the hydrolytic center. If the
acetate could not leave the hydrolytic center rapidly, it
would block the center and hinder the substrate binding.
In the X-ray structure, a number of waters are found
in the 14 A internal cavity as shown in Figure 9,
although the cavity is considered to be hydrophobic and
only a few polar residues, such as Arg27 and His21, are
located there. One could argue that acetate could diffuse
faster from the 11 A channel due to the absence of a
favorable binding site there. However, after the hydro-
lytic reaction, the 11 A channel is occupied by the lysine
long chain. This suggests that both the lysine chain and
the acetate leave the hydrolytic center simultaneously
in different directions instead of separately from the
same channel. Although our result is based on the
HDLP structure, the sequence and structural similarity
of HDLP and HDAC in the 14 A cavity suggests it has
the same function in both proteins.

The significance of our results is that they suggest a
novel concept to direct further HDAC inhibitor design.
While the principal functional group of the ligand binds
to the Zn center, an additional side chain of the ligand
may be designed to bind into the 14 A long cavity. This
site provides an alternative to binding in the 11 A
straight channel or at the entrance to this channel, on
which most of the previous design work has focused.
Figure 10 shows the proposed new strategy for HDAC
inhibitor design. Here, a second binding element de-
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Figure 10. Proposed new strategy for HDAC inhibitor design.

signed to occupy the 14 A long cavity is attached to the
zinc binding unit, for example via covalent attachment
to the metal chelator group. Based on this hypothesis,
further inhibitor design and synthesis are underway in
our laboratory.

In summary, we have shown that the AutoDock
scoring function can be adapted successfully to
metalloenzymes such as HDAC. The structures and free
energy of binding thus obtained are in good agreement
with the available experimental data for a wide range
of hydroxamic acid-based HDAC inhibitors. It can
therefore be expected that the method provides a fast
and reliable tool for the investigation of new HDAC
inhibitors. Examples of applications include a series of
new HDAC inhibitors incorporating a tribenzyl unit that
are currently being studied in our laboratories as well
as the use of probe molecules to explore binding interac-
tions in the active site of HDAC. Results from the latter
calculations led us to hypothesize that the function of
the 14 A internal cavity is to accommodate the byprod-
uct, acetate or acetic acid, of the hydrolytic reaction.
This finding could significantly benefit the future design
of HDAC inhibitors.
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