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Abstract A systematic investigation of the available crystal
structures of HDACS8 and of the influence of different
receptor structures and docking protocols is presented. The
study shows that the open conformation of HDACS may be
preferred by ligands with flexible surface binding groups, as
such a conformation allows the ligands to minimize their
exposure to solvent upon binding. This observation allowed
us to rationalize the excellent potency of pyrazole-based
inhibitors compared to that of isoxazole-based inhibitors.

Keywords Histone deacetylase 8 - Docking - Multiple
receptor - Binding site flexibility

Introduction

Histone deacetylases (HDAC) comprise a group of proteins
that were first described in the context of histone
deacetylation as part of the machinery for the control of
gene transcription [1]; since then, they have been found to
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have various other regulatory functions [2]. The interest in
HDAC:s and their inhibitors from the perspectives of basic
biology and therapeutic applications is hard to underesti-
mate. Most notably, they are considered a promising cancer
target [3], with two HDAC inhibitors—suberoyl anilide
hydroxamic acid (SAHA, vorinostat, 1a, Table 1) and
romidepsin—currently being used in the treatment of
cutaneous T-cell lymphoma, and a number of other
compounds in various phases of clinical development. In
humans, at least 11 classical isoforms (HDAC1-HDACI11)
are expressed, which are grouped into three classes (classes
L, II, and IV), and each of the 11 isoforms appears to have a
distinctive function and possibly different therapeutic
potentials [4]. For this reason, isoform-selective HDAC
inhibitors are of particular interest, but very few drug-like
compounds with clear selectivity profiles have been
proposed to date [4, 5].

Molecular modeling and simulation have been used as
tools in research aimed at finding HDAC inhibitors with
improved activity and/or selectivity. This work has included
the generation of various types of QSAR models [6—11], or
the docking of inhibitors to protein models followed by a
discussion of docking poses [9, 12—18]. These studies
provide interesting insights into structure—activity relation-
ships, and, in at least one case, impressive accuracy in the
prediction of ligand activities for an external test set [11].
However, few of these structure-based studies have con-
centrated on the HDACS isoform and the flexibility of its
binding site [19-21]. The modeling of HDACS and its
inhibitors appears to be a challenging task due to a number
of issues, as outlined below.

Interactions between inhibitors and the catalytic zinc ion
found in HDAC binding sites are difficult to model accurately.
A recent study showed that “out of the box™ docking to
metalloenzymes, including those containing Zn ions, can be
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Table 1 HDACS inhibitors used in this study
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successful when applied in virtual screening campaigns, but
its accuracy is limited and a rigorous parameterization of the
metals is likely to be required for lead optimization [22, 23].
As opposed to most other metal ions commonly found in
proteins, zinc can have three different coordination numbers.
An accurate description of the Zn—ligand interactions and an
evaluation of their contribution to the binding energy can
probably not be achieved without resorting to high-level ab
initio calculations. Attempts have been made to generate
more accurate classical model potentials for zinc by
including bonded energy terms between the zinc and the
atoms chelating with it [24, 25]. However, such potentials
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require a priori knowledge of the coordination number, the
calculation of protein—ligand interaction energies when the
two are connected by bonds is not a straightforward task, and
to our knowledge no thorough evaluation of their ability to
improve the accuracy of calculated protein—ligand interaction
energies is available.

The part of a typical HDAC ligand [3] that binds to the
Zn*" jon at the bottom of the active site of HDAC—the
zinc-binding group (ZBG)—is connected to a more
hydrophobic linker that extends through a tunnel towards
the binding site entrance, towards the so-called surface-
binding or CAP group (SBG), which is partially exposed to
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Table 1 (continued)
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the solvent. It has been argued that variations of the SBG
can potentially lead to isoform-selective inhibitors [26], as
the residues residing at the binding site entrance show
variations in different isoforms. In many cases, the SBG of
HDAC inhibitors is relatively large, flexible, and solvent
exposed. For conventional docking/scoring approaches, this
makes the reliable determination of the SBG’s conforma-
tion, and its contribution to the binding energy, difficult.
The situation is exacerbated by the fact that some of the
residues on the surface of an HDAC protein, close to the
binding site, are very flexible [26], rendering traditional
docking to a single rigid receptor structure unreliable. This
flexibility includes extensive backbone movements due to
two flexible loops. Such large variations cannot be
accounted for by allowing for limited side-chain flexibility
as implemented in a number of docking programs [27, 28].
One of these loops (residues Pro91-Thrl05, loop A)
appears to be disordered in the apoprotein [29], but it has

a similar conformation in all existing crystal structures with
a bound ligand [26, 29-31]. In particular, the crucial
Aspl01 residue, which can form a hydrogen bond with a
ligand, shows some variation in terms of its orientation, but
is generally in the same location throughout (Fig. 1). This is
not true for the second loop (residues Ser30-Lys36, loop
B), which was found in two distinctively different con-
formations in co-crystal structures: open (1VKG, 1T64) and
closed (1T67, 1T69, 1W22, 2V5X, 2V5W) [26], resulting
in the presence or absence of a second pocket next to the
primary HDAC binding pocket (Fig. 1), depending on the
ligand. In a recent study, Wiest et al. [21] explored the
flexibility of the HDACS binding site using molecular
dynamics simulations and confirmed that the binding site of
HDACS is indeed rather malleable and that, if required, it
can be subjected to induced-fit conformational changes to
accommodate the ligands. In addition, the interpretation of
the binding poses may be biased due to the fact that the
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Fig. 1 Twelve aligned and superimposed HDAC8 monomers. The
backbones corresponding to loop B are highlighted in red (closed) or
blue (open). Also shown are the TSA ligands in PDB:1T64; one TSA
occupies the primary pocket, interacting with the zinc (cyan); the other
occupies the secondary pocket, which is available only if loop B is
open. Aspl01, representing the tip of loop A, is shown in green

conformation of the HDAC ligand that co-crystallize with
HDACS is influenced by the interactions between the
ligand and neighboring copies of the protein and/or ligand
in the crystal lattice, as evidenced by analysis of the X-ray
structures of HDACS. When the protein is solvated under
physiological conditions, the conformation of the SBG may
differ from that seen in crystal structures, making interpre-
tation even more complicated.

Clearly, the problem of modeling the binding poses of
HDAC inhibitors remains one of the key challenges in
HDAC inhibitor structure-based drug design. To address it,
we recently developed a binding ensemble profiling with
photoaffinity labeling (BEProFL) approach that utilizes a
diazide probe to experimentally map the multiple binding
poses of the SBGs of HDAC ligands [32]. We also
designed and synthesized several highly potent cell-
permeable HDAC isoxazole- and pyrazole-based photo-
reactive probes [33]. Interestingly, we found that our probe
1b (Table 1) was able to crosslink to the residues at the
bottom of the second pocket in the open conformation of
HDACS8 PDB:1T64 mentioned above. We also found that,
despite the presence of relatively bulky and lipophilic
diazide moieties (necessary for BEProFL) in the SBGs,
both the isoxazole- and the pyrazole-based probes exhibited
excellent low double-digit nanomolar inhibitory activities
against HDAC3 and HDACS. With an ICs, of 17 nM, the
pyrazole-based probe 2a (Table 1) is one of the most active
HDACS inhibitors reported to date. On the basis of these
data, we hypothesize that even for ligands (or photoreactive
probes) that do not require substantial conformational
changes, the ligands and their SBGs have the opportunity
to bind to either the closed or the open conformations of the
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HDACS protein, allowing the SBGs of the ligands to
minimize solvent exposure and gain additional interactions
with the protein. This would be a significant departure from
the published protocol for docking to HDACS, and may
open new directions in the design of inhibitors that may
target the open conformation instead of or in addition to the
closed conformation of HDACS. To our knowledge, in all
previous docking studies using HDACS8 binding data (with
the exception of our publications [32, 33] and a study by
Wiest et al. [21]), only receptors based on a crystal structure
with closed loop B were used [19, 34]. In this paper, we
present and rationalize a multiple receptor docking and
scoring study of a series of novel HDACS inhibitors
docking to a set of the closed and open conformations of
the HDACS protein.

Materials and methods
Modeling

Coordinates of HDACS protein structures were downloaded
from the Protein Data Bank (PDB) [35]. Visual inspection
of the crystal structures (PDB IDs 1T64, 1T67, 1T69,
1VKG, 1W22, 2V5W, and 2V5X) [26, 29-31] was
performed using Chimera [36]. Reconstruction of the full
unit cell was performed, starting from each PDB file using
the Python script crystalcoords.py in Chimera. The result-
ing coordinates, containing all copies of the asymmetric
unit in the unit cell of each HDACS crystal structure, were
analyzed with Chimera and in-house awk scripts to
establish contacts between the different symmetry copies
of the HDACS8 monomer. All protein copies closer than
10 A to the ligand in the primary binding site were
identified for the re-docking of the native ligands. This
typically included only one extra protein chain. The
resulting two HDAC monomers were then saved and used
as a single protein for docking.

The five crystal structures (1T64, IVKG, 1W22, 2V5X,
2V5W) that contained two nonequivalent protein chains in
the asymmetric unit were split to yield two different
receptor structures. Two structures (1T67 and 1T69)
contained only one chain per asymmetric unit. Taken
together, this provided twelve different receptor structures.
Conserved water molecules were identified by splitting the
HDACS crystal structures into the monomers, aligning and
superposing them using the Matchmaker tool in Chimera,
and then inspecting visually. All water molecules that were
found in less than three out of the twelve HDACS
monomers were discarded, resulting in only two conserved
clusters of water molecules. The oxygen atoms of the two
water clusters identified in this way were saved, and the
center of mass of each cluster was used as the oxygen



J Mol Model (2012) 18:3927-3939

3931

position in all receptor structures used for docking. The
receptor set was further extended by adding to each
structure either zero (WO0), one (W1), or both (W2) of the
water molecules. The resulting 36 receptor structures are
labeled accordingly (e.g., 1T64B-W2 is the label for the
receptor based on chain B of the structure with PDB:1T64
plus both water molecules W1 and W2).

If present, gaps in the sequence of each monomer were
filled, and the resulting coordinates were subsequently
refined, using the homology modeling program Modeller
[37]. Specifically, the structure 2V5X was used as a template
for modeling the unresolved amino acids in monomers of
HDACS8 with the missing residues. 2V5X was chosen
because it has a reasonably good resolution (R=2.25 A),
and has all the residues resolved. The geometries and
positions of the newly modeled residues were further refined
by a Monte Carlo simulation using a built-in Modeller
empirical force field. The resulting HDACS8 monomers were
protonated using the program Reduce [38]. This program
analyzes the hydrogen bond network in each monomer and
adjusts (flips) Gln, Asn, and His side chains accordingly. The
protonation states of the proteins were then fixed and the
water oxygen atoms were protonated using MOE [39]. The
ligands were prepared using MOE [39], and we chose
deprotonated hydroxamic acid (HA) for each ligand [40]. For
the re-docking experiments, the same procedure was
followed using either one monomer or the entire unit cell.

The programs GOLD [41] and Surflex-dock [42] were
used for docking/scoring, and default parameters and
settings were used unless mentioned explicitly. The native
ligand in each monomer structure was used to define the
binding site. Docking was performed with zero, one, or two
conserved water molecules as part of the receptor structure.
The atoms of the HA group were constrained to their
experimental positions using a weight of 5 (GOLD) or 10
(Surflex-dock). It was found in preliminary studies that
these values for the force constants give poses with
comparable HA geometries.

Some of the compounds used here contain azide groups,
and preliminary studies with Surflex-dock showed that the
DREIDING force field [43] employed by this program was
unable to reproduce the angle of nearly 180° formed by the
three azide nitrogen atoms [44]. Since Surflex-dock does
not allow the force field parameters used to be edited, we
decided to replace the azide N=N=N by a sufficiently
similar moiety for the docking calculations. As, in each
case, the magnitude of the AM1BCC partial charge [45]
calculated with Molcharge [46] was lower than 0.3 for the
two terminal nitrogen atoms of the azides, we concluded
that this residue is best modeled as a hydrophobic moiety.
Given this, the approximate nature of a scoring function,
and the similar van der Waals radii of the two residues, we
concluded that an N=C=CH, group—which does give the

correct linear geometry [44]—can be used as an analog
mimicking the azido group.

When docking with Surflex-dock, the pgeomx flag was
used to ensure a more exhaustive search; this resulted in
GOLD and Surflex-dock using approximately the same
amount of CPU time per compound. Twenty poses were
generated for each ligand/receptor combination.

All ligands docked with Surflex-dock were processed by
deleting the HA group and four of the six CH, units of the
linker connecting ZBG and SBG. This task was automated
using in-house awk scripts and programs based on the
openbabel C library, version 2.2 [47]. The same settings were
used when re-scoring the resulting fragments with the HA
group removed as in the original docking runs. This protocol
is referred to as SC2, and the protocol for scoring the entire
ligand as SC6. Additional calculations were performed using
fragments including zero (SCO) or four (SC4) CH, units.

Multiple receptor docking was done by docking to each
possible pair of receptor structures and using the better of
the two scores for each compound for the final ranking. The
same docking procedure was used for the full ligands and
the fragments. In addition, the scores calculated for the
ligands and ligand fragments with each receptor structure
were normalized. To do this, a histogram was generated
from all of the calculated scores from each receptor
structure, a normal distribution curve was fitted to each
histogram using the statistical package R [48], and all
individual scores were normalized by subtracting the mean
and dividing by the standard deviation.

HDACS inhibitors and assays

The compounds considered here—1e¢, 1d (Petukhov PA et
al., unpublished), 2a-d, 3a,b [33], 1b,e [32], 4a,b (Petukhov
PA et al.,, unpublished)—represent several series of new
HDAC inhibitors and probes (Table 1) that were synthesized
by us as a part of our project to develop photoreactive probes
for BEProFL [32, 33].

The inhibition of HDAC8 was measured as recommen-
ded by the supplier BIOMOL International (Plymouth
Meeting, PA, USA), using the fluorescent acetylated
HDAC substrate Fluor de Lys (BIOMOL, KI178) and
commercially available recombinant human HDACS8 (BIO-
MOL). The activity data are summarized in Table 1. The
procedure is identical to that published previously [32].

Results and discussion
Analysis of co-crystal structures

An analysis of the HDACS crystal structures was per-
formed to identify a set of proteins and water molecules that
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were appropriate for the docking. A total of twelve wild-
type HDACS structures co-crystallized with a hydroxamic
acid based inhibitor were available at the time this study
was performed. Visual inspection of the aligned monomers
of HDACS8 with resolved water molecules (Fig. 2c)
revealed the presence of one water molecule (W1) that
forms a hydrogen bond with His180 and an acceptor atom,
typically a carboxamide oxygen atom, in the ligand. This
interaction pattern was found in nine of the eleven
monomers. Another water molecule (W2) forms H-bonds
with W1, Phe208, and, in four cases, also with a bound
ligand. The RMSD of the water oxygen atoms in the W1
cluster is 0.49 A, and this value is 0.37 A for W2. Since
including conserved water molecules may improve the
accuracy of the docking [49], both W1 and W2 were
considered during docking.

To further investigate the influence of crystal packing
and ligand structure on the poses of SBGs and conforma-
tion of the protein, the coordinates of the full unit cell were
regenerated from each of the PDB files, and interactions
between the ligands and the protein residues in its vicinity
were analyzed by visual inspection. In all cases, it was
found that the ligand SBG interacts not only with the
HDACS monomer it is bound to but also residues and/or
ligands of neighboring copies of the protein in the crystal
lattice (Fig. 2a). It is unclear whether the pose and the
resulting protein—ligand interactions of a given compound’s
SBG would also occur under physiological conditions (i.e.,
in solution) or whether this pose is, at least in part,
determined by interactions between the SBG and symmetry
copies of the primary protein.

The generation and visual inspection of the full unit cells of
HDACS crystal structures also highlighted another phenom-
enon that can possibly complicate the interpretation of co-
crystal structures in the context of drug design: in nearly all
cases, the smallest distance between protein residues in loop B
and any atom found in one of the symmetry copies of the

protein in the crystal lattice is well below 4 A. In all structures
that have a closed loop B (Fig. 1), at least one hydrogen bond
is formed between loop B and an atom in another HDACS
monomer (see Table S1 in the Electronic supplementary
material). Interestingly the only structure in which no atom
in loop B is in contact with other proteins in the crystal
lattice is 1T64, which is one of the two structures with an
open loop B. The two chains, A and B, in the asymmetric
unit of 1T64 (loop B open) were aligned on the
corresponding chains in the full unit cell of 1T69 (loop B
closed) and are shown in Fig. 2b. We find that the two copies
of loop B of the 1T64 chains overlap, with the closest
distance between two non-H atoms being 1.2 A, while this
distance is 6.6 A for the PDB:1T69 structure. The data
indicate that the open and closed conformations observed in
the X-ray structures may be a combined result of the
conformational changes caused by a specific bound ligand
and interactions between the symmetry copies. Thus, neither
of the conformations can be excluded or prioritized only on
the basis of the structure of the ligands.

Re-docking of native ligands

The analysis of the crystal structures of HDACS provided
above shows that the second copy of the HDACS protein
may affect the conformation of the HDACS protein and the
bound ligands, and therefore we decided to determine how
this would affect the results of the re-docking experiments.

HDAC inhibitors were re-docked to their native recep-
tors, comparing the docking accuracies achieved with the
two different docking protocols/scoring functions. All the
co-crystal structures of hydroxamic acid based HDAC
inhibitors that were available at the time of writing this
paper were used for this purpose. If more than one chain
was present in the asymmetric unit, the one with the lower
average B factor was used. Given the results of the previous
section, and to account for the effect of interactions

Fig. 2 Interactions between an HDACS protein/ligand and symmetry
copies in co-crystal structures, and visualization of conserved water
molecules. a Example of interactions between a ligand SBG (blue)
bound to one monomer (green) and a symmetry copy in the crystal
lattice (yellow). b Section of the unit cell of PDB:1T64 (green) aligned
on PDB:1T69 (yellow). The segments of the sequences shown
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represent the tip of loop B, which is open in 1T64 and closed in
1T69. The closest distance between any two atoms in the two
symmetry copies of the monomer are indicated for both structures. ¢
Aligned HDACS co-crystal structures (ligands in yellow, protein in
white) revealing the presence of two conserved water molecules (red
spheres)
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between the ligand SBG and symmetry copies of the
HDACS8 monomers, as well as the water molecules W1 and
W2 found in the majority of cases, receptor structures were
set up in six different ways: (i) one HDAC8 monomer
(chain A); (ii) as (i) plus W1 (chain A + W1); (iii) as (i)
plus W1 and W2 (chain A + W1 + W2 ); (iv) one HDAC
monomer plus all symmetry copies of the protein and
bound ligand that can possibly come into contact with the
docked ligand SBG (x-tal); (v) as (iv) plus the conserved
water molecule W1 (x-tal + W1); (vi) as (iv) plus the
conserved water molecules W1 and W2 (x-tal + W1 + W2).
In preliminary docking runs with GOLD and Surflex-Dock,
it was found that, in some cases, the best-scored docking
pose corresponded to a structure with the ligand ZBG far
from the protein’s Zn*" ion (not shown). Therefore,
constraints were applied in all docking runs to ensure that
the ZBG coordinates are close to their experimental values.

The results of the docking for five ligands with different
protocols are shown in Table 2. Analysis of the poses
obtained for 2V5X shows that the docking software tends
to position the ligand such that its two indol substituents
switch positions compared to those in the crystal structure.
The ligand is somewhat symmetrical and can occupy
almost the same space in the binding site in both the cases,
making prediction of the docking poses a rather challenging
task. Given the exceptionally large and flexible SBG found
in 2V5X, even values of 3.70 A and above can be
considered acceptable. To minimize bias due to the
unusually high RMSD values obtained for 2V5X, we
excluded 2V5X from calculations of the average RMSD
values given in Table 2 and the discussion below.

The RMSD values obtained with Surflex-dock are
smaller if the receptor structure is constructed in the most

Table 2 Re-docking of native ligands to HDACS8 co-crystal struc-
tures. Results obtained with two docking programs/scoring functions
are given as RMSD values between experimental and docked ligands.
The receptor structures used for docking are: one monomer (chain A),
one monomer plus one or two conserved water molecules in the

accurate way (i.e., it includes symmetry copies of the
HDACS protein directly adjacent to the binding site). A
similar trend is observed for re-docking with GOLD,
though somewhat less pronounced. Re-docking to the
primary monomer structure of HDACS8 without a symmetry
copy and the conserved water molecules resulted in an
average RMSD that was 2.65 A smaller for GOLD than for
Surflex (Table 2). Since the SBGs of the ligands co-
crystallized with HDACS are in the vicinity of a symmetry
copy of another HDACS, it is unclear why GOLD was able
to generate poses with smaller RMSDs while Surflex was
not. When re-docking to a monomer of HDACS, the
inclusion of water molecules W1 and W2 leads to a
decrease in the average RMSD for Surflex of ca. 2 A,
whereas for GOLD the average RMSD increases by ca.
1 A. In the case of “x-tal” receptors, inclusion of water
molecules affects the accuracy only marginally. We note
that the best RMSD values obtained for 1 VKG with Surflex
in particular are small, confirming that the modeled
structure of loop A in 1VKG is unlikely to introduce
artifacts.

In one case (1VKG), Surflex docking clearly gives a
better result than GOLD docking, but in all other cases, the
two docking programs and scoring functions used here
show similarly good performances in terms of reproducing
experimental poses in their native “x-tal,” “x-tal+W1,” and
“x-tal+W1+W2” receptors—the entire unit cell with all
symmetry copies of the primary monomer.

Since re-docking to several open and closed HDACS8
crystal structures containing the second copy of the
HDACS protein generally resulted in improved RMSD
values, neither of the crystal structures should be excluded
based on the re-docking accuracy, and we elected to use a

binding site (chain A+W1, chainA +W1+W2), the entire unit cell
with all symmetry copies of the primary monomer (x-tal), and the
entire unit cell plus one or two conserved water molecules in the
binding site (x-tal+ W1, x-tal+ W1+W2)

PDB Surflex-dock score GOLD score
Chain A Chain  Chain A+ X-tal X-tal+W1 X-tal+ Chain A Chain  Chain A+ X-tal X-tal+W1 X-tal+
A+WI1  WI+W2 WI1+W2 A+WI1 WI+W2 WI1+W2
1T64 1.18 1.12 1.80 0.63 2.07 2.29 1.19 0.91 0.96 043 043 0.91
1T67 5.95 1.78 2.18 1.57 131 1.43 2.40 2.40 243 2.01  0.96 0.68
1T69 4.74 4.60 4.40 1.86 1.88 4.65 1.87 1.94 1.96 1.85 1.76 1.87
1VKG 6.06 6.36 3.44 1.50 0.96 2.05 3.80 9.20 9.16 3.54  3.41 1.25
1W22 7.32 7.19 2.97 1.97 130 0.98 2.73 2.72 2.74 1.53  1.438 1.25
2V5X 5.52 8.66 9.63 593 441 7.72 4.54 8.88 10.82 5.09 5.06 3.70
Average  5.05 4.21 2.96 1.51  1.50 2.28 2.40 3.43 3.45 1.87 1.61 1.19
RMSD?

# RMSD values for 2V5X were excluded from averaging
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multiple receptor docking protocol. Inclusion of multiple
receptor structures in the docking to account for large
variations in protein conformation has become a commonly
applied strategy [50-54]. Despite the better accuracy
observed for the “x-tal”-based receptors, we could not use
them for docking ligands other than native ones, so all of
the following studies were performed only with the
monomers of HDACS.

Docking to single receptors

Receptor structures based on twelve different HDAC8
monomers were prepared as described in “Methods,” and
zero, one, or two water molecules were added to each
structure, resulting in 36 receptor structures for docking.
The compounds in Table 1 were docked to each of the
receptor structures using two different docking programs,
Surflex-dock and GOLD. Constraints on the hydroxamic
acid group and other parameters were used as described in
“Methods.” The pK; values for all compounds were
compared to the calculated docking scores, resulting in 36
correlations (Pearson correlations) each for the GOLD (not
shown) and the Surflex-dock (Fig. 3a) results. The Pearson
correlations were used to differentiate between positive and
negative correlation. The correlations show a clear positive
trend. Both the average and the best (average #=0.17, best r
=0.43) correlations obtained from the GOLD results are
somewhat poorer than those obtained with Surflex-dock
(average r=0.23, best r=0.67). Taking into account that
Surflex-dock was also successful at re-docking native
HDAC ligands, and that it contains a desolvation term,
we decided to perform the calculations discussed below
based only on the Surflex-dock results. In the following we
employ two techniques—a variation of fragment-based
scoring and multiple receptor-based docking—to evaluate
their effects on the results of docking/scoring calculations.

Fragments

To avoid difficulties with the parameterization of the Zn*"
ion in the HDAC active site, we decided to explore how
truncation of the ZBG would affect the docking. Specifi-

Fig. 3 a Histograms of the

cally, the docking poses generated as described in the
previous section were processed by removing the hydroxa-
mic acid moiety and a part of the linker from each docked
ligand, and the resulting fragments were then re-scored.
Here we make the assumption that the contribution from the
Zn**-ZBG interactions is similar for all ligands, and that
these contributions cancel out to a good degree. The best
correlation obtained from fragment-based scores (SC2) is r=
0.74 for receptor structure 1VKGB-WO. For the full ligands
(SC6), the best correlation was weaker, with »=0.67 for
receptor structure 2V5SWB-WO0. In both cases (SC2 and
SC6), the best correlations were substantially higher than the
average correlations of 7~0.2 (Table 3). We also performed
equivalent calculations for ligands that were truncated to
leave fragments with four (SC4) or zero (SCO0) instead of two
(SC2) CH; units of the linker. The correlations obtained with
SCO were somewhat weaker, and those with SC4 were
comparable to the correlations from the SC2 protocol. The
top two receptor structures in terms of the resulting
correlations were identical for SC2 and SC4 (2V5XA-W2
and 1VKGB-WO0). The correlations obtained with the three
protocols SCO, SC2, and SC4 for all receptor structures are
similar, and show good correlations of »>0.8 between each
other, while the same kind of correlation between SC6 and
the three other protocols is smaller than #=0.7 in all cases.

We found that the truncated form of this type of HDACS
inhibitor can be used instead of the full ligand, leading to a
slight improvement in correlation between the docking
scores and the experimental affinities. The relative scores
were also not very sensitive to the precise form of
truncation chosen. This is particularly important, as the
ionization states of the ligands and residues [55, 56] and the
identity of the metal ion in the HDAC active site [57] have
been a matter of debate. In the following we only discuss
the results obtained with the SC6 and SC2 protocols.

Multiple receptors

The docking scores obtained with each compound/receptor
combination were chosen from all possible pairs of receptor
structures using the best out of two scores for each compound.
This was done independently for the results from both the SC2

correlations between experi-
mental affinities and scores from
docking to single receptors and
SC6 scoring the entire ligand. b
The same as a for the multiple
receptor docking protocol with a
combination of all pairs of
HDACS receptors and the SC2
scoring protocol
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Table 3 Average and best Pearson correlations between experimental
and calculated activities obtained using the SC2 and SC6 docking
scores from single receptors (top), multiple receptors (center), or the
normalized scores from multiple receptors (bottom). Also included is/
are the receptor structure(s) giving the best correlation

Protocol Avg. Best Recpt. 1 Recpt. 2
Single receptor

SCé6 0.23 0.67 2V5WB-W0 -

SC2 0.21 0.74 1VKGB-W0 -

Two receptors

SCé6 0.22 0.67 1VKGB-W0 2V5WB-W0
SC2 0.20 0.78 1VKGB-W0 2V5XA-W1
Two receptors, normalized scores

SC6 0.20 0.72 2V5WB-W0 IT69A-W2
SC2 0.18 0.80 1VKGB-W0 2V5XA-W2

and SC6 protocols using the normalized scores. A summary of
the results is given in Fig. 3b and Table 3. The best
correlations achieved with two receptors were 0.72 for SC6
and 0.80 for SC2. With SC6, two out of 630 combinations
give correlations of better than »=0.70. For SC2, this applies
to 11 out of 630 combinations. On average, the resulting 630
new correlations for each of the two scoring protocols
considered did not improve substantially. However, in the
majority of cases, the correlations are above zero, and—
compared to the single receptor SC6 protocol—we find more
cases in which the correlations are particularly good, with 7>
0.7. The best correlation of »=0.80 is obtained with the SC2
protocol by combining open 1VKGB-WO0 and closed
2V5XA-W2 receptor structures (Table 3 and Fig. 4).

We also compared the results obtained by choosing from all
possible combinations of three receptor structures and choos-
ing from all 36 receptors. The latter gave a correlation of close
to zero (r=0.02), while the best correlation obtained with a

35 U T T T T T T
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Fig. 4 Correlation between measured and predicted activities for the
training set. Results were obtained from multiple receptor docking
using the best out of two scores from docking to two receptor
structures: 1VKGB-WO0 (open spheres) and 2V5XA-W2 (triangles),
with normalized fragment-based scores

combination of three receptors is #¥=0.83, only a marginal
improvement over the best correlations with two receptors.
Therefore, and in order to keep results more interpretable, we
decided to only consider results from pairs of receptors.
Given the large number of combinations of receptors we
consider here, it was important to understand the extent to
which the good correlations are fortuitous. Thus, we then
evaluated a test set of HDACS inhibitors generated by a
different laboratory and performed an analysis of the trends
observed with the open and closed conformations of
HDACS for the training and test sets, as described below.

Test

Our dataset of HDACS inhibitors has the largest published
range of HDACS activities among SAHA-like HDACS
inhibitors. Although SAHA, and SAHA derivatives, belong
to the most widely discussed HDAC inhibitors, the
available affinity data generated using the same biological
protocol in the same laboratory for the compounds based on
this scaffold appear to be rather limited. We decided to use
a subset of compounds published by Chen et al. [58]. The
data in this paper include ICs, values for 17 hydroxamic
acid-based HDACS inhibitors with flexible linkers, as used
in the training set. Since the activities of these compounds
only cover one order of magnitude, we decided to only use
a subset of six compounds—those with the three lowest and
those with the three highest ICsq values, resulting in two
groups of compounds that are separated by about one log
unit in their activities. The docking scores were then
analyzed using a confusion matrix of true and false
positives (TP, FP) and true and false negatives (TN, FN),
respectively. The ability of the scores to categorize the ligands
into weaker or stronger binders was calculated as the accuracy
a=(TP+TN)/(TP+TN+FP+FN). A value of ¢=0.5 implies-
random categorization, and a value of a=1.0 implies perfect
categorization. Using the protocol that gave the best results
for our training set (i.c., the best of two fragment-based
scores for the receptor structures 1 VKGB-WO0 and 2V5XA-
W2), we obtain an accuracy of a=0.67. A clearer and
statistically more significant picture emerges if one considers
the entire range of results obtained with all possible receptor
combinations. Of all the calculated accuracies, 93% lie above
and only 7% at or below a=0.5. If the docking protocol used
here was unable to correctly categorize compounds with
weaker or stronger activities, these numbers would reside
around 50%.

Trends
To reduce the number of cases taken into account when

using pairs of receptors, and to determine the difference in
the trends observed with open and closed structures of
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HDACS, we split the 630 combinations of structures into
three groups: one containing only pairs of structures with
an open loop B (O-O), one with a combination of one open
and one closed structure (O-C), and a third with pairs of
two closed structures (C-C). The data were analyzed by
calculating, for each group, the percentage of the receptor
pairs that give a correlation above a certain threshold for the
compounds in the training set. When the threshold is —1,
this percentage is simply the total amount of receptor
combinations in each group divided by the number of all
combinations: about 10, 44, and 46% for O-O, C-C, and O-C,
respectively. If the threshold is raised, the sum of the three
percentages is still 100%, but the three numbers reflect the
relative propensity of each group to give increasingly good
correlations. As the threshold increases further (Fig. 5), there
is a clear trend towards better correlations for the O-C
and O-O cases, whereas the C-C combinations of receptor
structures fall behind, and at correlations with »> 0.7, 100%
of all cases are from either the O-C or the O-O groups.

A similar analysis was performed with the test set
compounds. Figure 6 shows the accuracies achieved with
all possible combinations of receptor structures for the test
set in a 2D diagram. Each point represents a particular
combination of receptors, and is colored according to the
resulting accuracy: from zero (white) to one (black). In this
diagram, the four left columns and the four bottom rows
represent open structures, while the remaining columns and
rows represent closed structures. The diagram clearly
demonstrates a trend for the open structures 1VKG and
1T64 alone and in combination with the closed structures
1T67, 1T69, 1W22, 2V5X, and 2V5W to provide better
accuracies than combinations of the closed structures 1T67,
1T69, 1W22, 2V5X, and 2V5W alone. The average

80 . . . . : . : ;
T A
| C-C o6 .
2 70 O-C tr s
Qo ;
§ 60 - .
= -
-g S0 - A A A~ g A A
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]
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Fig. 5 The percentage of all correlations between the measured and
predicted activities for the training set that are above a threshold
(given on the x-axis), as obtained with a combination of two open (O-
0), two closed (C-C), or one open and one closed (O-C) receptor
structures
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Fig. 6 Accuracies obtained for the test set compounds with all
combinations of two receptor structures used in multiple receptor
scoring. Each row and column is labeled according to the PDB code of
the crystal structure the receptor was based upon. In each single
column and row, three entries represent the different water occupan-
cies W0, W2, and W2 in this order from lefi to right and from top to
bottom

accuracy obtained with O-O combinations is 0.96; for O-
C it is 0.83; and for C-C it is 0.71.

The receptor combination 1VKGB-WO0 and 2V5XA-W2
that was found to give the best correlation for the training
set also gives an accuracy of above a=0.5 for the test set,
but there are other combinations of receptors that give
better results for the test set. We believe that the reason for
this is that the test set only contains compounds with large
and flexible SBGs, while the training set includes a number
of smaller compounds, such as SAHA. Interestingly, we see
that if we perform multiple receptor scoring for the test set
compounds with combinations of two different open
receptors only (Fig. 6), then 60 out the possible 66
combinations give an accuracy of a=1.0, meaning that all
six compounds are correctly assigned to one of the groups
with weaker or stronger activities.

More interesting than the correlations from particular
docking results is the general trend we observe for
correlations. They are noticeably better if receptors based
on HDACS structures with an open loop B are included in a
set of multiple receptors. This may suggest that the SBGs of
at least some of the ligands may not necessarily be solvent
exposed but may instead be hidden in the open conforma-
tions of the HDACS protein. Moreover, the availability of
both the closed and the open conformations would be
consistent with the photolabeling results obtained by us
with probe 1b, which was found to photocrosslink to the
residues on the surface and the residues at the bottom of the
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second binding site [32]. The possibility of a dynamic
equilibrium between the open, closed, and other conforma-
tions of the protein was recently highlighted by Wiest et al.
[21].

These results suggest that, depending on the geom-
etry and the size of the SBG, the ligands may
preferentially bind to an open structure, which gives
them an opportunity to bury their possibly bulky and
largely hydrophobic SBG, or to a closed conformation
of the protein if their SBG is small or cannot be
accommodated by the open conformation. Indeed, we
find that, with the best protocol used here, inhibitors 1c
and 1d (two of the three compounds with the smallest
SBGs) do give a better score when docked to the closed
2V5XA-W2 conformation rather than the open 1VKGB-
WO conformation. Also, nine out of the ten larger
compounds give a better score when docked to the open
structure. The best scoring poses of compounds 2a, 2b,
2d, and 4b (four out of the five compounds with pK;
values above 7) have their SBGs buried in the second
binding pocket. This would also be consistent with the
SAR we recently presented for the pyrazole- and
isoxazole-based photoreactive ligands/probes [33] 2a—d
and 3a, b, respectively. The SBGs of neither 3a nor 3b are
small or flexible enough to fit in the second pocket, so
they occupy one of the shallow grooves on the protein
surface. Unlike the rigid SBG of the isoxazole-based
ligands in series 3, the SBG of the pyrazole-based ligands
is smaller and more flexible. Accordingly, the majority of
the pyrazole-based ligands bind to the open conformation
of HDACS (Fig. 7, only 2a is shown for clarity), where
they have an opportunity to hide their SBG in the second
binding site.

Fig. 7 Ligand 2a docked to the binding site of HDACS8 (PDB:
1VKG, chain B). The space available to the ligands is the rendered
surface, which is colored according to lipophilicity: green is lipophilic,
purple is hydrophilic

Summary

The availability of the second binding site in the open
conformation of HDACS8 for binding SAHA-like ligands
was explored using multiple receptor fragment based
docking. Analysis of the crystallographic structures of the
HDACS protein indicated that the second copy of the
HDACS protein present in the crystal lattice may affect the
conformations of both of the residues in the binding site
and the vicinity and the binding pose of the ligand, making
it important to include the second copy of the HDACS
protein during re-docking. Re-docking the native ligands
confirmed that both Surflex and GOLD performed compa-
rably well. The RMSD values for poses generated by both
Surflex and GOLD were found to be particularly small
when a monomer of HDACS8 was used in combination with
the symmetry copy of HDACS. Inclusion of the conserved
water molecules during re-docking affected the accuracy of
the docking for some of the X-ray structures, but not the
others. The average RMSD obtained when re-docking the
native ligands to the HDAC8 monomers without the
corresponding symmetry copies was somewhat smaller for
GOLD than for Surflex.

Neither of the open or closed conformations of the
HDACS protein was found to be superior, and they
produced comparable RMSDs in the re-docking experi-
ments, indicating that neither the open nor the closed
conformation can be excluded from consideration. To
facilitate the handling of the HDAC8-Zn?"—ligand complex
by the docking force field, the ligands were truncated at
various positions of the flexible aliphatic linker. The
fragment-based docking scores were shown to be relatively
insensitive to the position of the truncation. A total of 630
receptor structures containing six open and closed struc-
tures of HDACS and up to two conserved water molecules
were used for the docking of thirteen compounds in the
training set and six compounds in the test set. We found
that there is a clear trend towards better correlations
between pK; against HDACS8 and the docking scores for
O-C and O-O cases. At correlations with > 0.7, 100% of
all cases are from either the O-C or the O-O groups. A
similar trend is observed for test set compounds: docking to
the open structures 1VKG and 1T64 alone and in
combination with the closed structures 1T67, 1T69,
1W22, 2V5X, and 2V5W resulted in more accurate
differentiation between weaker and stronger binders overall
than docking to the closed structures 1T67, 1T69, 1W22,
2V5X, and 2V5W alone. This trend is also consistent with
the SAR for a series of potent HDAC inhibitors that was
recently published by us. Unlike the SBG of the isoxazole-
based ligands, the SBG of the pyrazole-based ligands is
flexible enough to occupy the second binding pocket found
in the open conformations of HDACS. Further exploration
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of novel ligand scaffolds that can utilize the second binding
site of HDACS is underway in our laboratory.
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