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Abstract
Histone deacetylases (HDACs) emerged as important drug targets in epigenetics. The most
common HDAC inhibitors use hydroxamic acids as zinc binding groups despite unfavorable
pharmacokinetic properties. A two-stage protocol of M05-2X calculations of a library of 48
fragments in a small model active site, followed by QM/MM hybrid calculations of the full
enzyme with selected binders is used to prospectively select potential bidentate zinc binders. The
energetics and interaction patterns of several zinc binders not previously used for the inhibition of
HDACs are discussed.

The acetylation state of lysine residues on the surface of histones, which plays a key role
during epigenetic regulation, is controlled by histone deacetylases (HDACs). Three HDAC
classes (class I, II, IV) are zinc dependent, while class III HDACs are NAD+ dependent
sirtuins.1 Inhibition of zinc-dependent HDACs shows great potential in cancer therapy2,3 as
well as in a wide range of non-cancer disorders.4 Two HDAC inhibitors, suberoylanilide
hydroxamic acid (SAHA) and FK228 have been approved for human use by the FDA and
more than 20 others are in different stages of clinical trials.

All current inhibitors of HDACs share a common pharmacophore, shown in Figure 1 for
SAHA, consisting of a zinc binding group (ZBG) or warhead to chelate the catalytic zinc
ion, a capping group binding on the surface of the active site pocket, and a linker between
the ZBG and the cap. Although the effects of the cap group5,6 and the linker7 have been
explored by this group and others, it is generally thought that the ZBG is to a significant
extent responsible for the potency and sometimes the isoform selectivity8 of HDAC
inhibitors. Hydroxamates are among the most effective zinc binding group known in both
natural9 and non-natural HDAC inhibitors,10 but poor pharmacokinetics11 due to rapid
clearance and severe toxicity12 due to non-specific metal binding by hydroxamates have
motivated the search for non-hydroxamate ZBGs.13,14,15 Most non-hydroxamate ZBGs are
much less potent than their hydroxamic acid counterparts.

For the case of matrix metalloproteases (MMPs), another zinc-dependent enzyme family,
Cohen and co-workers studied a fragment library.16,17 However, the fragments identified for
MMPs are not directly transferrable to HDACs due to the differences in the active site
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charge and geometry. A similar experimental fragment screening study of ZBGs in HDACs
has to the best of our knowledge not yet been performed, presumably due to the nature of
the HDAC assay that requires a significant pre-incubation period.10

There have been several computational studies of ZBGs for HDACs. Vanommeslaeghe et al.
ranked a series of ZBGs using computational studies of a binding site model and proposed a
general framework for chemical groups binding to HDAC.18,19 We used a smaller model to
estimate the binding ability of selected ligands and uncovered the importance of the correct
pKa of the ZBG.20 McCarren et al. explored the substitution pattern of α-aminocarbonyl
groups by tuning electronic effects.21 All of these studies studied relatively small libraries in
a retrospective fashion. Here, we present a computational study of ~50 ZBGs in a
prospective fashion. We envisioned a two-stage protocol where an initial rapid screen of a
small model focuses on the metal binding interactions themselves, followed by a secondary
screen of selected binders that for the first time considers a complete model including the
secondary interactions in the binding site. The goal of the study is to suggest novel ZBGs
similar in potency to the currently studied hydroxamates and other known ZBGs.

Using the approach discussed in the methods section, we calculated a library of putative bi-
dentate ligands bound to a small model active site using the M05-2X method. Previous
studies22,23 suggest a 5-coordinated zinc in the active site. A library of minimal fragments
that allow bidentate binding through any two of oxygen, nitrogen or sulfurs in 1–4, 1–5, or
1–6 positions was thus constructed. Both neutral and anionic ligands were considered, even
though ions would be subject to a significant desolvation penalty. Experimental and
computational work on zinc enzymes suggest that binding to the zinc ion lowers the pKa of
the bound ligands.20,24,25 Weak acids are thus likely to bind the zinc ion in the deprotonated
form with the acidic proton transferred to a neighbor His145-Asp179 dyad (residue
numbering from HDAC226). It has been proposed that one reason for the high potency of the
hydroxamic acid ligand is the fact that, with a pKa of 9.4, it is neutral in solution and
therefore not subject to a desolvation penalty, but negatively charged upon coordination to
the zinc ion.20 The balance between the energy penalty of the deprotonation process and
energy gain from the favorable electrostatic interaction of two new formed opposite charge
centers requires the pKa of a ligand to be in a very narrow window of ~9–10. However, the
deprotonation process itself beyond the selection of appropriate groups was not considered
in this study. Hydroxamic acids, phenols, and sulfhydryl group are therefore considered to
be good building blocks for the fragment design. It should be noted, this proposal has been
challenged based on QM/MM simulations.27

The final scaffold library contained 48 compounds and is shown in Figure 2 with the
coordinating atoms colored in blue. Most of these compounds in the library are known and
are commercially available except for 3c, 4c, 5b and 3f, which were not previously
described, and 3a and 3b which are not commercially available. In the following discussion,
deprotonated and protonated fragments are discussed separately in the sake of clarity. Only
promising ZBGs will be discussed in more detail.

Focusing first on the negative fragments, hydroxamates 1a–5a are consistently predicted to
be strong zinc binders, in agreement with experiment.17,282a (N-methyl-N'-hydroxyurea)
was predicted to be an even stronger binder than 1a, also in agreement with the previous
results.18 Although there are small differences to the geometry described there, probably due
to the differences in the active site models used, it is gratifying to note that the minimal
model is able to rapidly provide rankings in agreement with the much bigger model used
previously.18–20 Similarly, compounds 1a, 1b, and a close analog of 1e have been discussed
previously for the case of a more flexible model active site, which significantly increases the
computational requirements. Correcting for the different reference values of the models
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used, the binding energy of 1a, 1b and 1e would be −3.0, −1.3 and 5.4 kcal/mol, compared
to the binding free energy in Wang's study were −6.7, −4.6, and 8.9 kcal/mol, respectively.20

Although different models and different levels of theory were used, the same rank ordering
and similar relative energies are obtained, suggesting that the approximations made in our
model are reasonable. To the best of our knowledge, the cyclic hydroxamates 3a and 4a as
well as the pyridine-N-oxide 5a, which are likely to be more stable towards hydrolysis, have
not yet been studied as ZBGs in HDACs. Based on these results, they are promising
candidates for experimental studies.

Besides the hydroxamates 1a–5a, the binding energy comparison predicts hydroxypyrone
(1b) and hydroxypyridinones(2b, 4b) to also be favorable binders. Guaiacolate (4d) is
reported to form a 1:2 complex with Zn(II) ion by IR spectroscopy analysis.29 With a
predicted binding energy similar to hydroxamic acid it is of interest but its pKa is with 9.930

relatively high. Although the transferability of results from MMPs to HDACs is unclear, 8-
hydroxyquinoline (5d) which was previously identified as a promising fragment for MMP
inhibitors,17 is also predicted to be favorable in the model site discussed here. Interestingly,
the sulfur-containing groups, 2c, 3c, 4c, 3b, 5b, and 3d, which were found to be good ZBGs
in MMPs17 are predicted to have lower interaction energies than the corresponding mono-
dentate fragment, methylthiolate (calculated to be −20.8 kcal/mol), the metal binding group
in naturally occurring HDAC inhibitors.5,6 When comparing pairs of compounds where the
heteroatom is part of a ring system (e.g. 1b and 6b, 2b and 4b, 4c and 3c, 5c and 6c, it is
interesting to note that the isomer with the heteroatoms in the ring closer to the metal
binding substitutions consistently have a lower binding energy than those with the
heteroatom further away. This can be rationalized by the fact that heteroatoms in these ring
systems have same resonance effect to contribute a pair of electrons to form an aromatic
system, but the inductive effect in the nearby position is stronger.

Among the neutral fragments, 1f (4-hydroxymethylimidazole) is ranked to have the most
favorable interactions, significantly stronger than the benzamidite 1e that acts as the ZBG in
widely studied HDAC inhibitors such as MS275. The 3'-N of the imidazole has a favorable
interaction with the zinc ion and the hydroxyl group forms a hydrogen bond with the
carboxyl group in the active site. Fragments related to 1f such as 1h, 2f, 2i, 2h and 2e are
calculated to have similar binding energies and contain an amino group. Amino groups have
been used as ZBGs in neutral HDAC inhibitors in other contexts (e.g. α-amino carbonyls in
PDB 3MAX and 3SFF). In addition to acting as a Lewis base, the amino group can form two
additional hydrogen bonds with His145 and His146 in the active site. As will be discussed in
more detail below, an investigation of these interactions requires a more complete model.
Although the hydroxypyrones and hydroxypyridinone anions discussed earlier chelate the
zinc ion well, the same is not found for the analogous neutral aminopyrone and
aminopyridinone which cannot be deprotonated in the active site and which is a weaker
Lewis base due to the conjugation of the free electron pair to the aromatic system.
Nevertheless, the aliphatic amines are reasonable Lewis acids while the corresponding
amides are predicted to not bind well, as indicated by the comparison of 2f with 5f and 2i
with 4i. The cycloalkane-1,2-diol compounds, 1g–5g all have a similar binding affinity
similar to 1e. The conformation of these cycloalkane systems differs significantly, but has
only a small effect on the calculated binding affinity. This could potentially be exploited in a
model structure to display other substituents at well-defined positions in the pocket without
changing the binding to the zinc significantly. Recently, trifluoromethyloxadiazole (TFMO)
was introduced as a novel ZBG for class IIa HDACs.31 The binding energy of TMFO was
calculated to be the weakest among the ligands studied here, in line with the authors
assertion that it is a non-chelating group.
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Although all these fragments were designed to coordinate the zinc ion in a bidendate
fashion, about half of the fragments showed significant differences in the bond lengths
between the zinc and the heteroatoms (for detailed information, see Tables S1 and S2 in the
Supporting Information), making the effectively mono-dentate binders modes. This is due to
the localization of the negative charge on one of the heteroatoms, and could be more
pronounced interaction of the heteroatoms with other atoms. In the actual active site, this
could include the side chains of Tyr308, His145 and His146 which are positioned to
possibly form important hydrogen bonds with the ligand and which are not included in the
minimal model. The pharmacophore model proposed in Vanommeslaeghe et al.18,19

includes some of these interactions, but even this model is necessarily limited in size and it
is not clear if all relevant interactions are captured.

To circumvent this problem and to investigate whether these fragments could form either
favorable or unfavorable interaction with residues close to the active site, we performed
QM/MM hybrid calculations of the complete system based on the crystal structure of
HDAC2 (PDB 3MAX26) with selected fragments. The top ranking fragments from Figure 2
were superimposed back to the model atom in the crystal structure. 8-hydroxyquinoline (5d,
shown in orange in Figure 3 left), despite its favorable binding energy with the model active
site, has a number of unfavorable steric interactions in the small binding site and was
therefore not pursued further. In contrast, fragments 1a, 2a, 3a, 4a, 6d, 1e, 2e, 1h, 2h, and
3h, which have good binding energies, fit well in the pocket, and form good interactions
with neighboring residues in the active site pocket that could potentially be extended by
adding substituents as part of further hits-to-lead development. 11 neutral and 12 anionic
fragments were studied by QM/MM optimizations. 4a and 1h (Figure 3 middle and right)
are discussed as representative examples while the structures of the remaining ligands can be
found in the Supporting Information.

Hydroxamate 4a was studied in the deprotonated form with a proton transferred to His145.
After QM/MM optimization, the conformation obtained is similar to the one observed to a
hydroxamate inhibitor bound to HDAC8 (PDB 2V5X), except for the hydrogen bond with
His146, presumably because the six membered ring prevents the reorientation necessary for
the formation of this bond. It is interesting to note that in agreement with the proton shuttle
mechanism proposed by Finnin et al. and reminiscent of the catalytic triade of serine
proteases,32 the proton is shared between His145 and Asp179. Figure 3, middle, also shows
the extensive hydrogen bonding network 4a engages in, illustrating the value of studies of
selected ZBGs in the full model.

This hydrogen bonding network is even more important for neutral fragments such as 1h,
shown in Figure 3 on the right, where the interaction with Zn2+ is weaker as discussed
earlier. The hydroxyl group is hydrogen bonded to Tyr308 as well as to Asp269. The amine
group forms two hydrogen bonds with His145 and His146 in addition to the complexation to
Zn2+. Both compounds are well accommodated in the pocket, and could be promising ZBGs
in HDAC inhibitors.

In summary, a new, two-step strategy to identify potential zinc binding fragments for HDAC
inhibitors was used. Electronic structure calculations were used to rapidly screen a fragment
library to identify ZBGs with good binding affinity in a small active site model. Promising
candidates were studied in the protein pocket, first by simple positions to check for steric
interactions, followed by QM/MM optimization of the fragments in the real protein
environment. The QM/MM calculations allow a comparison of the results from the small
model with the full system and emphasize the importance of the secondary interactions in
the active site, especially for neutral ligands. The results are in good agreement with the
available experimental data for the known ZBGs and predict additional ZBGs such as α-
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aminoalcohols, guaiacolate, and 2-(aminomethyl)pyridines that are promising candidates for
experimental studies.

Methods
Model building

A fixed small active site model, shown in Scheme 1 consisting of one 4-methylimidazole
and two acetates, representing the first coordination shell of zinc by Asp181, His183, and
Asp269 was used. The coordinates of the model were extracted from the human HDAC2
(PDB 3MAX) of 2.05 Å resolution, with hydrogens added. As outlined by Vanommeslaeghe
et al.18 and McCarren et al.,21 a fixed model is able to avoid the problem of changes in the
side chain conformations in the model that are unlikely to occur in the enzyme. In addition,
a structural comparison of the first coordination shell in the available human HDAC PDB
structures23 shows that the Zn ion and the first shell residues are rigid. (See Supporting
Information, Figure S1) Different conformations and protonation states were considered
where appropriate, and only the most stable structure is discussed here.

To ensure the steric compatibility with the deeply burried binding site of HDACs, each
ligand was manually docked into the pocket of HDAC2 (3MAX) to confirm a bidentate
mode and avoid a possible steric repulsion between the ligand and the neighboring residues
in the pocket. The coordinates of the ligand and small active site model were then extracted
from the complex structure with hydrogen added appropriately. The ligands were optimized
in the presence of the fixed active site model where the heavy atoms in the model are fixed.
After optimization, the complex with the fixed model and ligand was superimposed with the
model in the protein (3MAX) to visualize the conformation of the ligand in the real pocket
environment. If there were several docked conformations for a ligand, the conformation
which with the lowest binding energy and without apparent repulsion with the protein in the
optimized structure were used for comparison with other ligands.

The initial structure of the protein for the QM/MM calculations was prepared from the
crystal structure of the complex of HDAC2 with N-(4-aminobiphenyl-3-yl)benzamide
(3MAX). Waters and ions, except for the catalytic zinc ion, as well as alternate positions
were excluded using SwissPdb Viewer.33 Hydrogen atoms were added and optimized using
Protein Local Optimization Program (PLOP).34 The protonation states of the charged
residues were checked manually, with all Asp and Glu in a negative charge state, and all Arg
and Lys in a positive charge state. In analogy to our earlier MD simulations,5 His146 and
His286 were treated as singly protonated on the δ site, His33, His38, His44, His62, His73,
His172, His183, His184, His204, and His349 as singly protonated on the ε site. Consistent
with our earlier work,35,36 His145 was treated as doubly protonated when bound with a
negative ligand (e.g. 4a), but as singly protonated on the δ site when bound with a neutral
ligand, 1h.

DFT Calculations
All DFT calculations were carried out using G09.37 Based on the benchmark studies of
Sorkin et al.,38 the M05-2X39 functional together with a 6–31+g* basis set on all main group
elements and 6–311g* on Zn2+ were used. The SMD40 solvent model for water was used in
all the optimizations to represent the polar environment in the active site of HDAC. The
structures for the small model without ligand (fixed heavy atoms), the ligand, and the small
model with the ligand (with all the heavy atoms in the model fixed) were optimized with the
solvent effect of water modeled by SMD, and the binding energy was calculated as shown in
Scheme 1.
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QM/MM Calculation
For the QM and MM partition, the QM subsystem included the side chains of His145,
His146, Asp179, Asp181, His183, and Asp269, the phenol group of Tyr308, the ligand, and
the catalytic zinc ion. Hydrogen atoms were added to saturate the dangling bond at the QM/
MM boundary. The ligand conformations (minimally rotated or translated if necessary) were
taken from the DFT optimization with the fixed small active site model. The QM part was
treated by the M05-2X functional with 6–311g* for zinc atom and 6–31+g* for all other QM
atoms. The MM level was described by the Amber force field (parm99). TAO41 was used
for the preparation and analysis of the ONIOM calculations. The zinc parameters developed
by Merz and coworkers were used.42 Atoms within a 20 Å distance from the zinc ion were
allowed to move. Other atoms in the system were fixed to decrease the energy fluctuation
and save CPU time. An electronic embedding scheme was used for the geometry
optimization of 4a and 1h to consider the electronic interaction between QM and MM parts
in detail, while a mechanical embedding scheme was used for the other examples listed in
the Supporting Information

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Common pharmacophore for HDAC inhibitors
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Figure 2.
Fragment library with the interaction energy with the fixed small model is showed in red,
and atoms designed to coordinate with zinc ion in blue.
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Figure 3.
left: Optimized Structure of 5d (orange), 4a (yellow) and 1h (green) in the HDAC2 pocket:
the optimized structure of fragment and model complex is superposed into the crystal
structure of HDAC2 (PDB 3MAX). The binding conformation of 4a (middle) and 1h (right)
in HDAC2 binding site after QM/MM optimization
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Scheme 1.
Reaction for calculating the binding energy of zinc binding group L
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