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ABSTRACT: It is of significant biological interest and
medical importance to develop class- and isoform-selective
histone deacetylase (HDAC)modulators. The impact of the
linker component on HDAC inhibition specificity has been
revealed but is not understood. Using Born�Oppenheimer
ab initio QM/MM MD simulations, a state-of-the-art ap-
proach to simulating metallo-enzymes, we have found that
the hydroxamic acid remains to be protonated upon its
binding to HDAC8, and thus disproved the mechanistic
hypothesis that the distinct zinc�hydroxamate chelation
modes between two HDAC subclasses come from different
protonation states of the hydroxamic acid. Instead, our
simulations suggest a novel mechanism in which the chela-
tion mode of hydroxamate with the zinc ion in HDACs is
modulated by water access to the linker binding channel.
This new insight into the interplay between the linker
binding and the zinc chelation emphasizes its importance
and gives guidance regarding linker design for the develop-
ment of new class-IIa-specific HDAC inhibitors.

Histone deacetylase enzymes (HDACs), which are respon-
sible for the removal of acetyl groups from acetyl-lysine

residues of histones and other cellular proteins, are central to the
regulation of many vital cellular functions.1�3 Inhibition of
HDACs has emerged as a highly promising strategy for the
development of new therapeutics against cancer and other hu-
man disorders.4�8 A key challenge in HDAC inhibitor design is
to control the class- and isoform-selective inhibition.9�13 Most
HDAC inhibitors, including two recent FDA-approved antic-
ancer drugs, SAHA (suberoylanilide hydroxamic acid) and
FK228, can be described by the cap�linker�chelator model.14

As illustrated in Figure 1a, the chelator refers to the zinc binding
group, the linker part mimics the aliphatic part of the acetyl-lysine
side chain spanning the binding channel, and the cap component
interacts with the rim region of the active site cavity. Recently, a
novel chemical phylogenetic analysis9 indicated the linker�che-
lator motif as the principal component to cluster HDAC
inhibitors and revealed the impact of the linker component on
HDAC inhibition selectivity, particularly for class-IIa HDAC
enzymes. However, no mechanism has been suggested regarding
the interplay between the linker binding and the zinc chelation.

Of 11 known isoforms of zinc-dependent HDACs in
humans, structures of three HDAC isoforms in complex with

hydroxamate inhibitors have been obtained, including HDAC8, a
class-I enzyme,15�18 and HDAC4 and HDAC7, two class-IIa
enzymes.19,20 As shown in Figures 1 and S1, despite all three
isoforms having almost the same first zinc coordination shell,
different hydroxamate�zinc coordination modes are observed:
bidentate in HDAC8 (PDB ID 1T6916), monodentate in
HDAC7 (PDB ID 3C0Z20), and weakly dentate with zinc in
HDAC4 (PDB ID 2VQM19). A key distinction between class-I
and class-IIa HDACs is that a tyrosine residue (Y306 inHDAC8)
in the active site, which is conserved in all class-I HDACs, is
replaced by a histidine in class-IIa enzymes. Experimental studies
of HDAC4 and HDAC7 have shown that mutation of this
histidine to tyrosine would significantly increase enzyme activity
as well as its binding to hydroxamate LAQ-824.9,19�21 Mean-
while, DFT calculations of zinc complexes have suggested that
hydroxamic acid should be deprotonated upon its binding to the
zinc ion, resulting in the tight bidentate complexation.22 A
current hypothesis is that the zinc�hydroxamate chelation mode
in HDACs is determined by the protonation state of the
hydroxamic acid: it is deprotonated in HDAC8 due to the
existence of Y306, leading to the bidentate chelation.9,22 Another
distinction between class-I and class-IIa HDACs is the different
orientations of the two conserved phenylalanines around the
entrance of the binding pocket: bound to the linker component
of SAHA with a “sandwich-like” configuration in HDAC8, but
not in HDAC7 and HDAC4 (Figures 1 and S1). Experimental

Figure 1. Active site of the enzyme�inhibitor complex in HDAC8 (a),
HDAC7 (b), and HDAC4 (c). For HDAC8, the inhibitor is SAHA; for
HDAC7, it is a truncated SAHA in the crystal structure; and for HDAC4,
it is a SAHA-like hydroxamic acid. The two conserved phenylalanines are
located at the entrance of the pocket. Y306 forms a hydrogen bond with
SAHA in HDAC8 but is replaced by a His in HDAC7/4, in which a
crystal water is close enough to form the hydrogen bond with the
inhibitor. The oxygen�zinc distances d1 and d2 were measured from
X-ray diffraction structures.16,19,20
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studies found that mutation of these two Phe residues in HDAC1
led to an inactive enzyme.23 Thus, it is intriguing to ask whether

and how this distinct structural feature in the linker channel
would affect the binding of HDAC inhibitors.

To elucidate the origin of the observed distinct zinc�hydroxamate
chelation mode between class-I and class-IIa HDACs, we employed
Born�Oppenheimer ab initio quantum mechanics/molecular me-
chanics molecular dynamics (QM/MMMD),24�30 a state-of-the-art
approach to simulating metallo-enzymes. It provides a first-principles
description of interactions and dynamics of the zinc active site while
explicitly taking into account the heterogeneous and fluctuating
enzyme environment. The QM subsystem, including the zinc ion,
the inhibitor, residues in thefirst coordination shell, and twohistidines
in the active site, was treated by the B3LYP functional with the
Stuttgart ECP/basis set (SDD31) for the zinc atom and the 6-31G*
basis set for all other atoms. This level of QM treatment28,30,32�35 has
been extensively tested and employed successfully to describe the zinc
coordination shell. The QM/MM boundaries were described by the
pseudobond approach with the improved parameters.36 For each
prepared enzyme systemaswell as umbrella sampling at eachwindow
along the reaction coordinate, 25 ps B3LYP(SDD,6-31G*) QM/
MM MD simulations at 300 K were carried out with modified
Q-Chem37 and Tinker38 programs.

Our first task was to examine whether the hydroxamic acid is
deprotonated by His142 upon binding to HDAC8, leading to its
bidendate chelation mode.22 We employed ab initio QM/MM
MD simulations with umbrella sampling to directly compute the
free energy profile of this proton-transfer process to determine the
free energy difference between these two states (Figure 2).We can
see that the deprotonated-SAHA state, in which the proton is
transferred to His142, is about 3.8 kcal/mol less stable than the
neutral-SAHA state. This indicates that the hydroxamic acid, which
is neutral in the aqueous environment, remains to be protonated
upon binding toHDAC8, despite the existence of Y306.Moreover,
we found that the zinc�hydroxamate chelation mode in HDAC8
is not dependent on the protonation state of SAHA, which is
bidendate in both states (Figure 2).

We then carried out ab initio QM/MM MD simulations of
HDAC7 and HDAC4, class-IIa enzymes, with a computational
protocol similar to that employed for HDAC8.28 The resulting
hydroxamate chelationmodes for all threeHDACs are illustrated in
Figure 3, and the distributions of the distances from the oxygen
atoms (O1 and O2) of hydroxamate to the zinc atom are
summarized in Figure S2. Our QM/MM MD simulations repro-
duce the coordination configurations in the crystal structures of
wild-typeHDAC8 andHDAC7 very well (Figure S1). Considering
that the distance between O2 and Zn in HDAC4 from our
simulation (state A, 3.43 ( 0.56 Å) was longer than that in the
crystal structure (2.49 Å), we set up another QM/MM MD
simulation on HDAC4 (state B, Figure S3), in which the Zn�O2

distance was restrained at 2.49 Å during the first 3 ps of QM/MM
MD simulation, followed by another∼20 ps of simulation without
any restraints. The resulting trajectory shows that the originally
bound water leaves the first zinc coordination shell and the
hydroxamate is monodentate with Zn2þ. Nevertheless, both
simulations indicate a four-fold zinc coordination shell in the
HDAC4 complex. The widespread distribution of Zn�Odistances
indicates a loose binding of hydroxamate in HDAC4 (Figure S2).

So far, our simulations of wild-type HDACs confirm the
experimental structural finding that, despite having the same
coordinating ligands, different HDACs can have distinct
zinc�hydroxamate chelation modes. To find the origin of such
differences, we carried out further ab initio QM/MMMD simula-
tions on three SAHA-HDAC8 mutants, i.e., single mutant Y306H,

Figure 2. Free energy profile for the proton transfer from SAHA to
His142. The distance between H142:N and SAHA:H (dN�H) was
chosen as the reaction coordinate. The statistical error is estimated by
averaging the free energy difference between 5�15 ps and 15�25 ps.

Figure 3. Illustration of zinc chelation modes and the hydrogen bond
network for eachmodel fromourQM/MMMDsimulations. C.N.means
the coordination number between zinc and hydroxamate. C.N. = 1 if
Zn�Ne 2.15 Å, 0 if Zn�Ng 2.40 Å, and is a linear scalar between 0 and
1 if Zn�N is between 2.15 and 2.40 Å. Similarly, the values of 2.20 and
2.60 Å are used for Zn�O, respectively. These values are chosen on the
basis of a very recent analysis of the zinc enzyme structures database.39
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double mutant F152A/F208A, and triple mutant F152A/F208A/
Y306H. The results in Figure 3 indicate that, although these
mutations have little effect on the coordination interactions
between zinc and amino acid residues, they do lead to significantly
different zinc�hydroxamate chelation modes, especially for the
triple mutant F152A/F208A/Y306H. For Y306H single mutant,
the average coordination distance between SAHA-O1 and zinc is
elongated by 0.1 Å and its zinc-hydroxamate coordination number
is reduced by about 0.2. For F152A/F208A double mutant, not
only is the average coordination distance longer, but also the
fluctuation is significantly larger, which indicates amore flexible and
weaker zinc�hydroxamate coordination. For the triple mutant, the
average value and the fluctuation of the coordination distance
between SAHA-O1 and zinc are significantly increased, and its
distribution curve in Figure S2 clearly displays two distinct peaks,
indicating that the SAHA chelation becomes monodentate to
some extent. Thus, our simulations confirm that the existence of
the active site tyrosine residue would strengthen the zinc�
hydroxamate binding, consistent with experimental mutation
results.9,19�21 However, our results indicate that this residue alone
would not determine the chelation mode of the hydroxamate.

By further analyzing all QM/MMMD simulations of HDACs,
we find that the more water molecules inside the binding pocket,

which mostly stay in the linker binding channel, the more likely
the monodentate zinc�hydroxamate binding. From Figure 4, we
can see that there are only one or two waters in the binding
pocket of the wild-type HDAC8 and two in Y306HHDAC8, but
on average four in F152A/F208A and Y306H/F152A/F208A
HDAC8. For HDAC7 and HDAC4 models, there can be up to
six water molecules. We can also see that in double/triple mutant
HDAC8, wild-type HDAC7, or HDAC4, there exists at least one
stable hydrogen-bonded water chain in the linker channel along
which the waters enter into the zinc active site, as shown in
Figures 5, S4, and S5.With the presence of more water molecules
in the binding pocket, the dielectric constant would be increased,
which in turn would lead to weaker electrostatic interactions
between zinc and ligands in the binding site. Considering that
Zn2þ has a saturated electronic configuration of d10, its coordi-
nation with ligands is dominated by electrostatic interactions and
thus would be weakened by the presence of more water
molecules. Meanwhile, due to the presence of two carboxyl
groups in the first coordination shell of HDACs, the flexibility
of its zinc coordination has been previously found to be quite
different from that in other zinc enzymes,40 and it comes mostly
from its chelation with the non-amino-acid ligand.28 These
would explain why different water molecules in the active site
of HDACs would affect the binding mode of the hydroxamate
despite having the samefirst coordination shell. Furthermore, Figure
S6 indicates that the calculated electrostatic potential fitting charge
on the zinc ion is reduced when more water molecules are in the
binding pocket, leading to even weaker zinc�ligand interactions.

Different numbers of water molecules inside the binding pocket
observed in distinct HDACs can be ascribed to the gating effect of
two Phe residues around the pocket entrance. For HDAC7 and
HDAC4, since the aromatic rings of both phenylalanines are away
from the inhibitor and pointing toward the protein surface, the
channel is wide enough to allowmorewatermolecules to enter the
pocket and form stable hydrogen bonds with the inhibitor and Zn-
bound ligands. However, for wild-type HDAC8, F152/F208 and
the linker constitute a “sandwich-like” conformation to block the
channel and prevent water from entering the binding pocket.
Volume calculations indicate that the binding pocket is 2225 (

Figure 4. Number of water molecules in the binding pocket of each
model during the last 20 ps QM/MM MD trajectory.

Figure 5. Comparison of the binding pockets in different models. A
stable hydrogen-bonded water chain was observed during the QM/MM
MD simulation with models b�d.
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184 Å3 in the wild-type HDAC8 (Figure S7), much smaller than
those in HDAC7 and HDAC4 (4137( 206 and 4360( 262 Å3,
respectively). But the channel in HDAC8 (11.6( 1.3 Å) is deeper
than those in HDAC7 (7.3( 0.6 Å) and HDAC4 (6.4( 1.0 Å),
indicating that the channel inwild-typeHDAC8 ismuch narrower.
Even though the Y306H mutation of HDAC8 enlarges the vacant
space of the pocket, the channel is still blocked by the conserved
F152/F208 and the linker part of SAHA. Only after the F152A/
F208Amutation is the channel blockage cleared, and extra room is
available to allow more water molecules to enter the pocket. For
the HDAC8 triple mutant F152A/F208A/Y306H (Figure S5), its
entrance becomes significantly wider than that of the wild-type,
the space is enlarged (3718( 223 Å3), and the channel becomes
less deep (10.1( 0.8 Å), which yields a binding pocket resembling
those of HDAC7 and HDAC4. These results demonstrate the
important gating effect of F152/F208 in HDAC8 and provide
further support for our new mechanistic suggestion that the
zinc�hydroxamate coordination mode in HDACs is modulated
by water access to the linker binding channel.

In summary, our ab initio QM/MM MD simulations do
not support the mechanistic hypothesis that the distinct
zinc�hydroxamate chelation modes between two HDAC subclasses
come from different protonation states of the hydroxamic acid.
Instead, our simulation results suggest one novel mechanism regard-
ing the interplaybetween the linker binding and the zinc chelation: the
zinc�hydroxamate coordinationmode in HDACs can be modulated
bywater access to the linker binding channel. This implies that, for the
development of new class-IIa specific inhibitors, one intriguing
direction to explore would be the design of a linker component to
block the access of water molecules into the binding pocket.
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