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ABSTRACT: Histone deacetylase 6 (HDAC6) plays a key role in a variety of neurological disorders, which makes it attractive
drug target for the treatment of Alzheimer’s disease, Parkinson’s disease, and memory/learning impairment. The selectivity of
HDAC6 inhibitors (sHDAC6Is) are widely considered to be susceptible to the sizes of their Cap group and the
physicochemical properties of their linker or zinc-binding group, which makes the discovery of new sHDAC6Is extremely
difficult. With the discovery of the distinct selectivity between Trichostatin A (TSA) enantiomers, the chirality residing in the
connective units between TSA’s Cap and linker shows a great impact on its selectivity. However, the mechanism underlining
(S)-TSA’s selectivity is still elusive, and the way chirality switches the selective (S)-TSA to nonselective (R)-TSA is unknown. In
this study, multiple computational approaches were collectively applied to explore, validate, and differentiate the binding modes
of two TSA enantiomers in HDACs (especially the HDAC6) at atomic level. First, two nonconservative residues (G200/M205
and Y197/F202 in HDAC1/6) in loop3 and four conservative residues deep inside the hydrophobic binding pocket were
discovered as the decisive residues of (S)-TSA’s selectivity toward HDAC6. Then, a novel mechanism underlying the selectivity
of (S)-TSA toward HDAC6 was proposed, which was composed of the trigger by two nonconservative residues F202 and M205
in HDAC6 and a subsequently improved fit of (S)-TSA deep inside HDAC6’s hydrophobic binding pocket. TSA enantiomers
were used as a molecular probe to explore the mechanism underlying sHDAC6Is’ selectivity in this study. Because of their
decisive roles in (S)-TSA’s selectivity to HDAC6, both F202 and M205 in HDAC6 should be especially considered in the
discovery of novel sHDAC6Is.
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■ INTRODUCTION

The abnormal variations in epigenetics change the expression
of disease genes and therefore contribute significantly to the
development of numerous disorders, especially several neuro-
degenerative disorders and a variety of cancers.1−7 As one of
the fundamental mechanisms mediating the epigenetic
phenomena, the histone modification by the cell is capable

of balancing the activity of histone deacetylase (HDAC) and
histone acetyltransferase (HAT) to promote removal and
addition of acetyl groups from the tails of lysine in
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histones.8−11 In most cases, the histone deacetylation represses
transcription, while histone acetylation plays the opposite
role.12 So far, the attention has been mainly focused on
HDAC, because it plays the key role in reversing aberrant
epigenetic change relating to the neurological and inflamma-
tory pathologies.13 The suppression of HDACs leads to the
gradual increase of acetylated histone and brings about various
cell-dependent responses including cell death/differentiation,
cardiac functions, neuroplasticity, and so on.9,14 Thus, HDAC
inhibitors (HDACi) show a great therapeutic potential in the
treatment of various diseases associated with aberrant cellular
proliferation.15−20

Among the proteins in the HDAC family, the HDAC6 is
unique in its structure and function21,22 and is the only
isozyme containing two catalytic domains (CD1 and CD2).
CD2 is found to be responsible for the main catalytic activity
exhibiting broad substrate specificity23 and is able to catalyze
the deacetylation of K40 of α-tubulin in the lumen of
microtubule.24 So far, HDAC6 has been identified as playing a
key role in stress adaption,25−29 the development of
Alzheimer’s disease,30 and post-transcriptional regulation of
proteins in brain.31 Severe adverse effects are frequently
reported in the clinical applications of broad-spectrum HDAC
inhibitors,32−36 which are attributed to the complicated
physiological effects induced by multiple HDAC subtypes.32

Thus, the selective inhibition of HDAC6 is proposed as a
novel strategy to minimize drug toxicity and limit off-target
collateral effects.34 Especially for treating neurodegenerative
diseases, several studies reported that the selective inhibition
of HDAC6 can not only achieve enhanced therapeutic effects
but also minimize the adverse effects frequently encountered
in the treatments based on pan-HDAC inhibitors.37−43

So far, extensive efforts have been made to develop the
selective inhibitor of HDAC6 (sHDAC6I), and a number of
sHDAC6Is have been discovered such as Tubastatin,37

Nexturastat A,38 Ricolinostat,39 and HPOB.40 On the basis
of the pharmacophore models of the first FDA-approved pan-
HDAC inhibitor-SAHA, the structures of HDAC inhibitors
can be generally divided into four components: a capping
group (Cap), a connect unit (CU), a zinc-binding group
(ZBG), and a linker between CU and ZBG (linker). The Cap
can interact with the rim of the catalytic tunnel of HDACs, the
linker can enhance the binding affinity through its contacts
with the residues within the drug-binding pocket, the CU
region links the Cap with linker, and ZBG chelates the zinc ion
at the bottom of the drug-binding pocket and competes with
the catalytic center for the zinc ion. As shown in
Supplementary Figure S1, the structure of these inhibitors
conforms to that of traditional pan-HDAC inhibitors. In
particular, the structures of these inhibitors are composed of
four components: a capping group (Cap), a connect unit
(CU), a linker, and a Zn2+ chelator (ZBG).41

Previous studies reported that the Cap and linker groups
played vital roles in determining the selective inhibitory

activities of HDAC inhibitors, and generally, the HDAC6
selective inhibitors are thought to be determined by the bulky
Cap or linker group.37,38,42 The CU region is reported to be
frequently modified by adding chain alkane substituents or
hydroxyethyl groups (like Nexturastat A and HPOB), which
largely enhances the ligands’ selectivity toward HDAC6.38,40

For the linker group of HDAC inhibitors, the unsaturated- or
saturated-chain hydrocarbons are reported to be replaced by
the aromatic rings, which contribute to the hydrophobic
interactions between linker and active pocket.43 The
modification of the ZBG region (like hydroxamic group,
sulfonamide group, sulfydryl, etc.) can also enhance the
selectivity of the inhibitor to some extent.43 However, an
enlarged Cap was reported to generally increase inhibitors’
lipophilicity, which, as a result, made them less drug-
gable;21,37,44 an enlarged linker resulted in the increase of
molecular mass, which could reduce the ligand efficiency of
studied inhibitor;45 sulfur-containing ZBG-based HDAC6
inhibitors were found to generally show weak cellular
activity.46 Thus, the difference in the design strategies of
molecular modifications results in huge variation in molecular
skeletons (shown in Supplementary Figure S1),37−40,47−49 and
there are both advantages and disadvantages among current
strategies, which reflects the tremendous difficulty in the
discovery of novel sHDAC6I and requires the discovery of a
new strategy for the design of this kind of molecule.
Recently, the Trichostatin A (TSA) enantiomers (Figure 1)

with distinct profiles of HDAC6 selectivity arouse great
interest.50,51 In particular, the R-stereoisomer of TSA is found
to be a strong dual inhibitor of both HDAC6 (IC50 = 4.8 nM)
and HDAC1 (IC50 = 5.8 nM),50,52 whereas the unnatural
enantiomer (S)-TSA is found to be extremely selective to
HDAC6 (∼20-fold activity compared with HDAC1).50

Considering the extensive complexity and tremendous
difficulty in discovering novel sHDAC6Is based on the direct
modifications on the Cap, CU, linker , or ZBG, it is of great
interest to explore the mechanism underlying the distinct
selectivity profile induced by simply “switching” the inhibitor
chirality. In other words, as a result of the extreme simplicity
and highly controllable nature of enantiomers, the discovery of
the differential binding mechanism between (R)- and (S)-
enantiomers may offer great insights into the rational design of
new sHDAC6I. However, the target-binding mechanism
underlining (S)-TSA’s selectivity is still elusive, and the way
chirality switches the selective (S) to nonselective (R) is
largely unknown.
Herein, a variety of in silico approaches were combined to

explore, validate, and distinguish the binding mechanisms of
TSA enantiomers in both HDAC1 and HDAC6 at the atomic
level. First, the studied systems of HDAC1/HDAC6
complexed with (R)/(S)-TSA were constructed, and the
binding modes of (R)/(S)-TSA in HDAC1/HDAC6 were
discovered. Second, the resulting models of MD simulation
were verified, and the hot/warm-spot residues for target−

Figure 1. Chemical structure of (R)- and (S)-TSA. The capping group (Cap), the connect unit (CU), the linker, and the Zn2+ chelator (ZBG)
regions are colored by blue, pink, green, and yellow backgrounds, respectively.

ACS Chemical Neuroscience Research Article

DOI: 10.1021/acschemneuro.8b00729
ACS Chem. Neurosci. 2019, 10, 2467−2480

2468



ligand interaction were identified. Finally, the effects of TSA’s
chirality on target binding were analyzed and the key residues
contributing to (S)-TSA’s selectivity to HDAC6 were
discovered. In summary, the mechanism underlining (S)-
TSA’s selectivity and how TSA’s chirality switched this
selectivity was revealed by differential energy contributions
among key residues, which may facilitate sHDAC6I-based
novel drug discovery in the future.

■ RESULTS AND DISCUSSION
Constructing the Studied Systems of HDAC1/HDAC6

Complexed with (R)/(S)-TSA. On the basis of the crystal
structures of HDAC1 and HDAC6 in the Protein Data
Bank,23,60 the molecular docking was conducted to dictate the
starting conformations of (R)- and (S)-TSA within HDAC1
and HDAC6, and the docking score and the level of similarity
to the original conformations of ligands in the X-ray crystals
have been considered. Docking results could be superimposed
into the resolved crystal structures (5EDU,23 5ICN,60

5G0H,50 and 1T6497) available in the Protein Data Bank,
which could be used as references for determining the initial
structures. As shown in Figure 2, the binding site of (R)- and

(S)-TSA in HDAC1/HDAC6 was mainly composed of flexible
loops, and the Cap groups of (R)- and ( S)-TSA were oriented
toward different loop areas. Moreover, cross-docking and
crystallized poses of TSA (4QA398 and 5G0H50) were
subsequently aligned to evaluate the accuracy and effectiveness
of the applied method. The consistency between these
conformations (Supplementary Figure S2) denoted that the
docking approach adopted in this research could produce
poses that were in good agreement with the crystal structures.
Evaluating the Simulation Stability by Root-Mean-

Square Deviation Analysis. The initial complexes of TSA−
HDAC ((R)-TSA−HDAC6, (S)-TSA−HDAC6, (R)-TSA−
HDAC1, and (S)-TSA−HDAC1) obtained from docking
results were first assessed by a 500 ns simulation for achieving
equilibrium. The dynamic stabilities of four studied systems
were monitored by structural root-mean-square deviation

(RMSD) of the backbone atoms of HDAC, heavy atoms of
TSA, and atoms of the residues in the active site (within 2 Å
of TSA), which fluctuated with the flow of time. On the basis
of the RMSD assessment (Figure 3), all systems could reach
the state of equilibrium around 150 ns with slight variation.
Furthermore, all dynamic simulations were extended by
additional 350 ns calculations, which demonstrated a
continuous and stable equilibration in all four systems. The
structural shifts between the equilibrated simulation results
and the corresponding docking poses for all four systems are
provided in Supplementary Figure S3.

Verifying the Resulting Models of MD Simulation
Based on Experimental Data. The binding free energies
(BFEs) of these four systems ((R)-TSA−HDAC6, (R)-TSA−
HDAC1, (S)-TSA−HDAC6, and (S)-TSA−HDAC1) were
calculated using the MM/GBSA approach, and the results
were −41.83, −40.74, −38.91, and −33.19 kcal/mol,
respectively. Additionally, the BFEs of all four systems were
further theoretically inferred from previous experimental
reports.50 Particularly, the IC50 values from experiment50

could be used to deduce the binding energy based on the
following formula ΔGexp = RTln(IC50), and the resulting
binding energies (as shown in Table 1) were −11.80, −11.68,
−11.27, and −9.48, respectively. As reported, the variations
between the calculated BFE (ΔΔG) of a complex and a
reference (in this case, (R)-TSA−HDAC6) could effectively
measure the level of experimental results successfully
reproduced by the theoretical simulations.77,84 Thus, the
correlation between the simulation of this study
(ΔΔGMM/GBSA) and the experimental results (ΔΔGexp) was
analyzed. As demonstrated in Table 1, the relative BFEs of
(R)-TSA−HDAC6, (R)-TSA−HDAC1, (S)-TSA−HDAC6,
and (S)-TSA−HDAC1 simulated in this study (ΔΔGMM/GBSA)
equaled 0, 1.09, 2.92, and 8.64 kcal/mol, which followed the
same ascending trend as that from experiment (ΔΔGexp, from
0 to 0.12 to 0.53 to 2.32), but the simulation results were
found to be slightly higher than those of the experiment. As
reported by previous studies, it is unnecessary to consider the
energy contribution of entropy when assessing the affinity
order of binding ligands with similar binding poses and
structures.78,92,99 The above-mentioned higher estimation by
simulation was reported to be inevitable with the application
of the MM/GBSA approach.100−104 In summary, the
ascending trend of the experiment-based energy differences
(ΔΔGexp) was reproduced very well by the simulation in this
study (ΔΔGMM/GBSA), which could serve as the first evidence
verifying the model constructed using the simulation here.
Moreover, the calculation results of each subenergy term were
provided in Table 2. In particular, ΔEvdw and ΔEele were
discovered as the main components contributing to TSA’s
binding, and the energy of polar-solvent (ΔGpol) was found to
hamper the binding of TSA to HDAC.
Besides the consistent trend of the relative binding free

energy between simulation and experiments described in the
above paragraph, another proof relied on crystallography
studies reporting the crystallized structures of (R)- and (S)-
TSA with Danio rerio HDAC6 CD250 and (R)-TSA with
human HDAC8.98 In particular, the structures of Danio rerio
HDAC6 CD2 in complex with (S)-TSA (5G0H50) and (R)-
TSA (5WGI50) were used as the reference to verify the
simulation model constructed in this study by aligning them
with the representative snapshot obtained from the equili-
brated simulation trajectories. Meanwhile, the structure of

Figure 2. Structural superimposition of the initial docking
conformations of (R)/(S)-TSA in HDAC1 (wheat) and HDAC6
(cyan). Particularly, (R)-TSA in HDAC1, (R)-TSA in HDAC6, (S)-
TSA in HDAC1, and (S)-TSA in HDAC6 are colored in blue, light
blue, orange, and light orange, respectively.
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human HDAC8 (belonging to the same HDAC class as
HDAC1) in complex with (R)-TSA (4QA398) was used to
validate the simulation models for HDAC1. As shown in
Supplementary Figure S4A,B, the orientations of (R)/(S)-TSA
along the ligand-binding pockets of crystal Danio rerio HDAC6

CD2 and simulated TSA−HDAC6 complexes were consistent.
In other words, the simulation result of TSA−HDAC6
maintained a binding mode similar to crystal structures.50

Moreover, as shown in Supplementary Figure S4C, the
orientation of (R)-TSA in HDAC898 was consistent with
that of the simulated (R)-TSA−HDAC6 complex.

Identification of the Hot- and Warm-Spot Residues
for Target−Ligand Interaction. The HDACs belong to the
metalloprotein family, and the zinc ion plays important roles
for maintaining the biocatalytic activity of HDACs. HDAC
inhibitors exert inhibitory activities mainly by competing with
HDACs’ catalytic centers for zinc ions; it is thus necessary to
consider the chelation strength of the ZBG region with zinc
ion. Herein, all complexes were processed based on the
nonbonded model (126-4 LJ-type) conjugating with a SPC/E
water model,74,75 which explicitly considered the charge-
induced dipole interaction.74 In order to discover the
important residues (hot- and warm-spots) contributing to
TSA−HDAC interactions, amino acids with a high contribu-
tion of energy (≥0.1 kcal/mol) to the interaction in no less
than one complex were discovered, which resulted in a total of
29 amino acids. As shown in Figure 4, the per-residue energy
contributions of various amino acids in each complex varied
significantly (taking (S)-TSA−HDAC1 as example, the
contribution of Phe198 equaled −3.07 kcal/mol, which is
almost 12 times that of Leu132’s contribution). Moreover, the
per-residue contributions of the same residue in various
systems varied greatly (taking Leu272 in HDAC6/Leu264 in
HDAC1 as example, it contributed −0.14, −0.99, −2.04, and
−2.40 kcal/mol to the binding of (S)-TSA−HDAC6, (S)-
TSA−HDAC1, (R)-TSA−HDAC1, and (R)-TSA−HDAC6,
respectively). Moreover, the zinc ion in each complex was

Figure 3. Root-mean-square deviations of protein backbone atoms, ligand heavy atoms, and binding site residue backbone atoms as a function of
time in MD simulations.

Table 1. Calculated and Experimental Data of (R)/(S)-TSA
Binding to HDAC1 and HDAC6a

systems IC50
b ΔGexp

c ΔΔGexp
d ΔGMM/GMBA

e ΔΔGMM/GMBA
d

(R)-TSA−
HDAC6

4.76 −11.80 0.00 −41.83 0.00

(R)-TSA−
HDAC1

5.76 −11.68 0.12 −40.74 1.09

(S)-TSA−
HDAC6

11.1 −11.27 0.53 −38.91 2.92

(S)-TSA−
HDAC1

206 −9.48 2.32 −33.19 8.64

aΔG is in kcal/mol, and IC50 value is in nM. bIC50 values obtained
from previous study.50 cEstimated binding affinities based on IC50
values by the equation ΔGexp = RTln(IC50), where R = 8.314 J/(mol·
K), and T = 310.0 K. dΔΔG is defined as the change of binding free
energy using (R)-TSA−HDAC6 as a reference. eCalculated MM/
GBSA binding free energies in this study.

Table 2. Detailed Energy Terms Calculated by MD
Simulation in This Studya

systems ΔEele ΔEvdW ΔGnonpol ΔGpol

(R)-TSA−HDAC6 −34.49 −30.20 −4.84 27.70
(R)-TSA−HDAC1 −31.20 −31.92 −4.85 27.24
(S)-TSA−HDAC6 −38.02 −27.08 −4.43 26.18
(S)-TSA−HDAC1 −22.31 −33.38 −4.63 27.13

aΔG is in kcal/mol.
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processed by the 126-4 model,69 and its energy contribution
was calculated and provided in Figure 4 (represented by Zn).
For all four studied systems, the energy contribution of the
zinc ion also varied significantly.
The hierarchical clustering105 of per-residue energy

contribution across four systems was further applied to
identify the hot- and warm-spot residues. As illustrated in
Figure 5, the amino acids with a high contribution of energy
(≥0.1 kcal/mol) in no less than one complex were partitioned
to four groups (A, B, C, and D). The amino acid of the largest
energy contribution (−3.07 kcal/mol) was shown in exact red,
and the lower contributions faded toward white (without any
energy). The amino acid causing the most energy hampering
of the binding (0.02 kcal/mol) was shown in exact blue color,
and the rest of the negative contributions reduced toward
white (without any energy). On the basis of the clustered
residues in Figure 5, the contributions of the residues in group
A were found to be “consistently strong” across all complexes
(hot spot), which accounted for 71.3, 66.1, 68.4, and 68.3% of
the total contribution of all 29 residues in Figure 5 to the
binding of complexes (R)-TSA−HDAC6, (S)-TSA−HDAC6,
(R)-TSA−HDAC1, and (S)-TSA−HDAC1, respectively,
which demonstrated the key role of these residues in the
binding. Moreover, the residues in groups B and C were found
to be warm spot with “relatively strong” contribution in four
complexes, and their energy contributions account for 24.2,

27.6, 26.7, and 23.1% of the contribution of all 29 residues to
the binding of (R)-TSA−HDAC6, (S)-TSA−HDAC6, (R)-
TSA−HDAC1, and (S)-TSA−HDAC1, respectively. Com-
pared to hot-spot residues, the warm-spot residues might not
be necessarily conserved (residues colored in pink shown in
Figure 5), but may regulate ligand affinity to target and thus
affect their selectivity.106

To further elaborate the three-dimensional distribution of
the 8 hot-spot residues (including Zn) and 12 warm-spot
residues, a schematic diagram showing the interaction between
TSA and residues is provided in Figure 6. As illustrated, the
HDAC-binding site was composed of seven loop (L) domains
with four loops (L5−L7 and a part of L4) constituting the
active pocket and another four loops (L1−L3 and part of L4)
surrounding the active pocket. The hot-spot residues in group
A were colored in red and were primarily located in the active
pocket. The warm-spot residues were colored in orange and
pink and primarily lied in those surrounding loops and the
region deep inside the active pocket (L6 and L7).

Effect of TSA’s Chirality on Its Binding to HDAC1/
HDAC6. To identify the effect of TSA’s chirality on its binding
to HDAC, the per-residue energy contribution of all hot- and
warm-spot residues is shown in Figure 7, and the significant
per-residue energy variations of given residues between any
two complexes were highlighted by stars (four- or five-point
stars). The 20 hot- and warm-spot residues in Figure 7 were

Figure 4. Per-residue binding free energy decomposition of 29 residues with high energy contribution (≥0.1 kcal/mol) to the interaction in at
least one studied complex: (R)-TSA−HDAC6, (S)-TSA−HDAC6, (R)-TSA−HDAC1, and (S)-TSA−HDAC1.

Figure 5. Identification of the hot- and warm-spot residues by hierarchically clustering per-residue energy contributions across four systems. The
residues with high contribution (≥0.1 kcal/mol) to the interaction in at least one complex were partitioned into four groups (A, B, C, and D).
Residues favoring the binding of TSA are colored in red (the residue with the highest contribution was colored in exact red, and the lower
contribution residue was set to fade gradually to white). Residues hampering the binding of TSA are displayed in blue (the residue interfering with
binding the most was colored as standard blue, and the residue interfering with binding the least was set to fade gradually to white). The white
color here denotes residue with no contribution to TSA’s binding.
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ordered according to their three-dimensional distribution
(from loop L1 to L7). As shown in Figure 7A, the per-
residue energy contributions of hot- and warm-spot residues in
two complexes of (R)-TSA−HDAC1 and (S)-TSA−HDAC1
were provided, and the residues of significantly higher or lower
energy contributions (≥0.5 kcal/mol) in (R)-TSA−HDAC1
as compared to (S)-TSA−HDAC1 were highlighted by a blue
five-point star or orange four-point star, respectively. As a
result, there were seven residues (H21, P22, D92, D257, L264,
and D169, together with Zn) in HDAC1 that were highlighted
by blue five-point star, and only three residues (F198, H133,
and G294) were highlighted by the orange four-point star.
These results demonstrated the key role of the six residues and
Zn in determining the substantially higher affinity of (R)-TSA
in HDAC1 than that of (S)-TSA. Moreover, those 6 + 3
residues and Zn of significant per-residue energy variations
(indicated by star in Figure 7A) were further highlighted in the
TSA−HDAC1-binding structure revealed by MD simulation
(Figure 8). As illustrated, the Cap groups of (R)-TSA and (S)-
TSA oriented to different loop domains because of the
chirality residing in the CU group, which led to a difference in
energy contribution of the same residue. Among the residues
beneficial for (R)-TSA’s binding, there were two hot-spot
residues (D257 and L264 located in loop L4) and four warm-
spot residues (H21 and P22 in loop L1, D92 in loop L2, and
D169 in loop L6). Compared to the (R)-TSA−HDAC1, only
three residues with the significant energy contribution
variation for (S)-TSA’s binding in HDAC1 were identified,
which may be the reason for its reduced affinity.
Moreover, the per-residue energy contributions of the 20

hot- and warm-spot residues in two complexes of (R)-TSA−
HDAC6 and (S)-TSA−HDAC6 are illustrated in Figure 7B,
and the residues of significantly higher or lower contribution

(≥0.5 kcal/mol) in (R)-TSA−HDAC6 than (S)-TSA−
HDAC6 were marked by a light-blue five-point start or
light-orange four-point star, respectively. In particular, three
residues (P24, S91, and L272) in HDAC6 were marked by
light-blue five-point stars, and the other three residues (F202,
M205, and H174) were indicated by light-orange four-point
stars. Those 3 + 3 residues of significant per-residue energy
variations were then highlighted in the TSA−HDAC6-binding
structures revealed by MD simulation in this work
(Supplementary Figure S5). As shown, three residues in
loops L1, L2, and L4 of the studied complex (R)-TSA−
HDAC6 compensated its energy variation lost in loops L3 and
L6, which then led to the relatively equivalent binding affinity
of (R)-TSA and (S)-TSA in HDAC6.

Identification of the Key Residues Contributing to
(S)-TSA’s Selectivity to HDAC6. To understand the
selectivity of (S)-TSA to HDAC6, it was of great importance
to reveal the mechanism underlying its differential binding free
energies between HDAC1 and HDAC6 at the per-residue
energy contribution level. As shown in Figure 7C, there were
six residues together with the Zn with significant energy
variation favoring the binding of (S)-TSA to HDAC6 (each
residue was marked by a light-orange four-point star), whereas
only three residues with significant energy variation beneficial
for the binding of (S)-TSA to HDAC1 (shown by the orange
four-point stars) were discovered. In particular, the sum of
energy differences among the residues marked by light-orange
four-point stars equaled 6.8 kcal/mol, whereas that of the
residues highlighted by an orange four-point star was only 2.4
kcal/mol. This result indicated that the residues marked by
light-orange four-point stars played a decisive role in the
selective inhibitory activity of HDAC6 by (S)-TSA. As shown
in Figure 9, these decisive residues were basically in loops L3,

Figure 6. Schematic representation of the three-dimensional distribution of those 29 residues with high energy contribution (≥0.1 kcal/mol) to
the interaction in at least one studied complex. The hot-spot residues in group A of Figure 5 are colored in red and primarily located in the active
pocket. Those warm-spot residues in groups B and C of Figure 5 are colored in orange and pink and primarily lay in those surrounding loops and
the region deep inside the active pocket (L6 and L7).
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L4, L5, and L6. Among them, there were two nonconservative
residues (G200/M205 and Y197/F202 for HDAC1/6) and
four conservative residues deep inside the active pocket.
The interactions of those two nonconservative residues with

(S)-TSA are illustrated in Figure 10. As shown, there was an
obvious difference between the backbones of G200 in HDAC1
and M205 in HDAC6 (the backbone of M205 in HDAC6 was
substantially larger than that of G200 in HDAC1). As
illustrated in Figure 10A, this clear difference made M205
much closer to the Cap of (S)-TSA (3.5−4.1 Å) than G200
(8.2−8.6 Å), which substantially improved the interaction
between (S)-TSA and M205 in HDAC6. For another
nonconservative residue Y197/F202, the interactions of two
residues in different subtypes with (S)-TSA also varied greatly.
As shown in Figure 10B, the centroid of benzene in (S)-TSA
fell vertically onto the benzene ring of HDAC6’s F202, and the
distance between their centers of mass was 4.9 Å. Because this
distance fell in the range of a typical π−π interaction, there
should be a perpendicular (T-shape) π−π interaction between
the benzene in (S)-TSA and benzene ring of F202 in
HDAC6.107 However, for Y197 in HDAC1 (corresponding to
F202 in HDAC6), the centroid of benzene in (S)-TSA did not
fall onto its benzene ring, and the distance between their
centers of mass (6.7 Å) was out of the range of a typical π−π
interaction.107

For the four conservative residues identified in Figure 9
(deep inside the active pocket), they interacted primarily with
the zinc-binding group (ZBG) of (S)-TSA. Three out of the
four residues surrounded Zn and collectively interacted with
(S)-TSA, which demonstrated a key role played by these
interactions in determining (S)-TSA’s selectivity. Therefore,
the distance between Zn and the carbonyl oxygen of ZBG of
(S)-TSA was further assessed. As shown in Figure 11, the
average distances of ZBG carbonyl oxygen and zinc ions were
2.2, 2.2, and 2.3 Å in (S)-TSA−HDAC6, (R)-TSA−HDAC6,
and (R)-TSA−HDAC1, respectively, but that in (S)-TSA−
HDAC1 was much more distant (4.2 Å) compared to the
three systems above, which would substantially reduce the
interaction between (S)-TSA and the zinc ion in HDAC1.
One thing we would like to elaborate was that the average
distance shown in Figure 11A−D was calculated based on the
last 50 ns of the MD trajectory (substantially stable in Figure
11E).
By collectively consideration of the effects of the non-

conservative residues in loop L3 and the conservative residues
deep inside the active pocket, the mechanism underlying (S)-
TSA’s selectivity to HDAC6 may be revealed. As shown in
Figure 9, the nonconservative residues F202 and M205 in loop
L3 of HDAC6 significantly enhanced the binding of (S)-TSA
by shortening the interacting distance and forming a π−π
interaction (Figure 10). Because of the rigidity of TSA, the

Figure 7. Per-residue binding free energy decomposition of 20 hot- and warm-spot residues in the four studied systems. All residues are ordered
by their three-dimensional distribution (from loops L1 to L7), and the significant per-residue energy variation (≥0.5 kcal/mol) of a residue
between any two complexes is highlighted by a star (four- or five-point star).
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enhanced interaction in the Cap of (S)-TSA could induce a

shift in the ZBG of (S)-TSA, which then improved the fit of

(S)-TSA inside active pockets. The nonconservative residues

(F202 and M205) in HDAC6 might be the trigger of (S)-

TSA’s selectivity in HDAC6 and were needed to be especially

considered in future drug design.
Finally, the per-residue energy contributions of hot- and

warm-spot residues in the complexes of (R)-TSA−HDAC1

Figure 8. Nine residues of significant per-residue energy variations (identified and marked by a star in Figure 7A) are highlighted in the TSA−
HDAC1-binding structures revealed by the MD simulation of this work (the blue and orange backgrounds refer to the residues beneficial for the
binding of (R)-TSA and (S)-TSA in HDAC1, respectively). Cap groups of (R)-TSA and (S)-TSA orientated to different loop domains because of
the chirality residing in the CU group.

Figure 9. Six key residues decisive in (S)-TSA’s selectivity to HDAC6 highlighted in the TSA−HDAC1-binding structures revealed by the MD
simulation (the nonconservative and conservative residues are highlighted in red and black font, respectively). All conservative residues were deep
inside active pocket.
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and (R)-TSA−HDAC6 were also provided in Figure 7D, and

the residues of significantly higher or lower contributions

(≥0.5 kcal/mol) in (R)-TSA−HDAC1 and (R)-TSA−
HDAC6 were marked by a blue or light-blue five-point star,

respectively. As shown, only two residues were marked (one

for the blue five-point star and another for the light-blue five-

point star). These two residues were also highlighted in the

TSA−HDAC1/6-binding structures revealed by MD simu-

lation in this work (Supplementary Figure S6). Both residues

were nonconservative residues, but their effects on (R)-TSA’s
binding counteracted each other, which led to the relatively

equivalent binding affinity of (R)-TSA in HDAC1 and

HDAC6.

■ CONCLUSION

A variety of in silico approaches were combined in this study
to explore, validate, and differentiate the binding mechanisms
of TSA enantiomers in HDAC1/6 at the atomic level. First, six
residues (H21, P22, D92, D257, L264, and D169) in HDAC1
together with Zn were identified as playing key roles in the
much higher binding affinity of (R)-TSA than that of (S)-TSA
in HDAC1. Then, four conservative residues inside the active
pocket and two nonconservative residues (G200/M205 and
Y197/F202 in HDAC1/6) were discovered as the decisive
residues of (S)-TSA’s selectivity toward HDAC6. Finally, a
mechanism underlying (S)-TSA’s selectivity to HDAC6 was
proposed, which was composed of the trigger by two
nonconservative residues F202 and M205 in HDAC6 and a
subsequently improved fit of (S)-TSA inside HDAC6’s active

Figure 10. Interaction of (S)-TSA with those two nonconservative residues decisive in (S)-TSA’s selectivity to HDAC6. (A) Difference between
the backbones of G200 in HDAC1 and M205 in HDAC6 together with their modes of interaction with (S)-TSA; (B) the relative position
between the centroid of benzene in (S)-TSA and the benzene ring of F202/Y197 in HDAC6/HDAC1 and the distances between their centers of
mass.

Figure 11. Average distance between the Zn and the carbonyl oxygen of ZBG of (S)-TSA in the complexes (A) (S)-TSA−HDAC6, (B) (R)-
TSA−HDAC6, (C) (S)-TSA−HDAC1, and (D) (R)-TSA−HDAC1. The average distances were calculated based on (E) the last 50 ns of MD
trajectories, which was substantially stable within this period of simulation.
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pocket. Because of their decisive roles in (S)-TSA’s selectivity
to HDAC6, both F202 and M205 should be especially
considered in the discovery of novel sHDAC6Is.

■ METHODS
Preparation of the Systems. Prior to molecular dynamic

simulation, initial binding conformations of (R)- and (S)-TSA with
HDAC1 and HDAC6 should be obtained through molecular docking
using the Glide software with the default setting of standard
precision.53 The 3D structures of (R)-TSA and (S)-TSA could be
obtained from PubChem.54 Then, the low-energy conformations of
(R)- and (S)-TSA were generated using LigPrep55 (OPLS-2005 force
fields56), and the structures of (R)- and (S)-TSA were preprocessed
by Epik57 (pH value = 7.0 ± 2.0). Furthermore, HDAC1 and
HDAC6 structures were processed by Maestro58 (adding the
hydrogen atoms, minimizing the structural conformation and
assigning partial charge). Until now, the crystal structures of
HDAC1 and HDAC6 had been available from Protein Data Bank,59

and the crystal structure of human HDAC6 complexed with (R)-TSA
(PDB entry: 5EDU23) and HDAC1 with novel peptide inhibitor
(PDB entry: 5ICN60) could give researchers valuable instructions on
determining the binding site and defining the docking grid box. Thus,
(R)-TSA in 5EDU and the novel peptide inhibitor in 5ICN were
adopted as the references when defining the docking grid box by the
Receptor Grid Generation tool embedded in Glide; detailed
information is available in the Supplementary Method. Finally, to
ensure the effectiveness of molecular docking, X-ray structures of
Danio rerio HDAC6 with various ligands (PDB ID: 5WGM,21

5G0H,50 and 5G0J50) were used to conduct cross-docking using
Glide53 by the following two steps. First, the ligands and proteins
were prepared in the same way as described above, and the docking
grid boxes were determined by centering the initial ligands in the X-
ray structures chosen for cross-docking using the Receptor Grid
Generation tool in Glide.53 Then, the prepared (R)- and (S)-TSA
were cross-docked into the selected PDB structures (5WGM, 5G0H,
and 5G0J) with the same parameters as those of the system
preparation.
In previous studies, the zinc ion is largely deprived in searching

conformational complexity and binding property of the inhibitors
complexed with HDAC661 and screening/designing novel HDAC
inhibitors.62 However, zinc was reported to play an essential role in
catalyzing the hydrolysis of acetyl−lysine amide bonds,63 and HDAC
inhibitors exert their inhibitory activity mainly by competing with
HDAC catalytic centers for the zinc ion.64 Moreover, previous
analysis revealed that the binding complex would be unstable and
break up within nanoseconds during simulation without the proper
process of the zinc ion,65 and the coordinates of zinc without the
process of appropriate field parameters were found to fluctuate greatly
during molecular simulation.66 Therefore, zinc was considered in
many current protein systems for stabilizing the oligomer or
maintaining the binding site.67,68 In this study, in order to extensively
consider zinc in HDAC complexes, a recently proposed nonbonded
model 126-469 was applied and validated in this study. During the
MD simulation, the binding site fluctuated slightly, and the
decomposition free energy of zinc was calculated to assess its
interaction with ZBG.
Molecular Dynamics (MD) Simulation. MD simulation was

conducted using GPU-accelerated PMEMD in AMBER1670 on 16
cores of an array of two 2.6 GHz Intel Xeon E5-2650v2 processors
and four pieces of NVIDIA Tesla K40C graphic cards. First, the
enzymes and their corresponding TSA enantiomers were processed
using the AMBER f f14SB71 and general Amber force fields,72 and the
Li/Merz ion parameters for the SPC/E water models were directly
adopted from previous publications.73−75 Then, the restrained
electrostatic potential atomic partial charge was assigned to (R)-
and (S)-TSA by antechamber,76 and Gaussian 09 was adopted to
process the geometry optimization and calculate the electrostatic
potential (Supplementary Method). Prior to MD simulation, the
initial energy of the prepared system was minimized using two

sequential procedures: (1) conducting harmonic restraints on all
solute atoms77 and (2) releasing atoms to move freely. Within each
procedure, the first 5000 steps were conducted using the steepest
descent method, and the subsequent 5000 steps were accomplished
using the conjugated gradient method.78−80 Third, each studied
complex was heated by two steps: (1) from 0 gradually to 100 K and
(2) subsequently to 310 K81 (Supplementary Method). Fourth, a 5 ns
unrestrained simulation at 310 K was added for equilibrating periodic
boundary conditions for all studied systems.82,83 At last, a 500 ns
unrestrained MD simulation was systematically conducted for the
prepared four complexes under the temperature of 310 K and the
pressure of 1 atm.84,85 Temperature was controlled by Langevin
dynamics, and pressure was controlled using Monte Carlo
barostat.86−88 In all simulations, the long-range electrostatic
interaction was processed,89 and all interacting bonds were kept
rigid.90−92 All analyses of MD trajectories (RMSD, representative
structure and binding free energy) were conducted by cpptraj and
mm_pbsa.pl programs in AMBER16,70 and PyMOL was used to
visualize the structures of studied systems.93 Detailed information is
provided in the Supplementary Method.

Thermodynamic Calculation and Hot- and Warm-Spot
Identification by Hierarchical Clustering. The binding free
energy (BFE) of (R)- and (S)-TSA to HDAC1 and HDAC6
neglecting the entropic contribution was assessed by the MM-GBSA
approach provided in AMBER16,94 and a total of 1000 snapshots
were retrieved from an equilibrated trajectory between 400 and 500
ns to calculate the BFE and the per-residue decomposed energy.
Detailed descriptions of the equations for calculating these energies
are provided and discussed in the Supplementary Method. The
residues with energy contributions in HDACs to TSA’s binding were
selected to generate vectors of four dimensions. The clustering tree of
these residues with energy contribution to (R) and (S)-TSA’s binding
(>0.1 kcal/mol) in HDACs was constructed by the R analysis
package.95 Then, the online tree generator iTOL was used to draw
the hierarchical tree graphs.96 Detailed description is provided and
discussed in the Supplementary Method.
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Figure S1: The chemical structures of the representative
selective inhibitor of HDAC6 (sHDAC6I); Figure S2:
Structural superimposition between (A) the cross-
docking poses of (R)-TSA (wheat) and the structure
of (R)-TSA (cyan) bound to HDAC8 as well as (B) the
cross-docking poses of (S)-TSA (magenta) and the
structure of (S)-TSA (yellow) bound to Danio rerio
HDAC6; Figure S3: The structural alignment of the
docked poses (yellow) and their corresponding
representative snapshots (green) of MD simulation for
the four studied systems. (A) (R)-TSA in HDAC1, (B)
(R)-TSA in HDAC6, (C) (S)-TSA in HDAC1, and (D)
(R)-TSA in HDAC6; Figure S4: Structural super-
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4QA334 (yellow); Figure S5: Six residues of significant
per-residue energy contribution to the binding of (R)-
TSA or (S)-TSA in HDAC6 highlighted in the TSA−
HDAC6-binding structures revealed by the MD
simulation of this work (the light-blue and light-orange
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TSA’s and (S)-TSA’s binding in HDAC1, respectively);
Figure S6: Two residues of significant per-residue
energy contribution to (R)-TSA’s binding in HDAC1
or HDAC6 highlighted in the TSA−HDAC6-binding
structures revealed by MD simulation of this work (blue
and light-blue backgrounds refer to the residues
beneficial for (R)-TSA’s binding in HDAC6 and
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