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ABSTRACT: Protein acetylation and deacetylation play vital roles in the structural
and physiological behavior of target proteins. Histone deacetylase 6 (HDAC6) remains
a key therapeutic target in several chronic diseases such as cancer, neurodegenerative,
and hematological diseases. In tau-pathogenesis, HDAC6 tightly regulates microtubule-
associated tau physiology, and its inhibition suppresses Alzheimer’s phenotype. To this
end, the current study has identified novel HDAC6 inhibitors by structure-based drug
designing method. A pharmacophore was generated from HDAC6 in complex with
trichostatin A. The selected pharmacophore had five features including two hydrogen
bond donors, one hydrogen bond acceptor, and two hydrophobic features.
Pharmacophore validation obtained the highest GH score of 0.80. By applying
Lipinski’s rule of f ive and ADMET Descriptors, a drug-like database of 29 183 molecules
was generated from the Zinc Natural Product Database. The validated pharmacophore
screened 841 drug-like molecules and was subsequently subjected to molecular
docking in the active site of HDAC6. Molecular docking identified 11 hits, where they showed the highest ChemPLP score
(>90.00), stable conformation, and hydrogen-bond interactions with catalytic residues of HDAC6. Finally, molecular dynamics
simulation identified three molecules as potent HDAC6 inhibitors with stable root-mean-square deviation and the highest
number of hydrogen bonds with the catalytic residues of HDAC6. Overall, we recommend three novel inhibitors of HDAC6,
capable of suppressing the microtubule-associated tau-pathogenesis.
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■ INTRODUCTION

Protein deacetylation is a canonical phenomenon and plays a
critical role in cellular processes.1,2 Histone deacetylases
(HDACs) drive protein deacetylation, where they remove
the acetyl group (CH3CO) of acetylated-lysine in histone as
well as nonhistone proteins.3 In eukaryotes, HDACs are
phylogenetically classified into four distinct classes. Class I
(HDACs 1, 2, 3, and 8), class II (HDACs 4, 5, 6, 7, 9, and 10),
and class IV (HDAC11) HDACs are zinc-dependent
deacetylases and differ from NAD+-dependent class III
HDACs.4 Inhibition of HDACs has been proved to be a
promising strategy in several diseases, including hematological
diseases, solid tumors, and immunological and neurological
disorders. HDACs inhibition is a well-established therapeutic
strategy in cancer treatment. Several studies have reported that
vorinostat or suberoylanilide hydroxamic acid (SAHA),
romidepsin (FK-228), panobinostat (LBH-589), and belino-
stat are FDA-approved drugs for the treatment of cutaneous T-
cell lymphoma (CTCL) and peripheral T-cell lymphoma
(PTCL).5−7 Other inhibitors of HDACs including Class I
selective chidamide (CS-055) and entinostat (SNDX-275) are
at various stages of clinical development.8,9 To date, reported
HDACIs preferentially inhibit multiple HDAC isoforms and,
hence, are prone to cause undesirable side-effects, including

bone marrow suppression, weight loss, fatigue, and cardiac
arrhythmias.10,11 These multifaceted effects of available
HDACIs impede the selective role of a particular isozyme
and its mechanism of inhibition. In particular, it is unclear if
the isoform selectivity may provide substantial advantages over
broad-spectrum inhibition.12

Histone deacetylase 6 (HDAC6) is a unique member of
HDAC family enzymes with two catalytic domains: CDI and
CDII.13−15 HDAC6 is anchored in the cytoplasm by serine/
glutamate-rich repeat motifs.16 Because of the presence of two
catalytic domains, HDAC6 has broader substrate specificity
than other histone deacetylases.1,15,17−19 This enzyme
deacetylates nonhistone substrates including heat shock
protein (HSP90), α-tubulin, cortactin, and peroxiredoxins.20,21

HDAC6 has currently been targeted as a potential therapeutic
strategy in several cancers.22−25 It is noteworthy that HDAC6
inhibition is not associated with severe toxicity, and its
deficiency did not lead to embryonic lethality in
mice.13,17,26−30
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HDAC6 is critically involved in neurological disorders with a
special emphasis on Alzheimer’s disease.21,31 Previously, it is
reported that overexpression of HDAC6 reduced tubulin
acetylation, thereby increasing cell motility.32 In another study,
Hubbert et al.13 revealed that HDAC6 regulates microtubule
dynamics by deacetylating lysine at position 40 (K40) in α-
tubulin subunit. Furthermore, Guo et al.33 reported that
pharmacological inhibition of HDAC6 increased α-tubulin
acetylation, endoplasmic reticulum (ER)-mitochondrial over-
lay, and restored the axonal transport defects in patient-derived
motor neurons of fused in sarcoma-amyotrophic lateral
sclerosis (FUS-ALS) patients. In another study, d’Ydewalle et
al.34 rescued axonal transport defects in dorsal root ganglion
(DRG) neurons from transgenic mouse model of Charcot-
Marie-Tooth disease (CMT2). Moreover, it has studied that
acetylated-tau alone is sufficient to promote tau aggregation,
synapse degeneration, and cognitive deficits.35,36 Ding et al.37

identified that HDAC6 interacts tau protein and demonstrated
as a potential modulator of tau phosphorylation and
accumulation. Thereafter, Cook et al.38 reported that
suppressing HDAC6 activity promotes tau clearance. In
another study, it was confirmed that acetylation of tau on
KXGS motifs inhibits its phosphorylation on the same motif,
and it prevents tau aggregation.39 Furthermore, it was
identified that this motif is a suitable deacetylation target for
HDAC6, where BBB-permeable HDAC6 inhibitor could
enhance acetylation and decrease phosphorylation of tau’s
KXGS motifs in vivo.39 Additionally, Carlomagno et al.40

investigated that acetylation of tau on Lys-321 (within a KCGS
motif) is both essential for acetylation-mediated inhibition of
tau aggregation in vitro and a molecular tactic for preventing
phosphorylation on the downstream Ser-324 residue. The
same study also found HDAC6-regulated phosphorylation
event, and it was examined that phosphorylation of Ser-324
interferes with the normal microtubule-stabilizing function of
tau.40 The involvement of HDAC6 in tau-pathology was
updated when Tseng et al.41 investigated that HDAC6
arbitrated endogenous neuritic tau-pathology. In a recent
study, Fan et al.42 demonstrated that HDAC6 inhibition
ameliorates tau phosphorylation and cognitive deficits in an
Alzheimer’s disease model. These evidence inspire the
identification of novel antagonists of HDAC6 to target
neurological diseases. Current HDAC6 inhibitors have serious
limitations such as toxicity, unfavorable pharmacokinetics,
expensive synthesis (e.g., Tubacin),17,43 and broad substrate
specificity (Ricolinostat and Nexturastat).44,45 Moreover,
tubastatin A is a carbazole hydroxamic acid which has
antihepatitis C activity and bypassing the neuronal toxicity of
unselective HDACs inhibitors.46 Therefore, the inhibition of
HDAC6 has emerged as a promising platform against various
chronic diseases including cancer, hematological diseases,
Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease.43,44,47,48

In this study, we identified novel HDAC6 inhibitors by
employing structure-based drug designing and recommended
their role in microtubule-associated tau-pathogenesis. Herein,
the protein−ligand interaction of HDAC6-TSA complex was
exploited, and a structure-based pharmacophore was developed
and validated by a decoy test method. The validated
pharmacophore had five features including two hydrogen
bond donors, one hydrogen bond acceptor, and two
hydrophobic features, which complimented the hot spots of
HDAC6. The validated pharmacophore was used as a 3D

query to screen a drug-like database and 841 candidate
molecules were retrieved. Furthermore, molecular docking was
employed, and the candidate inhibitors of HDAC6 were
identified. Finally, the three drug-like molecules were proposed
as potent HDAC6 inhibitors by molecular dynamics (MD)
simulation. The novel inhibitors showed stable root-mean-
square deviation (RMSD), stable binding orientation, and
hydrogen bond interactions with the catalytic residues of
HDAC6. Therefore, this study recommends three novel
inhibitors of HDAC6 to attenuate tau-pathogenesis by
enhancing tau acetylation at KXGS motifs and suppressing
HSP90-mediated tau phosphorylation.

■ RESULTS AND DISCUSSION
Structure-Based Pharmacophore Generation. The

structure of human HDAC6 (PDB ID: 5EDU)49 in complex
with Trichostatin A (TSA) was taken, and subsequently
exploited for structure-based pharmacophore modeling (Figure
1). It has been identified that polar interactions are essential

features of the HDAC6 inhibition.49,60,61 The active site of
human HDAC6 is composed of His610, His611, Asp649,
His651, and Tyr782 residues.5,18,49,62 A total of 10
pharmacophore models were generated by the Receptor−ligand
Pharmacophore Generation protocol implanted in Discovery
Studio v4.5 (DS). All the pharmacophores were characterized
in terms of total number of features, types of features, and
selectivity score (Table 1).
Since the top four phamacophores obtained the same

selectivity score of 9.84, they were critically inspected for the
complementation of their features against the catalytic residues
of HDAC6. Our results suggested that the top-ranked
pharmacophore model had best fitted complementary features
against the catalytically active residues of HDAC6. Therefore,
the top ranked pharmacophore (Hypo1) was selected. The
correspondent pharmacophore displayed that HBDs comple-
mented His610 and Ser568, HBA complemented Tyr782,
while one HYP complemented Phe680 and the other is
sandwiched between the backbone atoms of Phe769 and side
chain of Leu749, respectively (Figure 1). The selected
pharmacophore had a maximum of five features including
HBD, HBA, and HYP (Figure 2A). The interfeature distance

Figure 1. Structure-based pharmacophore generation. Residues of
HDAC6 complementing pharmacophoric features are shown as thin
stick. Bound inhibitor (TSA) is shown as light brown thick stick
model. HBA, HBD, and HYP are colored as green, magenta, and cyan,
respectively.
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constraints of the desired pharmacophore are depicted in
Figure 2A. Pharmacophore alignment on TSA showed that all
the features of the selected pharmacophore were mapped
(Figure 2B). These analyses argued that if a compound having
the same complementary features should inhibit HDAC6.
Pharmacophore Validation. The selected pharmaco-

phore was evaluated for its efficiency to differentiate between
the active and inactive molecules of HDAC6. The Guner−
Henry approach (Decoy test method) was employed to
validate the selected pharmacophore. A test set was designed,
which comprised 96 active inhibitors and 115 inactive
molecules of HDAC6 (Table 2). The active and inactive
molecules of HDAC6 were retrieved from the literature on the
basis of their IC50 values. The active inhibitors of HDAC6 had
low IC50 value (<100 nM), whereas the inactive molecules had
higher IC50 value (>20 000 nM). The validation results
affirmed that the selected pharmacophore could map 91.66%
of the active inhibitors of HDAC6 (Table 2). Moreover, the
selected pharmacophore obtained a high Guner−Henry (GH)
score of 0.80 and enrichment factor (EF) score of 1.93 (Table
2). Other parameters like percent yield and ratio of actives,
false negatives, and false positives are depicted in Table 2. All
these results advocated that the selected pharmacophore will
retrieve the active inhibitors of HDAC6.
Development of Drug-Like Database and Virtual

Screening. A chemical compound should fulfill certain criteria
to be treated as a drug-like molecule. In the drug discovery
process, such criteria are assigned to physiochemical character-
ization, pharmacodynamics, and pharmacokinetics properties
of drug molecules. In this study, Lipinski’s rule of f ive (ROF)

was applied to Zinc Natural Product Database (http://bioinf-
applied.charite.de/supernatural_new/index.php?site=contact)
and the physiochemical characterization profile of drug-like
molecules was obtained. According to this rule, an orally active
drug-like molecule should be membrane permeable and easily
absorbed if it has properties including HBA ≤ 10, HBD ≤ 5,
molecular weight ≤ 500 Da, and AlogP ≤ 5.44 Our results
showed that 187 887 compounds have successfully passed
ROF (Figure 3). The pharmacopdynamic and pharmacokinetic
properties of drug molecules are very important in terms of
absorption, distribution, metabolism, excretion, and toxicity
(ADMET). Herein, the drug-like compounds that successfully
satisfied ROF were subjected to ADMET Descriptors protocol
implemented in DS. The drug-like compounds were evaluated
for their potential to cross the blood-brain barrier (BBB),
solubility, hepatotoxicity, cytochrome toxicity, and absorption
(Figure 3). Since we targeted tau-pathology, which essentially
occurs in brain, we therefore considered drug-like molecules
that may cross blood-brain barrier. Such compounds should
have a BBB value ≤ 2 (Figure 3). Finally, a total of 29 183
molecules were identified and treated as drug-like database in
the virtual screening process.
Virtual screening has potential uses in the drug discovery

process. The validated pharmacophore was employed as a 3D
query to screen the drug-like database. Herein, the in-built
Ligand Pharmacophore Mapping protocol of DS was employed
with Best/Flexible modules to screen the drug-like database. At
the end, a total of 841 drug-like molecules were identified as
HDAC6 candidate inhibitors (Figure 3).

Table 1. Receptor−Ligand-Based Pharmacophores and
Their Characteristicsa

s. no. number of features features setb selectivity score

pharmacophore_1 5 ADDHH 9.84
pharmacophore_2 5 ADDHR 9.84
pharmacophore_3 5 ADDH 9.84
pharmacophore_4 5 ADDHR 9.84
pharmacophore_5 5 AADHR 8.93
pharmacophore_6 5 AADHH 8.93
pharmacophore_7 5 AADHR 8.93
pharmacophore_8 5 AADHH 8.93
pharmacophore_9 4 ADDH 8.33
pharmacophore_10 4 ADDH 8.33

aPharmacophores, number of features, types of features, and
selectivity scores are depicted. bFeatures set: A, hydrogen bond
acceptor; D, hydrogen bond donor; H, hydrophobic; R, ring aromatic.

Figure 2. Selected pharmacophore. (A) Pharmacophore features and interfeature distance constraints: HYP, hydrophobic; HBA, hydrogen bond
acceptor; HBD, hydrogen bond donor. (B) Mapping of TSA onto selected pharmacophore.

Table 2. Decoy Test Validationa

s. no. parameter
calculated
values

1 total number of molecules in the database 211
2 total number of active molecules of HDAC6 in the

database (A)
96

3 total number of pharmacophore retrieved hits (Ht) 100
4 total number of HDAC6 active molecules in the

retrieved hits (Ha)
88

5 % yield of actives [(Ha/Ht) × 100] 88%
6 % ratio of actives [(Ha/A) × 100] 91.66%
7 false negative [A − Ha] 8
8 false positive [H − Ha] 12
9 goodness of fit 0.80
10 enrichment factor (EF) [(Ha × D)/(Ht × A)] 1.93

aPhamacophore evaluation predicted that the selected pharmaco-
phore retrieved active molecules of HDAC6 during the virtual
screening of drug-like database.
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Molecular Docking Simulation. Molecular docking is a
well-known approach in computational biology to identify and
characterize molecular interactions of receptor−ligand com-
plex.62−64 Herein, the structure of human HDAC6 (PDB ID:
5EDU) was taken as receptor.49 The protein structure was
prepared for docking, and the active site was determined from
bound inhibitor (TSA) by Def ine and Edit Binding Site module
in DS. All the pharmacophore-retrieved drug-like molecules as
well as the reference compound (TSA) were docked into the
active site of HDAC6. During docking simulation, residues in
close vicinity (10 Å) of the reference compound were
considered. For each drug-like molecule, 100 conformers
were created via Genetic Algorithm (GA) implanted in GOLD
software. Furthermore, the in-built scoring functions
ChemPLP and ASP were used as the default scoring and
rescoring functions for pose selection, respectively.53 Our
results demonstrated that the ChemPLP and ASP scores for
the reference compound were 87.34 and 30.76, respectively
(Table S1). These values were used as cutoff values for the

selection of candidate inhibitors of HDAC6 (Table S1).
Furthermore, the number of candidate inhibitors of HDAC6
was reduced by clustering analysis. It is recommended that
greater the number of conformers in a single cluster, the higher
will be the presumed stability of molecular orientation. Finally,
those candidate molecules were selected that have showed
hydrogen bond interactions with catalytic residues of HDAC6.
The selected candidate molecules displayed hydrogen bond
interactions with His610, His611, Asp649, His651, and Tyr782
(Table S1). A total of 11 candidate molecules were shortlisted
and subjected to molecular dynamics simulation.

Evaluation of Stability of HDAC6−Ligand Complex.
Molecular dynamics simulation is an attractive approach to
study molecular interactions, binding mode analysis, binding
stability, and molecular motions of biomolecules at atomistic
level.65 Herein, the docked molecules were further assessed by
30 ns MD simulation to get a deeper insight in their time-
dependent binding pattern, optimized binding orientation, and
binding stability.66−68 Our results observed stable root-mean-
square deviation (RMSD) of the Cα atoms of HDAC6 in each
system and suggested their stability during the entire
simulation period. All the systems were well converged after
5 ns simulation, and the average RMSD values for Cα atoms
were 1.76, 1.57, 1.27, and 1.40 for the reference, Hit1, Hit2,
and Hit3, respectively (Figure 4A, Table 3). Additionally, our
results also confirmed the stability of each ligand (reference or
hit molecules) with HDAC6 during the simulation period
(Figure 4B). The RMSD analysis of HDAC6 with either
reference compound or hit molecules showed that each ligand
remained stable in the active site of HDAC6 during the entire
simulation period (Figure 4B, Table 3).
Collectively, these results suggested that each ligand was

tightly bound in the active site of HDAC6, maintained their
stability, and had no abnormal behavior during the entire
simulation process. Furthermore, the potential energy analysis
of each system suggested that the entire energy of the
corresponding system remained stable during the 30 ns
simulation period (Figure 5). Because RMSD and potential
energy calculation reflected the stability of the overall system,
the trajectory of the last 5 ns was taken to elaborate the
binding mode of hit molecules with HDAC6. Upon structural
alignment, it was observed that hit molecules as well as the

Figure 3. Pharmacophore-based virtual screening. A drug-like
database was designed from Zinc Natural Product Database. The
selected pharmacophore was employed to screen the drug-like
database.

Figure 4. RMSD analysis of the reference and hit compounds. (A) RMSD of the Cα atoms of HDAC6 in all the systems revealed their stability. (B)
RMSD of the protein−ligand complex in all the systems portrayed their stability throughout the simulation, and no abnormal behavior was
observed. Red, green, cyan, and golden colors represent the reference, Hit1, Hit2, and Hit3, respectively.
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reference compound occupied the same binding pocket and
oriented in similar binding pose (Figure S1). The catalytic core
of HDAC6 is composed of highly charged residues including
His610, His611, and Zn2+, and therefore, it imparts a positive
charge to the local environment of catalytic site. Therefore, the
correspondent inhibitor should bear negative charge on their
hot spots to make stable interactions with the catalytic core of
HDAC6. To this end, our results showed that polar
interactions of inhibitors are very important to inhibit
HDAC6. The reference compound (TSA) established polar
interactions with His610 and Asp742. Our data demonstrated
that the hydroxyl group of the reference compound formed a
hydrogen bond with nitrogen at Nδ position of His610 (Figure
6A). The same pattern of interaction of TSA in the active site
of HDAC6 has already been reported.49 Other hydrogen
bonds were also observed between the amino group of the
reference compound and carbonyl oxygen of Asp742 (Figure
6A). Our results also revealed a metal coordination bond
between the positively charged Zn2+ and carbonyl oxygen near
the amide group of the reference compound (Table 4).
Additionally, the methyl groups of the reference compound
showed hydrophobic interactions with His611, His651,
Phe680, and Leu749 (Table 4). Moreover, the reference
compound formed several van der Waals interactions with the
catalytic site residues of HDAC6 (Table 4). Our results
showed that the carbonyl oxygen of acidic group of Hit1
(Glycodeoxycholic acid) formed hydrogen bond with the side
chain of His610 (Figure 6B). The same oxygen atom was
found to be in electrostatic interaction with the positively
charged Zn2+ (Table 4). Our findings demonstrated that
glycodeoxycholic acid also established hydrogen bonds with
Asn654, Pro681, and Tyr782 (Figure 6B, Table 4). Our results
are in parallel findings with Hai and Christianson49 and

Goracci et al.,68 where they showed that Tyr782 of HDAC6
formed hydrogen bonds with tested inhibitors. Because
Phe680 is a conserved residue in HDAC family enzymes, its
interaction with inhibitor is considered to be very important.49

Our findings observed that the steroid nucleus of glycodeox-
ycholic acid formed hydrophobic interactions with Cys618,
Phe680, and Pro681 (Table 4). The same pattern of
hydrophobic interactions of other inhibitors of HDAC6 has
already been demonstrated.46,49,69 Glycodeoxycholic acid also
established several van der Waals interactions with the active
site residues of HDAC6 (Table 4).
Our study showed that the hydroxyl group of Hit2 formed

hydrogen bonds with the Nδ of His611 and side chain oxygen
of Asp649 (Figure 6C). Other hydrogen bonds were observed

Table 3. Databases IDs, Docking, and MD Simulation Analysis of the Reference and Final Hits; Zinc and PubChem Database
IDs, Docking Scores, RMSD, and Potential Energy Analyses of the Reference and Final Hits

RMSD analysis (Å)

ligand ZNPD IDa PubChem IDa ChemPLPb ASPc Cα atoms HDAC6-ligand potential energy (kJ/mol)

reference 444732 87.34 30.76 1.76 1.72 −4.32 × 105

Hit1 ZINC 08837267 3035026 94.48 31.49 1.57 2.02 −4.33 × 105

Hit2 ZINC 30881350 38028580 106.34 33.00 1.27 1.77 −4.34 × 105

Hit3 ZINC 04063286 16399643 108.58 30.14 1.40 1.91 −4.33 × 105

aID: Zinc Natural Product Database and PubChem Identity Numbers. bChemPLP: Piecewise Linear Potential (GOLD scoring function). cASP:
Astex Statistical Potential (GOLD rescoring function).

Figure 5. The potential energy plot of protein−ligand complex. The
potential energy of each system was calculated during the entire
simulation period. All the systems showed stable potential energy and
no abnormal behavior were observed. Red, green, cyan, and golden
colors show the reference, Hit1, Hit2, and Hit3, respectively.

Figure 6. Molecular interactions analysis. (A) The reference
compounds formed hydrogen bonds with His610 and Asp742. (B)
Hit1 established hydrogen bond interactions with His610, Asn654,
Pro681, and Tyr782. (C) Hit2 formed hydrogen bond interactions
with His611, Gly619, Asp649, and Gly780. (D) Hit3 showed
hydrogen bond interactions with His611, His651, and Pro681. Red,
green, cyan, and golden colors represent the reference, Hit1, Hit2, and
Hit3, respectively. The proteins residues are depicted as think light
black sticks, while the ligands are represented as thick stick models
with polar hydrogen only. Hydrogen bonds are represented as green
dashed lines. Zn2+ are shown as black dots.
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with Gly619 and Gly780 (Figure 6C). Our results demon-
strated that Hit2 established hydrophobic interactions with
Pro501, His651, Phe680, Leu749, and Tyr782 (Table 4).
Similarly, the catalytic site residues of HDAC6 also established
several van der Waals interactions with Hit2 as shown in Table
4. Collectively, these results argued that Hit2 efficiently inhibits
HDAC6. Our results found that the carbonyl oxygen of acetic
acid moiety of Hit3 formed hydrogen bond interaction with
hydrogen at position Nε of His611 of HDAC6 (Figure 6D).
Our findings are in strong agreement that His611 of HDAC6
should be protonated at position Nε.70 Furthermore, Hit3 also
formed hydrogen bonds with His651 and Pro681 (Figure 6D).
Our analysis observed hydrophobic interactions between the
Hit3 and catalytic site residues of HDAC6 (Table 4).
Moreover, Hit3 showed several van der Waals interactions
with the catalytic site residues of HDAC6 as depicted in Table
4. Our results demonstrated that the carbonyl oxygen of acetic
acid moiety of Hit3 also formed a coordination bond with Zn2+

(Table 4). The 2D structures of the three hits are given in
Supplementary Figure S2.
To understand the consistency of polar interactions of final

hits, the number of intermolecular hydrogen bonds between
the HDAC6 and each hit molecule as well as the reference
compound was monitored (Figure 7). Our results demon-
strated that the number of hydrogen bonds remained slightly
higher for all the hit molecules than the reference compound
(Figure 7). These observations of polar interactions are in
agreement with previous reports498, 698. Collectively, our
analyses suggested that all the hits established strong polar
interactions as well as nonpolar interactions with important
residues in the catalytic site of HDAC6. The interaction
pattern of hit molecules strongly suggested their inhibitory
effects of HDAC6. Therefore, we believe that these novel
inhibitors could potentially cross blood-brain barrier (BBB ≤
2) and could inhibit HDAC6 in the brain. Inhibition of
HDAC6 will deplete the deacetylation of tau at KXGS motifs,
and hence preserve the acetylation of tau, which in turn
prevents the phosphorylation of tau at serine residue of KXGS
motifs. Moreover, HDAC6 inhibition will preserve acetylated
HSP90, and hence suppresses the phosphorylation of tau at
KXGS motifs. Eventually, accelerating the acetylation of tau

protein at KXGS motifs and suppressing the deacetylation of
HSP90 by inhibiting HDAC6 lead to prevent tau-protein
mislocalization and neuritic bead formation.

Comparative Analysis of Hits and the Selective
Inhibitors of HDAC6. Since, few selective inhibitors of
HDAC6 exist; therefore, they were docked with HDAC6, and
subsequently compared with newly identified hits in terms of
docking score and molecular interactions. Our docking
simulation suggested that Nexturastat A,45 Tubastatin A,46

ACY-738,71 and ACY-77571 had docking score of 89.2, 89.4,
75.7, and 77.3 with HDAC6, respectively. The comparative
low docking score of selective inhibitors such as ACY-738 and
ACY-775 might be contributed to their narrow cap regions as
compared to the other selective inhibitors of HDAC6. In
parallel, these inhibitors also showed intact H-bonds with the
active site residues of HDAC6 (Figure S3). Our results
observed that Nexturastat A formed H-bonds with His610 and
Gly619 (Figure S3A). The docking results observed several
hydrophobic and van der Waals interactions between
Nexturastat A and HDAC6. Moreover, docking of Tubastatin
A established H-bonds with His610, Gly619, and Tyr782
(Figure S3B). The hydrophobic and van der Waals interactions
of Tubastatin A and HDAC6 are depicted in Supplementary

Table 4. Molecular Interactions of HDAC6 and Ligandsa

H-bond analysis

comp. ID
amino
acid

amino
acid
atom

ligand
atom

length
(Å)

Zn2+-bound
ligand atom hydrophobic interactions van der Waals interactions

reference His610 Nδ1 H44 2.5 O2 His611, His651, Phe680,
Leu749

Pro608, Cys618, Gly619, Phe620, Cys621, Asp649, Gly740,
Asp742, Glu779, Gly780Asp742 Oδ1 H1 2.3

Asp742 Oδ1 H23 2.5
Hit1 His610 Hε2 O11 2.3 O11 Cys618, Phe680, Pro681 Asp567, Ser568, Gly619, Phe620, Asp649, His651,

Gly653, Met682, Gly683, Asp742Asn654 Oδ1 H20 2.8
Pro681 O H66 2.5
Tyr782 OH H49 2.5

Hit2 His611 Nδ1 H33 1.9 O32 Pro501, His651, Phe680,
Leu749, Tyr782

Glu502, Asp567, Ser568, Pro608, Gly619, Phe620,
Cys621, Pro681, Asp742, Gly780, Gly781Gly619 HA2 O28 2.2

Asp649 Oδ2 H1 2.7
Gly780 HA1 O33 2.6

Hit3 His611 Hε2 O26 1.9 O26 Pro681, His651 Asp567, Ser568, His610, Cys618, Gly619, Phe620,
Asp649, Phe680, Met682, Asp742, Leu749, Tyr782His651 Hδ2 H50 3.0

Pro681 O H58 1.8
aAll the hits showed stable hydrogen bond as well as hydrophobic and van der Waals interactions with the catalytic site residues of the HDAC6.

Figure 7. Hydrogen bond analysis the protein−ligand complex. The
number of hydrogen bonds for each complex was computed
throughout the simulation period. Red, green, cyan, and golden
colors depict the reference, Hit1, Hit2, and Hit3, respectively.
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Figure S3B. Our results demonstrated that ACY-738
established H-bonds with His610 and Gly619 (Figure S3C).
Furthermore, ACY-738 formed several hydrophobic and van
der Waals interactions with the catalytic site residues of
HDAC6. Docking of ACY-775 showed H-bond interactions
with His610, Gly619, and Phe680 (Figure S3D). ACY-775
could also establish strong hydrophobic and van der Waals
interactions with the active site residues of HDAC6. Overall,
the interaction pattern of the selective inhibitors of HDAC6
suggested that their similar binding pattern is subjected to
hydroxamate group. Our analysis also observed that the
hydroxamate group consistently coordinated Zn2+ (Figure S3).
Additionally, our newly identified hits displayed similar pattern
of interactions but high docking score and different molecular
structures. Therefore, we argue that the newly identified hits
may have high biochemical affinity toward HDAC6 than the
previously identified inhibitors of HDAC6.
In Silico Assessment of HDAC6 Specificity. In order to

evaluate isoform selectivity, we performed docking simulation
to investigate the binding affinity of the newly identified
inhibitors toward other HDACs. Docking parameters for the
newly identified inhibitors with off-targets remained the same
as for HDAC6, but the target proteins were different including
HDAC2, HDAC4, and HDAC8 (Figure S4). Herein, we
argued that higher docking score as well as compatible binding
pattern mimic strong binding affinity, and vice versa.
Therefore, the comparative docking of the newly identified
inhibitors with off-targets may reflect their propensity toward
the off-targets. Our docking results suggested that all the newly
identified inhibitors had lowest docking score toward the
tested off-targets (HDAC2, HDAC4, and HDAC8) as
compared to HDAC6 (Table S2). Moreover, our results
suggested that the binding pattern of the newly identified hits
with off-targets could not follow their inhibitory mode (Figure
S4). Therefore, we are proclaiming that the newly identified
inhibitors might be HDAC6 selective and will have high
affinity toward HDAC6 over other HDACs.

■ MATERIAL AND METHODS
Structure-Based Pharmacophore Generation. To identify the

ligand binding features of HDAC6, the structure of human HDAC6 in
complex with trichostatin A (PDB ID: 5EDU) was taken.49 The
binding pattern of trichostatin A with catalytic site residues of
HDAC6 (His610, His611, His651, Gly679, Phe680, Tyr782, and
Zn2+) were critically analyzed. Residues in close vicinity of trichostatin
A (10 Å) were selected to identify complementary pharmacophoric
features by employing Interaction Generation protocol implanted in
DS. Thereafter, pharmacophore models were generated using
Receptor−ligand Pharmacophore Generation module of DS.
Pharmacophore Validation. The potentiality of pharmacophore

to identify HDAC6 inhibitors was evaluated by Guner−Henry
approach (Decoy test method).50 A test set was designed by
collecting HDAC6 inhibitors whose experimental activities (IC50
values) were measured by the same biological assays. The test set
was composed of active and inactive molecules of HDAC6. The
selected pharmacophore was employed as a 3D query to retrieve the
best fitted molecules from the test set. Screening of the test set was
performed by Ligand Pharmacopore Mapping protocol implanted in
DS. Furthermore, pharmacophore-retrieved compounds were identi-
fied and several parameters include Guner−Henry (GH) score,
enrichment factor (EF), percent ratio of actives (%A), percent yield of
actives (%Y), false negative, and false positive were calculated:
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where GH: Guner−Henry score; EF: enrichment factor score; Ha:
number of actives in hit list, Ht: total number of hits retrieved by
pharmacophore; D: number of compounds in database; A: number of
actives in database.

Generation of Drug-Like Database and Virtual Screening.
In the current study, Zinc Natural Product Database was taken
(http://pkuxxj.pku.edu.cn/UNPD/). Drug-like compounds have very
restricted chemical properties to avoid toxicity. Therefore, Lipinski’s
rule of f ive (ROF) and ADMET assessment tests were applied, and a
drug-like database was designed. ROF evaluates the physiochemical
properties of the drug-like molecule(s).51 ADMET assessment test
evaluates the pharmacokinetic properties such as absorption,
distribution, metabolism, excretion, and toxicity of the drug
molecules. Lipinski’s rule of f ive (ROF) and ADMET assessment test
were carried out in DS.

The validated pharmacophore was employed as a 3D query to
screen the drug-like database. The Ligand Pharmacophore Mapping
protocol in DS was employed to retrieve the drug-like molecules.
During database screening, the search option was set to Best/Flexible
while the Maximum Omitted Features option was set to “0” to restrict
the mapping of compounds onto all the features of the
pharmacophore.

Molecular Docking Simulation. Genetic Optimization of Ligand
Docking (GOLD v5.2.2) package was employed that uses genetic
algorithm to dock small molecules into the active site of protein.52

GOLD software allows full flexibility of ligands and partial flexibility of
protein; hence, it gives more reliable calculations in computational
biology. The structure of human HDAC6 in complex with trichostatin
A (TSA) was taken from Protein Data Bank.49 The structure of
HDAC6 was prepared by removing water, salts, and other unwanted
molecules. The in-built module of GOLD software (add hydrogen)
was used, and hydrogen atoms were added to the structure of
HDAC6. The active site of HDAC6 was defined within a radius of 10
Å of the bound inhibitor. The ChemPLP (Piecewise Linear Potential)
score and ASP (Astex Statistical Potential) score were used as the
default scoring and rescoring functions, respectively.53 The ChemPLP
is an empirical fitness function optimized for pose prediction and is
the default scoring function in GOLD software. It is used to model
the steric complementarity between protein and ligand, distance- and
angle-dependent hydrogen and metal bonding terms as well as the
heavy atoms clash- and torsional potential. The ASP score measures
the atom−atom potential and has comparable accuracy to Chemscore
and Goldscore fitness functions.53 During docking, the GA (genetic
algorithm) run was set to 100 to produce hundred poses for each
drug-like molecule. The bound ligand (trichostatin A) was employed
as a reference compound throughout the analyses. The drug-like
molecules with highest ChemPLP and ASP scores, highly stable
conformers (clustering analysis), and hydrogen bond interactions with
catalytic residues of HDAC6 were retrieved.

Molecular Dynamics Simulation. Molecular dynamics (MD)
simulation was performed to affirm pose orientation, stability, and
binding pattern of selected drug-like molecules in the active site of
HDAC6 under physiological conditions. For each drug-like molecule,
independent simulation system was prepared in Groningen Machine for
Chemical Simulation (GROMACS v5.0.7) package.54 The topology
files of HDAC6 and ligands were created by CHARMm36 all atoms
force field55 and SwissParam,56 respectively. All the simulations were
performed in the octahedral box, and each system was solvated with
the TIP3P water model. Periodic boundary conditions were applied in
all directions to mimic the infinite system. Sodium ions (Na+) were
added as counterions to neutralize the negative charge of simulation
system. Each system was subjected to an initial energy minimization
phase, where the maximum force was set to 10 kJ/mol to avoid steric
clash and bad contacts. To avoid configurational changes during
equilibration, all atom position restraints were applied. All the systems
were equilibrated in two steps. First, temperature equilibration was
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carried out under an NVT ensemble (constant number of particles,
volume, and temperature) for 100 ps at 300 K while using V-rescale
thermostat.57 Second, NPT ensemble was equilibrated at a constant
number of particles, pressure, and temperature. The pressure of each
system was maintained at 1.0 bar by Parrinello−Rahman barostat.58

In each system, the backbone atoms of proteins were restrained, while
the solvent molecules and counterions were unrestrained to move
freely during the equilibration phases. Each equilibrated system was
subjected to an unrestrained molecular dynamics simulation for 30 ns.
Particle Mesh Ewald (PME) approach was employed to calculate the
long-range electrostatic interactions using a 10 Å cutoff distance.
During simulation, bond lengths were constrained using LINCS
algorithm that allowed a 2 fs time step in all simulations.59 During data
collection, V-rescale thermostat and Parrinello−Rahman barostat
were used to maintain the temperature and pressure at 300 K and 1.0
bar, respectively.

■ CONCLUSIONS

Modulation of post-translational modification of proteins has
emerged as a new avenue in chemotherapy of chronic diseases.
In this study, virtual screening, molecular docking, and
molecular dynamics simulation were integrated to identify
novel inhibitors of HDAC6. A structure-based pharmacophore
was generated from HDAC6-TSA complex. The pharmaco-
phore had five features including two hydrogen bond donors,
one hydrogen bond acceptor, and two hydrophobic features,
which was validated by the decoy test, and a GH score of 0.80
was obtained. The Zinc Natural Product Database was filtered
by Lipinski’s rule of f ive (ROF) and ADMET Descriptors, and a
drug-like database was designed. The validated pharmacophore
was employed to screen the drug-like database, and a total of
841 candidate molecules were retrieved as candidate inhibitors
of HDAC6. Furthermore, the candidate inhibitors were
subjected to molecular docking to identify the true positive
inhibitors of HDAC6. Finally, molecular dynamics simulation
was employed to understand the stability, binding mode, and
molecular interactions of the novel hit molecules of HDAC6.
These novel hit molecules showed strong polar interactions
with the catalytic residues of HDAC6 including His610,
His611, Asp649, His651, and Tyr782. Hit molecules also
established several hydrophobic and van der Waals interactions
with the catalytic residues of HDAC6. Therefore, we
recommend these hit molecules as the novel inhibitors of
HDAC6, which will preserve the acetylation of tau and deplete
the deacetylation of HSP90 to prevent tau protein mislocaliza-
tion and neuritic bead formation in tau-pathogenesis.
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