1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Bioorg Med Chem. Author manuscript; available in PMC 2021 August 15.

-, HHS Public Access
«

Published in final edited form as:
Bioorg Med Chem. 2020 August 15; 28(16): 115607. doi:10.1016/j.bmc.2020.115607.

An in silico mechanistic insight into HDACS8 activation facilitates
the discovery of new small-molecule activators

Jintong Du?3, Wen Lil, Bo Liu3, Yingkai Zhang*®, Jinming Yu?:3, Xuben Houl:4, Hao Fang?!
1Department of Medicinal Chemistry and Key Laboratory of Chemical Biology of Natural Products

(MOE), School of Pharmacy, Shandong University, Jinan, Shandong, 250012, China;
2Shandong Cancer Hospital, Shandong University, Jinan, Shandong, 250012, China;

3Shandong Cancer Hospital and Institute, Shandong First Medical University and Shandong
Academy of Medical Sciences, Jinan, Shandong, 250117, China;

4Department of Chemistry, New York University, New York, New York 10003, United States;

SNYU-ECNU Center for Computational Chemistry, New York University-Shanghai, Shanghai
200122, China;

Abstract

Research interest in the development of histone deacetylase 8 (HDACS) activators has
substantially increased since loss-of-function HDAC8 mutations were found in patients with
Cornelia de Lange syndrome (CdLS). A series of N-acetylthioureas (e.g., TM-2-51) have been
identified as HDACS8-selective activators, among others; however, their activation mechanisms
remain elusive. Herein, we performed molecular dynamics (MD) simulations and fragment-centric
topographical mapping (FCTM) to investigate the mechanism of HDACS activation. Our results
revealed that improper binding of the coumarin group of fluorescent substrates leads to the
“flipping out” of catalytic residue Y306, which reduces the enzymatic activity of HDACS towards
fluorescent substrates. A pocket between the coumarin group of the substrate and thed catalytic
residue Y306 was filled with the activator TM-2-51, which not only enhanced binding between
HDACS and the fluorescent substrate complex but also stabilized Y306 in a catalytically active
conformation. Based on this newly proposed substrate-dependent activation mechanism, we
performed structure-based virtual screening and successfully identified low-molecular-weight
scaffolds as new HDACS activators.
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Introduction

As a member of the histone deacetylase (HDAC) protein family, histone deacetylase 8
(HDACS) catalyzes the deacetylation of acetyl-lysine residues within histone and nonhistone
proteins[1, 2]. HDACS also serves as fatty acid deacylase and catalyzes the hydrolysis of
long chain fatty acyl lysine[3]. HDACS plays important roles in diverse processes, including
energy homeostasis, microtubule integrity, muscle contraction and sister chromatid
separation[4]. Consequently, HDACS exhibits various functions in human pathophysiology
and may serves as a therapeutic target for many diseases, such as cancer[5, 6], X-linked
intellectual disability[7, 8], and infections[9, 10].

Cornelia de Lange syndrome (CdLS) is an inherited congenital anomaly resulting from
mutations in the cohesin-loading protein NIPBL or core components of the cohesin complex
(SMC1A, SMC3, and RAD21)[11-13]. HDACS was identified as the lysine deacetylase that
catalyzes human SMC3 deacetylation and shown to be essential for cohesin recycling in the
cell cycle. To date, 16 different missense mutations in HDACS8 have been identified in
children diagnosed with CdLS[8, 14]. Importantly, in both cellular and clinical studies, a
loss of HDACS activity resulted in increased SMC3 acetylation as well as decreased cohesin
at localized sites and caused features of CdLS. Therefore, interest in developing HDAC8
activators in the search for new therapeutic strategies for CdLS has gained substantial
interest[15].

Despite the numerous studies on HDACS inhibitors, only a limited number of HDAC8
activators have been reported[16, 17]. For example, among a series of N-acylthiourea
derivatives identified as HDACS activators, compound TM-2-51 exhibited the highest
potency and isoform selectivity (Fig. 1)[18]. The activation feature of TM-2-51 manifests as
a decrease in the K, value of the enzyme for a fluorescent substrate and an increase in the
catalytic turnover rate of the enzyme[17]. More recently, TM-2-51 was reported to rescue
the catalytic activity of CdLS-related HDAC8 mutants[15], further highlighting the
therapeutic benefits of HDAC8-selective activators. However, the molecular details
regarding the mechanism of HDACS activation remain unclear. Subsequent experiments
found that the observed activation effect is dependent on the use of a fluorescent substrate in
the enzyme activity assay and that TM-2-51 may not promote HDACS activity against
native substrates[16, 19]. In 2017, Mukhtar et al. reported a new series of HDACS activators,
which show activation effect against both AMC peptide substrate and AMC-less peptide
substrate (Fig. 1)1°.

To elucidate the mechanism of HDACS activation, we performed molecular dynamics (MD)
simulations as well as fragment-centric topographical mapping (FCTM) of HDAC-substrate
complexes. Based on our computational results, we have explained previous experimental
observations. In addition, we suggest a “sandwich-like” binding mode for the known
activator TM-2-51 and propose a substrate-dependent mechanism for HDACS activation.
Similar to our previously proposed mechanism of SIRT1 activation by resveratrol, TM-2-51
may restore tight binding between HDACS and specific “loosely bound” substrates, such as
fluorescent substrates, by binding a pocket formed by HDAC8-substrate complex formation.
Structure-based virtual screening against the unoccupied pocket within the protein-substrate
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interface successfully identified new HDACS activators, with the most potent fragment,
HA-16, shown to possess an ECsg of 11.1 uM. This newly proposed substrate-dependent
mechanism further improves our understanding of HDACS activation, and the newly
identified agonists provide more chemotypes for the design of novel substrate-dependent
HDACS activators.

2. Results and Discussions

2.1

Molecular dynamics simulations of HDAC-substrate complexes with or without the

activator TM-2-51

Crystal structures of HDACS with a fluorescent substrate (AMC substrate) have been
determined[20] [21], and both of these structures indicate a dimeric arrangement in which
the coumarin group of the substrates exhibit head-to-head packing (Fig. 2). Besides, similar
t-1e stacking interactions formed by AMC groups have also been observed in the crystal
structure of SIRT5, implying its potential role in crystal packing[22]. We analyzed the
crystal structure of an HDACS (Y 306F)-fluorescent substrate complex (PDB: 2V5W) and
identified a pocket (Fig. 2A) formed by the coumarin group of the substrate and the F306
residue in HDAC using AlphaSpace[23]. This pocket was clearly occupied by the coumarin
group of the substrate in the other monomer in the dimer structure but remained unoccupied
in the monomer structure (Fig. 2). Previous study already indicated that HDACS is
catalytically active as a monomer /n7 vitro and has been proposed to function as a monomer
in vivo[24].

To gain further insights into the mechanism of HDACS activation, we performed MD
simulations using HDAC8 and an AMC substrate (Table 1). For comparison, we also
constructed another HDAC8-substrate complex using a native substrate[25]. Consistent with
experimental observations, the binding of HDACS8 with a native substrate was more
favorable for catalysis than its binding with a fluorescent substrate[25, 26]. As shown in Fig.
3, a packing defect of the +1 coumarin group led to the “flipping out” of the catalytic residue
Y306, while the +1 Phe residue in the native substrate adopted a proper interaction with
respect to Y306 (Fig. 3C and 3D). In addition, binding of the AMC group of the fluorescent
substrate was less stable than that of the Phe group of the native substrate during MD
simulations (Fig. 3B). These computational results suggested that the unoccupied pocket
(Fig. 3A) led to the defect in packing between the coumarin group and Y306, which may
explain the weak catalytic activity of HDACS8 towards fluorescent substrates[2].

Interestingly, the volume of the pocket (263 A3) was very similar to the ligand volume of the
known HDACS8-selective activator TM-2-51 (220 A3, Fig. S1A in Supporting Information).
In addition, molecular docking of TM-2-51 against HDAC8-substrate complex also
suggested the preference in binding with the pocket formed by coumarin and Y306 (Fig.
S1B in Supporting Information). Thus, we hypothesize that TM-2-51 binds the pocket and
enhances the binding of HDACS8 with fluorescent substrates.

Three representative docking poses were selected and subjected to MD simulations (Fig. S2
in Supporting Information). Interestingly, we observed the stable binding of TM-2-51 in the
HDACS8-substrate complex starting from docking pose Il. As shown in Fig. 4A, TM-2-51

Bioorg Med Chem. Author manuscript; available in PMC 2021 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Du et al.

Page 4

targeted both the pocket and an adjunct pocket and exhibited a “sandwich-like” binding
mode with the HDAC8-fluorescent substrate complex. As expected, the binding of TM-2-51
not only stabilized binding of the coumarin group but also locked Y306 in a catalytically
active conformation (Fig. 4). Based on these results, we have suggested a potential TM-2-51
binding mode and elucidated the activation mechanism of the HDACS activator.

Notably, TM-2-51 is a selective HDACS activator with no effects against other HDAC
isoforms, such as HDACL. To further test our proposed activation mechanism of TM-2-51,
we then performed MD simulations using a HDAC1-fluorescent substrate complex.
Consistent with the experimental data, the binding of HDACL1 to the fluorescent substrate
was more stable than that of HDAC8[26] (Fig. 5). Compared to HDAC8, HDAC1 possesses
a larger L1 loop proximal to the active site that directly interacts with both Y306 and the
AMC group (Fig. 5). The pocket is occupied by the L1 loop of HDAC1, leaving no room for
TM-2-51 to bind, so we did not observe defects in packing between Y306 and the AMC
group. This result explained the isoform selectivity of TM-2-51.

2.2. Substrate-dependent activation mechanism

Based on the above results, here, we propose a detailed mechanism of substrate-dependent
HDACS activation. This mechanism explains the lower catalytic activity of HDACS8 towards
fluorescent substrates than the native substrate, suggests a “sandwich-like” TM-2-51
binding mode, and reveals how TM-2-51 selectively promotes the interaction between
HDACS and fluorescent substrates.

As summarized in Fig. 6, HDACS tightly binds the native substrate due to direct interaction
between the +1 Phe residue in the substrate and catalytic residue Y306. However,
fluorescent substrates fail to form a stable interaction with HDACS due to the presence of a
pocket between the +1 coumarin group and the Y306 residue; this pocket impairs proper
HDACS8-substrate interactions, and defects in packing of the coumarin group may lead to the
“flipping out” of catalytic residue Y306. Importantly, the known activator TM-2-51 can
bind the complementary pocket, therefore stabilizing the HDACS8-substrate complex in the
catalytically required conformation. Moreover, other known HDACS activators (compound 4
and 7 in Fig. 1) are also able to bind with this pocket according to molecular docking results
(Supporting information Fig. S3). On the other hand, HDACL1 possesses a larger loop than
HDACS. In HDAC1, this loop occupies the pocket and forms stable interactions with the
coumarin group. Thus, TM-2-51 cannot further enhance the binding between HDAC1 and
its fluorescent substrate.

This new mechanism highlights the importance of aromatic amino acid residues in the +1
position of HDACS substrates and suggests that small-molecule activators activate only
“loosely bound” substrates (e.g., fluorescent substrates) by restoring proper protein-substrate
interactions. In addition, many nuclear proteins have been found to contain aromatic amino
acids at the C-terminal ends of their acetylated lysine residues; these proteins serve as targets
for various HDAC isozymes[27].

A previously reported crystal structure of HDAC3 in complex with the deacetylase-
activating domain (DAD) revealed the important role of the inositol tetraphosphate (1P4)
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molecule in corepressor assembly and HDAC3 activation[28]. Interestingly, the IP4-binding
site in HDACS3 is close to our predicted binding site for the HDACS activator (Fig. S4 in
Supporting Information). Furthermore, MD simulations also suggested that the 1P4 molecule
at the HDAC3-DAD interface promotes the inward conformation of Y298 (Y306 in
HDACS)[29], which is similar to our newly proposed mechanism of HDACS activation.
Thus, our results further suggest that class | HDACs adopt a similar activation mechanism in
which small-molecule activators bind a pocket close to the L1 loop and stabilize HDAC in
the catalytically required conformation.

Notably, in conjunction with HDACS activation, the activation of SIRT1, which belongs to
the class 111 HDAC family, by resveratrol has been controversial[30, 31]. Recently, such
controversy has been mitigated by the demonstration that SIRT1 cleaves physiological
peptide substrates harboring aromatic amino acids at the +1 position of the acetylated lysine
substrate[32]. A similar substrate-dependent mechanism of SIRT1 activation was described
in our previous study in which resveratrol serves as a protein-substrate stabilizer[33].Thus,
stabilization of protein-substrate interactions may be a general mechanism of substrate-
dependent small-molecule activators. Searching for disease-related “loosely bound”
substrates and identifying small molecules that are compatible with tight protein-substrate
binding are possible strategies for the rational design of enzyme activators.

2.3. Novel low-molecular-weight HDACS8 activators

To further verify this newly proposed activation mechanism as well as discover novel
scaffolds for the design of HDACS activators, we performed structure-based virtual
screening using AutoDock Vina. According to the proposed activation mechanism of TM-2—
51, sandwich-like rt-rt-1e stacking interactions between Y306 in HDACS and the activator
and fluorescent substrate are important. On the other hand, low-molecular-weight fragments
not only complement the pocket (volume = 263 A3), but also serve as valuable scaffolds for
future drug design. Therefore, a total of 1,046 low-molecular-weight fragments containing at
least one aromatic ring, which selected from commercial database, were subjected to
structure-based virtual screening. Based on the calculated binding energies as well as the
occupancy of the pocket, twenty fragments were selected and tested for their activation
effect on HDACS8 enzymatic activity (Fig. S5 in Supporting Information). As shown in Fig.
TA, six fragments induced 1.3—-2-fold activation (20 uM) of a fluorescent substrate, with the
most potent fragments, HA-1 and HA-16, possess ECsgq values of 11.1 yM and 16.9 UM,
respectively (Fig. 7B). The predicted model also suggested a binding mode for these new
activators similar to that of TM-2-51 (Fig. 8). These results not only support our proposed
mechanism of HDACS activation but also provide a series of novel scaffolds for the design
of new HDACS activators.

3. Conclusion

In summary, we propose a new mechanism of HDACS activation in which the activation of
HDACS is dependent on stabilization of the interactions between proteins and specific
“loosely bound” substrates (such as fluorescent substrates) that contain specific chemical
groups, resulting in catalytically unfavorable conformation changes. Thus, identifying
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disease-related “loosely bound” substrates will be one of the primary tasks in the future
development of HDACS activators.

Notably, six new HDACS activators were identified on the basis of our proposed activation
mechanism. Although these new activators were identified using a fluorescent substrate,
these results further support our proposed mechanism of HDACS activation and have
significant implications for the further rational design of substrate-specific HDAC8
activators.

4. Materials and Methods

4.1 Structure preparation

The crystal structure of an HDACB8-fluorescent substrate complex (PDB: 2V5W[20]) was
used as the starting structure for the HDACS8 simulation system. First, the structure of the
native peptide was modeled to be a fluorescent substrate using the tleap module in
AmberTools 15[34]. The crystal structure of HDAC1 (PDB: 4BKX[35]) was used as the
starting structure for the HDAC1 simulation system, and the structure of a fluorescent
substrate was adapted from the HDACS crystal structure (PDB: 2V5W). The protonation
states of charged residues were determined based on pKa calculations via the PDB2PQR
server[36]. The protonation states of catalytic residues were determined based on our
previous quantum mechanical/molecular mechanical (QM/MM) study[37]. For the system
consisting of the HDAC8-fluorescent substrate complex with a bound activator, the known
activator TM-2-51 was docked into the pocket formed by the coumarin group and Y306
using AutoDock Vina[38]. Three representative docking poses (I, Il and 111) of TM-2-51
were selected from the top 10 scored conformers.

4.2 MD simulation

MD simulations were performed using the AMBER14 package[39] with the ff14SB force
field[40] for the protein, the TIP3P model for water molecules, and the short-long effective
function 2 (SLEF2) force field[41] for zinc ions. Partial charges for the 7-Amino-4-
methylcoumarin (AMC) group in the fluorescent substrate and small-molecule activators
were fit using the basis sets HF/6-31 G(d) at the Hartree-Fock level of theory (Gaussian 09,
revision E.01)[42]. The restrained electrostatic potential (RESP) method[43] in
Antechamber was employed to fit the charges to each atomic center, followed by GAFF
parameterization to obtain complete topological descriptions of the ligands. Each system
was solvated with explicit TIP3P water in a rectangular periodic box and neutralized with
Na* counterions. A series of minimizations, equilibrations, and standard MD simulations
were performed following our previous study[33] on GPUs using Particle Mesh Ewald
Molecular Dynamics (PMEMD)[44, 45]. For each simulation system, three independent
runs were carried out for 100 ns with periodic boundary conditions, and snapshots were
saved every 10 ps for analysis. The SHAKE algorithm was applied to constrain all bonds
involving hydrogen atoms. The particle mesh Ewald (PME) method with a 10 A cutoff for
the nonbonded interactions was used in energy minimizations and MD production. The
Berendsen thermostat method was used to maintain the system temperature at 300 K. All
other parameters were default values.
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FCTM of protein-substrate/ligand interfaces was performed using AlphaSpace[23, 46],
which identifies and represents concave spaces across a protein surface using a geometric
model based on Voronoi tessellation. Concave spaces were represented as a set of alpha-
atom/alpha-space pairs, which were then clustered into discrete fragment-centric pockets.
Pocket occupation was evaluated based on the distance between its associated alpha-atom
and the closest atom to the ligand using a 1.6 A cutoff.

4.4. Structure-based virtual screening

A total of 1,046 fragment-like compounds (Number of rings = 1 and M.W. < 250 Da)
selected from commercial library (Sigma-Aldrich and Aladdin) are used in virtual screening.
Ligand structures were prepared using the structure preparation module of SYBYL-x; these
preparations included: (1) the addition of missing hydrogens, (2) the calculation of atomic
Gasteiger-Hiickel charges, and (3) structural minimization using the MMFF94 force field.
Virtual screening was performed using AutoDock Vina[38]. The search space box used for
docking was centered around the pocket formed by the coumarin group and Y306. The
pocket occupancy of each ligand was measured using AlphaSpace. According to their Vina
scores as well as pocket occupancies, a total of 20 fragments were selected for biological
testing. The selected compounds were purchased from Sigma-Aldrich and Aladdin with
purity of higher than 95% (confirmed by the supplier).

4.5 HDACS activation assay

All of the enzymatic reactions were conducted at 37°C for 30 minutes. The 50 pL reaction
mixture contained 25 mM Tris (pH 8.0), 1 mM MgCl,, 0.1 mg/mL BSA, 1.37 mM NaCl, 2.7
mM KCI, HDACS and the fluorescent substrate (Fluor de Lys). Compounds were diluted in
10% DMSO, and 5 pL of each diluted compound was added to a 50 L reaction volume
such that the final concentration of DMSO was 1% in all reactions. The pan-HDAC inhibitor
SAHA was employed as negative control. The assay was performed by quantitating the
fluorescent product in solution following enzyme reaction. Fluorescence was then analyzed
with an excitation wavelength of 350-360 nm and an emission wavelength of 450-460 nm
using a SpectraMax M5 microtiter plate reader. ECgq values were calculated using nonlinear
regression with normalized dose-response fit using GraphPad Prism 8 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Small molecular HDACS activators from literatures[16, 17].
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Fig. 2.
Crystal structure of the HDACB8-substrate complex (PDB: 2V5W). Two monomers are

illustrated as white and green ribbons. The Fluor de Lys substrates are highlighted with their
coumarin groups presented as a ball-and-stick model, and acetyl-lysine residues are
presented as a stick model.
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Fig. 3.

(A) Pocket analysis of the HDACS8 (Y 306F)-substrate monomer using AlphaSpace revealed
an unoccupied pocket formed by the coumarin group and F306. (B) The distance between
ACK@O and Y306@O, which is essential for the catalytic reaction, and the RMSD values
of the +1 positions in substrates during MD simulations of HDACS8 with a fluorescent
substrate and native substrate are shown. (C) Comparison of a representative MD snhapshot
of the HDAC8-fluorescent substrate complex (colored cyan) and a crystal structure (PDB:
2V5W, colored white). (D) Comparison of a representative MD shapshot of the HDAC8-
native substrate complex (colored yellow) and a crystal structure (PDB: 2V5W, colored
white).
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(A) Comparison of representative MD snapshots of an HDACS8-fluorescent substrate
complex (colored orange) with bound activator TM-2-51 (colored yellow) and a crystal
structure (PDB: 2V5W, colored white). The pocket (transparent green surface, marked with
*) and adjunct pocket (transparent yellow surface) occupied by the activator TM-2-51 were
detected by AlphaSpace. (B) The distance between ACK@O and Y306@0O, which is
essential for catalytic reaction, and the RMSD values of the AMC groups in substrates
during MD simulations of HDAC8-fluorescent substrate with or without the bound activator

are shown.
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Fig. 5.
(A) Comparison of HDACS-fluorescent substrate crystal structure (2V5W, colored in white)

and representative MD snapshot of HDAC1-fluorescent substrate complex (colored in
green). (B) The distance between ACK@O and Y306@O, which is essential for catalytic

reaction, and the RMSD values AMC group in substrates during
HDAC1-fluorescent substrate and HDAC8-fluorescent substrate.
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Substrate-dependent activation mechanism of HDACS.
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Fig. 7.
(A) Chemical structures and activation rates of six new HDACS activators (20 uM). (B)
Dose-dependent activation curves of fragments HA-1 and HA-16.
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Fig. 8.
Predicted mode of HA-1 (A) and HA-16 (B) binding in the HDAC8-fluorescent substrate

complex.
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Table 1.

Comparison of proteins, substrate sequences, presence of activator, experimental data, and simulation results
of three MD systems.

MD simulation results

MD System  Protein Substrate Activator  Experimental enzyme activity
Y306 conformer  Substrate binding
1 HDAC8 RHK(ac)K(ac)AMC - Low Inactive Loose
2 HDAC8 RHK(ac)K(ac)AMC  TM-2-51 Recurred Activate Tight
3 HDACS8 ISK(ac)FD? - Normal Activate Tight
4 HDAC1 RHK(ac)K(ac)AMC - Normal Activate Tight

aNative substrate of HDACS [25]
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