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ABSTRACT

Selective inhibition of histone deacetylase 6 (HDAC6) is being recognized as a 

therapeutic approach for cancers. In this study, we designed a new HDAC6 inhibitor, 

named Suprastat, using in silico simulations. X-ray crystallography and molecular 

dynamics simulations provide strong evidence to support the notion that the 

aminomethyl and hydroxyl groups in the capping group of Suprastat establish 

significant hydrogen bond interactions, either direct or water-mediated, with residues 

D460, N530, and S531, which play a vital role in regulating the deacetylase function of 

the enzyme and which are absent in other isoforms. In vitro characterization of 

Suprastat demonstrates subnanomolar HDAC6 inhibitory potency and a hundred- to a 

thousand-fold HDAC6 selectivity over the other HDAC isoforms. In vivo studies reveal 

that a combination of Suprastat and anti-PD1 immunotherapy enhances anti-tumor 

immune response, mediated by a decrease of pro-tumoral M2 macrophages and 

increased infiltration of anti-tumor CD8+ effector and memory T-cells.

Page 2 of 76

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



INTRODUCTION

Reversible acetylation of lysine side chains on the surface of enzymes and other 

proteins is modulated by histone acetyltransferases (HATs) and histone deacetylases 

(HDACs). Protein lysine acetylation or deacetylation serves as a key regulatory 

pathway for various cellular processes, such as transcription, cell cycle, and cellular 

metabolism.1-3 HDACs have been demonstrated to be effective targets for the treatment 

of cancer, neurological diseases, and immune disorders.4-6 Up to date, 11 zinc ion 

(Zn2+)-dependent HDACs (Class I, II, and IV) and seven nicotinamide adenine 

dinucleotide (NAD+)-dependent sirtuins (SIRTs) (Class III) have been identified. 

Unlike other members, HDAC6 in Class IIb is unique due to its ability to deacetylate a 

number of non-histone proteins as its preferred substrates, such as α-tubulin and HSP-

90.7, 8 HDAC6 inhibitors (HDAC6is), Ricolinostat (ACY-1215), Citarinostat (ACY-

241), and KA2507 are being evaluated in clinical trials for various types of cancers 

through either monotherapy or a combination approach,9 although they are only 

partially selective HDAC6is. Therefore, HDAC6is have emerged as a promising 

approach for cancer therapy.

Immunomodulatory properties of HDAC6is have deemed them as therapeutic agents 

for cancer immunotherapy. It has been reported that HDAC6 interacts with the 

transcription factor STAT3, which is a primary regulator of immune responses in the 

tumor microenvironment,10 and that it regulates STAT3-mediated gene expression.11 In 

antigen-presenting cells (APCs), such as macrophages and dendritic cells, selective 

inhibition of HDAC6 leads to a decreased production of immunosuppressive cytokine 
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IL-10, thereby retaining the proinflammatory state of APCs.11 In melanoma tumor cells, 

HDAC6 inhibition leads to a decreased level of the immunosuppressive molecule PD-

L1 by affecting the recruitment and activation of STAT3.12 Furthermore, using the 

syngeneic murine melanoma mouse model, we recently demonstrated that a 

combination therapy comprised of selective HDAC6is and PD-1 antibody leads to 

significantly improved effects on tumor growth compared to a single therapy,13 thereby 

underscoring the immunomodulatory capability of selective HDAC6is. 

The structure of one HDAC6i typically contain: a) a zinc-binding group (ZBG) 

establishing essential coordination with the Zn2+ ion in the active site; b) a linker region 

filling the hydrophobic space between the catalytic site and the outer surface; c) a 

capping group (cap) interacting with residues on the surface. The phenylhydroxamate-

based HDAC6is feature the critical ZBG and linker for selective and potent HDAC6 

inhibition that originated from the invention of Tubastatin A (TubA, Figure 1A).9, 14-18 

HDAC6is are largely comprised of arylhydroxamate-based analogs.9 However, the 

recent development of oxadiazole-based selective HDAC6is by pharmaceutical 

companies9 may provide a new opportunity to refine the druglike properties (e.g., 

metabolic stability, permeability, and mutagenicity)19-21 of HDAC6is. Crystallographic 

studies of several ligands complexed with Danio rerio HDAC6 (zHDAC6) have 

revealed that most selective HDAC6is containing phenylhydroxamate exhibit an 

unusual monodentate Zn2+ coordination geometry.22, 23 On the other hand, a typical 

canonical bidentate Zn2+ coordination was observed in a number of zHDAC6 crystals 

complexing with HDACis bearing alkylhydroxamate or capless arylhydroxamate.24-26 
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In addition, the phenylhydroxamate moiety is sandwiched by F583 and F643 in the 

hydrophobic tunnel, establishing a double π-stacking interaction. 

Figure 1. Crystal structures of zHDAC6 complexes with selective HDAC6is (A) 

Tubastain A (yellow, PDB code 6THV) (B) RTS-V5 (green, PDB code 6CW8) (C) 

ACY-1083 (pink, PDB code 5WGM) (D) HPB (blue, PDB code 5WGK) (E) SS-208 

(cyan, PDB code 6R0K) (F) CBZ (purple, PDB code 6PZU). Selective amino acid 
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residues in HDAC6 are indicated in stick representation with carbon atoms in grey, 

oxygen atoms in red, nitrogen atoms in blue colors, whereas active-site zinc ion and 

water molecules are indicated as silver and red spheres, respectively. IC50 values for 

HDAC1 and HDAC6, along with selectivity indices, are indicated for each HDAC6 

inhibitor.

Among zinc-dependent HDACs, only HDAC6 contains a large open basin 

approximately 14 Å wide. Thus, a lot of selective HDAC6is consist of a bulky and rigid 

cap to occupy the broad rim of the pocket.22 Polycyclic aromatic rings are often 

considered as useful caps in selective HDAC6is that can form robust hydrophobic 

engagements with the L1 loop pocket defined by key residues H463, P464, F583, and 

L712, which is considered as the selectivity-determining area.25-27 The crystal structure 

of the enzyme in complex with TubA (PDB code 6THV) is shown in Figure 1A as an 

example.28 Recent findings provide additional examples, such as Resminostat (PDB 

code 6PZR), whose cap engages with another pocket defined by the L2 loop.29 

Moreover, the bifurcated cap of the dual HDAC-proteasome inhibitor RTS-V5 can 

occupy both L1 and L2 pockets and interact with the nearby residues G640-N645 

(Figure 1B, PDB code 6CW8).30, 31

Besides hydrophobic and π-stacking interactions, HDAC6 crystals in complex with 

selective HDAC6is also indicate that capping or linker groups form additional 

hydrogen bonds with the residue S531 inside the pocket: a) The NH group on the linker 

of pyrimidinylhydroxamate-based ACY-1083 shows a direct hydrogen-bonding 
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interaction to the hydroxyl group of S531 (Figure 1C, PDB code 5WGM).23 b) The 

hydroxyl group on the n-propyl tail chain of HPB forms a water-mediated hydrogen 

bond with S531 (Figure 1D, PDB code 5WGK).23 c) The carbonyl group on the amide 

connecting unit of isoxazole-3-hydroxamate-based SS-208 interacts with S531 at a 

distance of 3.3 Å (Figure 1E PDB code 6R0K).26 Moreover, hydrogen-bonding 

interactions with other residues (e.g., D460 and F643) are also observed in zHDAC6 

crystal complexes: a) Ricolinostat establishes water-mediated hydrogen-bonding 

interactions with D460 and S531 through its aminopyrimidinyl core and amide linkage, 

respectively (PDB code 5WGL).23 b) zHDAC6 in the complex with a Cbz-protected 

dipeptide (Leu-Ala) capped HDAC6i CBZ (Figure 1F, PDB code 6PZU) reveals that 

the phenyl ring of the Cbz protecting group forms a carbon-hydrogen bond with D460. 

In contrast, hydrogen-bond interactions mediated by water molecules are observed with 

the imidazole ring of H614 and the amino group of F643.29 Noteworthy, S531 is critical 

for substrate recognition and engages with the NH group of the N-acetyllysine moiety 

through a hydrogen-bond interaction.24 It was also found that a single mutation (S531A) 

in sequence encoding zHDAC6-CD2 decreased the catalytic efficiency by 258-fold.24 

Moreover, It was reported by the Matthias group that double mutations (W459A and 

D460A) and other single mutations (N530A, N530D, or S531A) significantly reduced 

α-tubulin deacetylation.22 It should be noted that N530 of zHDAC6 corresponds to 

D567 in the human ortholog. Surprisingly, the N530D substitution in zHDAC6 led to 

a substantial decrease in the deacetylation efficacy of α-tubulin. At the same time, it 

has been reported by the Christianson group that the N530A substitution in zHDAC6 
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and D567A substitution in hHDAC6 did not significantly influence HDAC6 

deacetylase activity using a fluorogenic substrate derived from histone H424 Apparently, 

the residue might play an important role in the interaction interface with proteinaceous 

substrates (e.g., tubulin), but not small peptides. The detailed understanding of the N530 

(D567) role in substrate recognition warrants further studies.

Overall, we hypothesized that establishing specific hydrogen-bonding interactions with 

these key residues, which play crucial roles in regulating the deacetylation function of 

HDAC6 and which are absent in other isoforms, might lead to enhanced potency and 

excellent HDAC6 isoform selectivity.32 Currently, a typical strategy in the discovery of 

selective HDAC6is relies on modifications of aromatic capping groups to strengthen 

hydrophobic interactions with residues of the L1-loop pocket.9, 16, 17 As an alternative 

approach, we designed new analogs based on the Nexturastat A (NextA) scaffold by 

incorporating polar groups to interact with key residues of the HDAC6 pocket. 

Integrated structural and biological characterization demonstrates that one analog, 

named Suprastat, represents a new generation of selective HDAC6i.

RESULTS AND DISCUSSION

Design and synthesis of Suprastat (6a). NextA (Figure 2A, left) comprises a classical 

phenylhydroxamate zinc-binding core linked to a urea-based cap featuring a phenyl 

ring and an n-butyl side chain, which exhibits good affinity and selectivity for 

HDAC6.33 The HDAC6/NextA crystal (PDB code 5G0I, Figure 2B) reveals that there 

is no direct enzyme-inhibitor hydrogen bonding interaction between the cap and the 
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pocket. Instead, the steric complementarity between the bulky cap and the 3D contour 

of the pocket drives important hydrophobic interactions. NextA exhibited minimal 

antiproliferative activity against a variety of human cancer cell lines and induced G1 

cell-cycle arrest without eliciting apoptosis.26, 34 Moreover, it was found that NextA 

down-regulated the level of the immunosuppressive molecule PD-L1 (CD274) in 

melanoma cells and additionally impaired melanoma tumor growth in 

immunocompetent mice mediated by increased tumor-specific immunogenic signals.13 

Recent findings further demonstrated that a combination treatment employing NextA 

along with anti-PD1 immune blockade resulted in enhanced T-cell infiltration coupled 

with a decrease of pro-tumor M2 macrophages in the tumor microenvironment, leading 

to significant tumor growth inhibition and a higher survival rate compared to 

monotherapy.13 Given the well-understood molecular basis for its selective inhibition 

of HDAC6 as well as its efficacy in established murine melanoma models, we selected 

NextA as a parent scaffold for designing the next generation of HDAC6is. 

We reasoned that the derivatization of the NextA cap with polar groups could further 

increase potency and selectivity via potential interactions with the residues at the rim 

region of the HDAC6 catalytic core. Molecular docking studies using the 

HDAC6/NextA complex as a template were performed for a series of newly designed 

NextA derivatives. We examined their capacity to extend the interaction interface of 

the inhibitor cap with the HDAC6 rim residues. The most promising derivative, named 

Suprastat, contains an aminomethyl group at the para position of the phenyl ring and a 

hydroxyl group at the end of the n-butyl chain attached to the proximal urea nitrogen 
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(Figure 2A, right). Based on the in silico predictions, the positively charged 

aminomethyl and hydroxybutyl branches of Suprastat interact with the carboxyl group 

of D460 and the main chain amino group of F643, respectively (Figure 2B).

  

Figure 2. In silico design of Suprastat by NextA derivatization. (A) Structures of 

phenylhydroxamate-based Nexturastat A (left) and Suprastat (right). (B) Molecular 

docking of Suprastat (orange) based on the HDAC6/Nexturastat A complex (PDB code 

5G0I; silver) with an indication of the additional interactions created by the 

aminomethyl and hydroxybutyl polar groups with residues D460 and F643 at the rim 

of the catalytic pocket of HDAC6.

Moreover, we performed relative binding free energy calculations35 on the 
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HDAC6/NextA and HDAC6/Suprastat complexes, respectively. The results indicate 

that the HDAC6/Suprastat complex shows a much lower free energy of binding (ΔG0 

= -67.25 kcal mol-1) compared to HDAC6/NextA (ΔG0 = -38.85 kcal mol-1), suggesting 

an improved affinity of Suprastat for the HDAC6 catalytic pocket. The enthalpic (ΔH0) 

and entropic (ΔS0) contributes to both ΔG0 values, determined by the Gibbs free energy 

equation (Figure 2A). The results suggest that the improved affinity of Suprastat is 

accompanied by a more substantial entropic gain (-TΔ S0).

Scheme 1. Synthetic route to 6a-b and 6d-fa

O
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H

O

O
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H
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BocHN BocHN

BocHN H2N

H
N N

O

R1

a

b

c

4a: R1 = COOMe, R2 = OH;
4b: R1 = COOMe, R2 = H;
4c: R1 = CN, R2 = OH;
4d: R1 = Br, R2 = OH;

1 2

3a: R1 = COOMe
3b: R1 = CN
3c: R1 = Br

5a: R1 = COOMe, R2 = OH;
5b: R1 = COOMe, R2 = H;
5c: R1 = CN, R2 = OH;
5d: R1 = Br, R2 = OH;

R2

R2 R2

6a: R1 = CONHOH, R2 = OH;
6b: R1 = CONHOH, R2 = H;
6d: R1 = COOH, R2 = OH;
6e: R1 = CONH2, R2 = OH;
6f: R1 = B(OH)2, R2 = OH;

R1 d-g

aReagents and conditions. (a) phenyl chloroformate, K2CO3, acetone, rt, 2 h; (b) i) 4-

amino-1-butanol for 4a, 4c, and 4d and n-butylamine for 4b, EtOH, reflux, 2 h; ii) 

NaBH4, MeOH, 0°C-rt, 2 h; (c) 2, TEA, THF, reflux, 2 h; (d) for 6a and 6b: i) aq. 

NH2OH (50%), NaOH, THF/MeOH, 0°C, 15 min; ii) TFA, THF, rt, 0.5 h; (e) for 6d: 

i) 1N NaOH, THF/MeOH, rt, overnight; ii) TFA, THF, rt, 0.5 h; (f) for 6e: i) H2O2 
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(30%), K2CO3, DMSO, rt, 5 h; ii) TFA, THF, rt, 0.5 h; (g) for 6f: i) B2pin2, KOAc, 

Pd(dppf)Cl2, DMF, 80°C, overnight; ii) NaIO4, NH4OAc, acetone-H2O, rt, overnight; 

iii) TFA, THF, rt, 0.5 h.

The synthetic route to Suprastat was initiated by the preparation of a carbamate 

intermediate 2 from phenyl chloroformate and aniline 1 under K2CO3/acetone 

conditions. On the other hand, methyl 4-formylbenzoate 3a underwent a rapid reductive 

amination with 4-amino-1-butanol to provide intermediate 4a. Subsequently, the 

combination reaction between 2 and 4a under TEA/THF conditions afforded the key 

urea precursor 5a, which was further converted to the final hydroxamate product 6a 

(Suprastat) using aqueous hydroxylamine under basic conditions followed by 

TFA/THF to remove the Boc group. For evaluation together with Suprastat in the 

following biological experiments, analog 6b bearing an aminomethyl group and the 

original n-butyl chain attached to the proximal urea nitrogen was also prepared from 3a 

and n-butylamine using the same synthetic route to Suprastat. The synthesis of 6c 

(Table 1), which contains a hydroxylbutyl side chain but no aromatic substituent, has 

been reported in our prior work.36 Moreover, non-hydroxamate analogs 6d-f containing 

the same cap with Supratstat were prepared and evaluated to explore if additional 

hydrogen binding interactions would be able to retain activity without a hydroxamate 

ZBG, inspired by ketone/amide-based Class I HDACis.37-39 The carboxylic acid analog 

6d was directly afforded from the urea ester 5a through hydrolysis under basic 

condition and Boc deprotection. To synthesize the amide analog 6e, 4-
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formylbenzonitrile 3b underwent the two-step reductive amination followed by the 

reaction with carbamate 2 to generate the intermediate urea 5c. The nitrile group in 5c 

was further converted to an amide group by treating with aqueous hydrogen peroxide 

solution under basic condition, and the final product 6e was afforded through Boc 

deprotection as described above. The synthetic route to the boronic acid analog 6f 

initiated with the reductive amination of 4-bromobenzaldehyde 3c followed by urea 

formation using the same procedures as above to give the intermediate urea 5d. The 

precursor 5d underwent coupling reaction with bis(pinacolato)diboron under 

KOAc/Pd(dppf)Cl2 conditions. In the end, the desired boronic acid product 6f was 

obtained through pinacol deprotection and Boc deprotection under NaIO4/NH4OAc and 

TFA/THF, respectively.

In vitro HDAC potency assessment. To evaluate the influence of each additional 

functional group on the potency and isoform selectivity, we tested the potency of 6a-c 

along with NextA against human HDACs 1-9 and 11 under optimized conditions in 

vitro.26 It should be mentioned that our highly pure (>98%) HDAC10 preparations 

heterologously expressed in HEK293T cells did not show any appreciable activity 

using either acetylspermidine40 or RHKK(Ac)AMC (typically used by Reaction 

Biology Corp, Malvern, PA) as the substrate for HDAC10 profiling. Therefore, the IC50 

values of HDAC10 were not included. Results in Table 1 suggest that 6a and 6c are 

more potent and selective HDAC6is (IC50 = 0.4 vs. 0.5 nM) with at least 290-fold 

selectivity over Class I isoforms HDAC1-3 and 8 and a thousand-fold selectivity over 
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Class IIa isoforms HDAC4, 5, 7, and 9. Moreover, 6a-c did not show activity against 

the Class IV isoform HDAC11 up to 50 µM. It shall be noted that experimental IC50 

values in the range of 0.2–0.4 nM for HDAC6 are at the limit of our assay that uses 

approximately 0.6 nM concentration of the full-length enzyme (as determined by 

absorbance measurements at 280 nm). IC50 values for Suprastat and 6c are thus at the 

limit of our assay, and these two inhibitors can theoretically have an even higher 

potency than reported here. Overall, the inhibition data suggest that the hydroxylbutyl 

chain contributes more prominently towards the increase in HDAC6 affinity and 

selectivity compared to the aminomethyl group. Additionally, the incorporation of the 

polar aminomethyl and hydroxylbutyl groups into the inhibitors 6a-c increases the 

number of heavy atoms but decreases their clogP (calculated by SwissADME41) relative 

to NextA (Table 2), which leads to significantly elevated lipophilic ligand efficiencies 

(LipE),42 especially 6a ((LipE = 7.57 (6a) vs. 6.19 (NextA)), although the ligand 

efficiencies (LE) of 6a and 6b are slightly lower.43 Taken together, compared to NextA 

and related analogs, Suprastat (6a) bearing both hydroxybutyl and aminomethyl 

moieties showed improved potency against HDAC6 and excellent selectivity over the 

other HDAC isoforms. At the same time, it also exhibits the highest LipE value due to 

its significantly decreased clogP. On the other hand, the inhibitory potency of the non-

hydroxamate-based analogs 6d-f comprised of carboxylic acid, amide, or boronic acid 

as alterative ZBGs against HDAC6 was severely compromised (Supplementary Table 

S1), which would indicate that the additional hydrogen bonding interactions between 

the cap and HDAC6 pocket are not strong enough to maintain nanomolar potency when 

Page 14 of 76

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



the critical hydroxamate-Zn2+ coordination is absent.

Table 1. In vitro HDAC profiles of 6a-c and NextA a

N
H
N

O

R2

N
H

O
OH

R1

Compound Suprastat (6a) 6b 6c b NextA

R1 CH2NH2 CH2NH2 H H

R2 OH H OH H

Isoform IC50, nM SI c IC50, nM SI IC50, nM SI IC50, nM SI

HDAC6 0.4 ± 0.0 1 0.9 ± 0.7 1 0.5 ± 0.4 1 1.6 ± 0.4 1

HDAC1 117 ± 10 293 80 ± 45 89 148 ± 9 296 151 ± 20 94

HDAC2 176 ± 21 440 281 ± 28 312 268 ± 16 536 276 ± 96 173

HDAC3 352 ± 2 880 443 ± 108 492 581 ± 18 1,160 1,420 ± 145 887

HDAC4 8,250 ± 1,350 20,600 23,100 ± 226 25,700 14,000 ± 1,380 27,900 14,800 ± 1,700 9,250

HDAC5 3,420 ± 373 8,550 10,100 ± 162 11,200 9,130 ± 119 18,300 6,620 ± 2,660 4,140

HDAC7 1,470 ± 56 3,680 9,000 ± 1,110 10,000 1,930 ± 70 3,870 2,430 ± 300 1,520

HDAC8 498 ± 58 1,250 614 ± 58 682 478 ± 97 956 988 ± 264 618

HDAC9 6,270 ± 177 15,700 17,300 ± 4,990 19,200 29,700 ± 4,190 59,50 2,000 ± 770 1,250

HDAC11 >50,000 - >50,000 - >50,000 - 10,600 ± 2,200 6,630

a IC50 values are the mean of two experiments ± SEM calculated by non-linear 

regression analysis from experimental vi/v0 values for each HDAC isoform. b 6c was 

originally published as compound 7b in Ref 36. c SI: HDAC6 selectivity index over 

other HDAC isoforms.

In vitro ADME profiling of 6a-c. As a part of the initial ADME profiling, we 

determined the stability of studied compounds in PBS, simulated gastric fluid (SGF), 

human plasma, and rat liver microsomes, as well as protein binding in human plasma 

(Table 2). Overall, the stability of Suprastat (6a) is excellent, ranging from >24 h in 

PBS to a half-life (t1/2) of 173 min in rat liver microsomes. In line with predicted 

physicochemical characteristics, plasma binding of Suprastat is much lower (2% of 
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plasma protein-bound fraction), which is beneficial for elevating free drug 

concentration in vivo, compared to the more hydrophobic parent compound NextA 

(89%). In comparison, plasma-bound fractions of singly modified analogs 6b and 6c 

both are approximately 50%.

Table 2. Ligand efficiency and in vitro ADME profiling of 6a-c and NextA

Compound Suprastat (6a) 6b 6c NextA
clog Po/w

 a 1.23 2.21 1.82 2.61
LE b 0.47 0.47 0.50 0.49
LipEc 7.57 6.59 6.98 6.19
PBS stability (t1/2, h) d >24 >24 >24 >24
SGF stability (t1/2, h) d >5 >5 >5 >5
Human plasma stability (t1/2, h) d >5 >5 >5 >5
Rat liver microsomes (t1/2, min) e 177 ± 6 173 ± 71 198 ± 32 423 ± 104
Human plasma binding (%) f 1.9 ± 3.5 47 ± 2.0 48 ± 0.9 89 ± 0.7

a clog Po/w values were calculated by SwissADME41 (http://www.swissadme.ch/). b LE: 

ligand efficiency = 1.4 × pIC50/number of heavy atoms. c LipE: lipophilic ligand 

efficiency = pIC50 − clog Po/w. d Data were obtained from two independent experiments 

run in triplicates. e Data are presented as the mean ± standard error from two 

independent experiments run in triplicates. f Data are presented as the mean ± standard 

error from two independent experiments run in duplicates.

In vitro characterization of 6a-c in melanoma cells. To assess the potency and 

isoform selectivity of 6a-c in cells, we performed in vitro analysis using the WM164 

human melanoma cell line. WM164 cells are mutant for BRAF V600E, a mutation that 

is frequently seen in melanoma patients.44 WM164 cells were treated with 6a-c and 

NextA with a concentration range from 0.1 to 10 µM, respectively. Their abilities to 
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increase the levels of acetylated α-tubulin (Ac-α-tubulin) were determined by 

immunoblot analysis and compared side-by-side. Figures 3A-D show an increase in 

Ac-α-tubulin with increasing concentrations of HDAC6is but with varying magnitudes 

(Figure 3E). However, the increase in Ac-α-tubulin was also associated with a slight 

increase in the levels of acetylated histone H3 (Ac-H3), albeit at higher concentrations 

(Figure 3F). Treatment with Suprastat led to the highest Ac-α-tubulin levels ranging 

from 0.1 to 10 µM and the most significant elevation at 10 µM compared to other 

HDAC6is. At higher concentrations, we did observe a slight increase in the levels of 

Ac-H3 with Suprastat, but it was much lower than with other HDAC6is. These data 

thus demonstrate that Suprastat, containing both aminomethyl and hydroxylbutyl 

groups, exhibits better HDAC6 potency and selectivity when tested in live cells. Based 

on the concentration range for the α-tubulin/histone acetylation experiments, additional 

cytotoxicity assays were performed in SM1 murine melanoma cells. The results shown 

in the Supplementary Figure S1 reveal that NextA and 6b begin to induce cytotoxicity 

at a concentration of 10 µM, while Suprastat and 6c were not cytotoxic upon to 25 µM.

Figure 3. Suprastat is a highly selective HDAC6 inhibitor. WM164 human melanoma 
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cells treated overnight with increasing concentrations ranging from 0.1 μM to 10 μM 

for HDAC6 inhibitors Suprastat (6a, A), 6b (B), 6c (C), and NextA (D). Immunoblot 

analysis was performed for Ac-α-tubulin and Ac-H3. Total α-tubulin and total H3 are 

loading controls. (E) and (F) are densitometric analyses of the Ac-α-tubulin and Ac-H3 

bands, respectively. The immunoblots were repeated at least twice to confirm accuracy, 

and the best representation is shown.

Functional characterization of Suprastat. Immune cells, such as macrophages, are a 

major cellular component of the tumor microenvironment. Tumor-associated 

macrophages are often tumor-promoting by secreting anti-inflammatory cytokines such 

as TGFβ and IL-10. We previously established that HDAC6 forms a complex with 

STAT3, and either pharmacological inhibition or shRNA mediated knockdown of 

HDAC6 decreased STAT3 recruitment at the IL10 promoter region in antigen-

presenting cells.11 In line with these experiments, as shown in Figure 4A, the treatment 

of mouse bone marrow-derived macrophages with 5 µM Suprastat resulted in decreased 

expression of IL10 gene compared to vehicle-treated macrophages as determined by 

mRNA quantification. IL10 gene expression is normalized to β-actin (ACTB) as the 

reference gene. A dose-dependent increase in the levels of Ac-α-tubulin was observed 

in RAW 264.7 macrophages (Supplementary Figure S2) when they were treated with 

increasing concentrations (1, 5, and 10 µM) of Suprastat, indicating that Suprastat 

affects macrophages and melanoma cells in a similar fashion. Furthermore, as shown 

in Figure 4B, immunoblot analysis of lysates obtained from WM164 melanoma cells 
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pre-treated with either Suprastat or NextA followed by exposure to IL-6 cytokine (30 

ng/mL) for 20 min resulted in decreased Y705 phosphorylation of STAT3 compared to 

IL-6 alone. This result indicates that Suprastat, similar to NextA, mediates 

immunomodulatory effects by affecting HDAC6 interaction with the STAT3 

transcription factor.

Figure 4. Suprastat modulates immune pathways through interaction with STAT3. (A) 

IL10 gene expression was determined by quantitative PCR in bone marrow-derived 

macrophages exposed to interferon-gamma (20 ng/mL) and LPS (100 ng/mL). (B) 

WM164 murine melanoma cells were pre-treated with 5 µM of Suprastat or NextA 

followed by treatment with IL-6 (30 ng/mL) for 20 min.

In vivo combination study with immunotherapy. Immunotherapy is emerging as a 

primary treatment modality for solid tumors; however, patients will often develop 

resistance, and currently, there is a need for combination therapies to increase the 

effectiveness of immunotherapy while overcoming resistance.45 Using the syngeneic 

SM1 murine melanoma model, we previously demonstrated that pre-treatment with 

NextA significantly decreased tumor size in C57BL/6 mice. These mice have an active 
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immune system, which enables us to test immune checkpoint inhibitors such as anti-

PD1 therapy. The combination of NextA and anti-PD1 treatment resulted in substantial 

control of tumor growth compared to single-arm therapies, suggesting that HDAC6 

inhibition plays a significant role in enhancing anti-tumor immunity.13 Following a 

similar approach, C57BL/6 mice harboring SM1 melanoma tumors were administered 

25 mg/kg of Suprastat intraperitoneally (IP) before starting the anti-PD1 immune 

checkpoint blockade therapy (15 mg/kg, IP). The pre-treatment modality was 

performed to pre-condition the tumor microenvironment (TME) in a manner conducive 

to eliciting an anti-tumor immune response. As shown in Figure 5A, compared to the 

control (PBS) group, single-arm therapies with Suprastat similarly reduced the tumor 

burden as indicated by the tumor volume. However, we did not see a significant 

difference between Suprastat and anti-PD1 therapy. On the contrary, a combination of 

Suprastat and anti-PD1 therapy showed a substantial decrease in tumor burden 

compared to control and single therapy groups, suggesting that pre-treatment with 

Suprastat enhances the anti-tumor immune response resulting from the anti-PD1 

therapy. Figure 5B shows the tumor growth of each mouse in the respective treatment 

groups. It was noted that the Suprastat and anti-PD1 therapy combined group exhibited 

enhanced inhibitory effects on the tumor growth before Day 14 compared to other 

groups. On the other hand, the combination of NextA and anti-PD1 therapy started to 

exhibit distinct antitumor effects after Day 20 relative to single therapy groups in our 

previous studies,13 suggesting that Suprastat is capable of promoting the 

immunotherapy at an earlier stage. 
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Figure 5. The combination of Suprastat with anti-PD1 immunotherapy significantly 

decreases tumor burden in the SM1 murine melanoma model. (A) Cumulative tumor 

growth rates in C57BL/6 mice (n = 10) after treatment with Suprastat or anti-PD1 

therapy or a combination of both. Tumor growth rates of treatment groups were 

compared to control groups treated with PBS. (B) Tumor growth rates of individual 

mice in respective treatment groups.

Immunomodulatory properties of Suprastat. To understand the immunomodulatory 

properties of Suprastat, we performed a comprehensive immune cell phenotyping by 

flow cytometry. The number of F4/80+ CD80+ H2+ anti-tumor M1 macrophages as a 

percentage of CD45+ cells did not significantly change in all of the treatment groups 

(Figure 6A). However, Suprastat significantly decreased F4/80+ CD206+ pro-tumor 

Page 21 of 76

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



M2 macrophages (Figure 6B), thus shifting the balance towards an anti-tumor immune 

response as indicated by the considerably higher M1/M2 ratio (Figure 6C) in the 

Suprastat and combination groups relative to control and anti-PD1 groups. Interestingly, 

the enhanced M1/M2 ratio in the combination group was not observed in our prior work 

with NextA.13 Analysis of lymphoid cells shows a significant increase in CD8+ effector 

T-cells and effector memory (EM) cells in all of the treated groups compared to the 

control group (Figure 6D) in which the measured fold-increases were more significant 

in all the groups than prior studies performed with NextA. However, we only observed 

an increase in the percentage of CD8+ central memory (CM) cells with the Suprastat 

treated group, suggesting that it can enhance the effector memory function of CD8 T-

cells for prolonged anti-tumor immune responses. Analysis of CD4+ T-cells did not 

show any significant changes in central memory (CM) or effector memory (EM) 

functions (Figure 6E). We also did not see a substantial change in immunosuppressive 

T-regs (Figure 6F). Further analysis of natural killer (NK) cells demonstrated an 

increase in the anti-PD1 group and combination group but did have a positive trend in 

the Suprastat group (Figure 6G), which was not observed in previous combination 

studies using NextA.13 NK T-cells were significantly decreased in all treatment groups 

compared to the control group (Figure 6H), which may be speculated to a significant 

increase in CD8+ effector T-cells. Overall, the immune cell phenotyping indicates that 

Suprastat has improved immunomodulatory properties by decreasing pro-tumoral M2 

macrophages and increasing the infiltration of anti-tumor CD8+ effector T-cells and 

memory cells relative to parent compound NextA. These factors are, in turn, likely 
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responsible for the enhanced immunomodulatory effects observed in vivo and the 

improved anti-tumor immune response in combination with anti-PD1 therapy.

Figure 6. Suprastat has immunomodulatory properties in the tumor microenvironment. 

Macrophages (A-C), T-cells (D-F), and NK (G and H) cells were stained with cell 

surface markers and analyzed by multi-color flow cytometry.

X-ray crystallography. In vitro and in vivo characterization demonstrates that 

Suprastat is a highly selective HDAC6 inhibitor with significant antitumor effects 

through its immunomodulatory properties. To corroborate our in-silico models 

experimentally, we solved the crystal structure of the zHDAC6/Suprastat complex 

(PDB code 6TCY) to the resolution limit of 1.60 Å. The complex crystallized in the 

P1211 monoclinic space group with two monomers in the asymmetric unit. There are 

no major conformational differences between the two monomers, as documented by the 
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RMSD of 0.12 Å for 314 corresponding Cα atoms. Interestingly though, the inhibitor 

can be modeled in two different conformations for each monomer in the asymmetric 

unit (Figure 7A and 7B). In the first and more populated inhibitor conformation, 

monodentate coordination is observed for the zinc atom with the hydroxamate N–O− 

group with a Zn2+--O− distance of 2.24 Å. It is interesting to note that typical Zn2+--O− 

interatomic distances for monodentate HDAC6 complexes reported previously are 

shorter, falling into the range of 1.8 – 2.0 Å.23-25, 46 At the same time, however, the Zn2+-

-O− interatomic distance in the NextA complex is 2.2 Å23 that is virtually identical to 

the distance reported here. Clearly, the capping group of NextA (as well as its Suprastat 

derivative) might impose steric constraints on inhibitor positioning that leads to the 

somewhat atypical Zn2+ coordination. In the less populated conformation, the 

hydroxamate moiety coordinates with the active-site zinc ion in a bidentate fashion with 

interatomic distances of 2.25 and 2.34 Å for the hydroxamate N–O− and C=O groups, 

respectively. 

The phenyl rings of the linker fully overlap between the two conformers and are located 

in the internal tunnel delineated by the side chains of F583, F643, and H614 (Figure 

7C). As for the capping group, the phenyl ring packs against a hydrophobic patch 

defined by the side chains of H463, P464, F583, and L712 of the L1-loop pocket (Figure 

7D). As predicted by docking simulations, the positively charged aminomethyl group 

(pKa = 9.46, calculated by MarvinSketch Version 20.11) forms a salt bridge as well as 

a water-mediated hydrogen bond (3.0 Å) with the carboxylate group of D460 (Figure 

7E). On the other hand, contrary to predictions, the hydroxybutyl group extends away 
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from the protein, and its distal hydroxyl group thus does not engage any residue of the 

HDAC6 rim directly but forms a solvent-mediated hydrogen bond with the side chain 

of N530 (Figure 7E). A 1.99 Å-resolution crystal structure of the zHDAC6/NextA 

complex was reported by the Matthias group in 2017 (PDB code 5G0I).22 Superposition 

of the two complexes reveals virtually identical positions of the capping groups as well 

as surrounding HDAC6 residues, suggesting that our derivatization strategy did not 

elicit any (additional) conformational strain on the binding pose of the inhibitor (Figure 

7F).

Figure 7. Crystal structure of the zHDAC6/Suprastat complex. (A) Both monodentate 

(left) and bidentate (right) coordination of the active-site Zn2+ ion is observed in the 

complex. (B) The omitted Fo-Fc difference electron density map for Suprastat is shown 

(green mesh) for the more prevalent monodentate binding mode (contoured at the 2σ 

level). (C, D) Non-polar interactions between the phenylhydroxamate function of 

Suprastat and residues delineating the internal tunnel (C); and the capping group and 
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the hydrophobic patch of the L1 loop (red surface representation; D). (E) Newly 

introduced polar/ionic contacts between the aminomethyl and hydroxylbutyl groups of 

Suprastat and D460 and N530, respectively (black dashed lines). (F) Superposition of 

binding modes of NextA (yellow, PDB code 5G0I) and Suprastat (cyan) documenting 

minimal structural differences between the two structures. Both structures were 

superposed on corresponding 320 Cα atoms with an rmsd of 0.192 Å. Inhibitors are 

shown in stick representation, carbon atoms are colored cyan (Suprastat) or yellow 

(NextA), oxygens are red, and nitrogens are blue. The catalytic zinc ion and water 

molecules are depicted as purple and red spheres, respectively.

Molecular dynamics simulations. X-ray crystallography is invaluable for the 

structure-assisted design of inhibitors yet, and crystal structures typically offer only a 

static snapshot of a single inhibitor binding pose disregarding the flexibility of 

inhibitors’ functional moieties and protein residues. Moreover, the protein/inhibitor 

interaction pattern can also be influenced by crystallographic contacts. In solution, an 

inhibitor can interact only either with water molecules or the target protein. In crystals 

(due to crystal packing), functional groups (that stick outside HDAC6 pocket) can also 

interact “non-specifically” with neighboring molecules from the crystal. Consequently, 

the interaction pattern can be influenced by such contact and differ from the solution – 

thus, one does simulations to model contacts in solution. To explore the flexibility and 

ensemble of interactions between the Suprastat capping group and HDAC6, we carried 

out molecular dynamics (MD) simulations using the GROMACS software (2019). MD 
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simulation results (Figures 8A-C) indicate the ability of the hydroxybutyl chain to 

engage in two hydrogen-bond interactions with N530 (Figure 8A) and S531 (Figure 

8C) at the rim of the catalytic pocket. At the same time, Figure 8B shows the transition 

state between each interaction. The direct frequency of contact (Figure 8D) determined 

for amino acids within the vicinity of the hydroxybutyl chain and the aminomethyl 

group indicates that the interactions with N530 and S531 repeatedly occurred during 

the entire simulation length (100 ns) (Supplementary Figures S3 and Video S1). On the 

contrary, direct contact between the ligand and D460 was not observed. There is an 

indirect interaction between the aminomethyl group and D460 mediated by two water 

molecules. Unlike both bidentate and monodentate hydroxamate-Zn2+ coordination 

modes were observed in the crystal complex, Suprastat mainly exhibited bidentate 

coordination mode with Zn2+ during the entire MD simulation process (Figures 2A-C 

and Supplementary Video S1). Overall, these findings suggest that the hydroxybutyl 

chain can directly engage in hydrogen bonding interactions with the side chains of N530 

and S531, which were not observed in the zHDAC6/Suprastat crystal complex. It 

should be noted that in the case of the monoclinic crystal form reported here, the 

capping group of inhibitor comes to a short distance from a symmetry-related molecule, 

and both added polar functional groups engage with a symmetry-related HDAC6 

molecule via solvent-mediated interactions. The observed crystallographic contacts 

may thus be responsible for differences in interaction patterns observed for the 

zHDAC6/Suprastat crystal complex as compared to MD simulations. Given the results 

from crystallographic studies and MD simulation, we conclude that Suprastat has a high 
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ability to interact with the residues D460, N530, and S531 that play crucial roles in 

regulating the tubulin deacetylation function of HDAC6.22

Figure 8. Representative poses of Suprastat bound to zHDAC6-CD2 catalytic pocket 

after Molecular Dynamics (MD) simulations. (A) The flexible hydroxylbutyl chain 

engages in H-bonding interaction with N530. (B) Transition state between each stable 

conformer. (C) H-bonding interaction between Suprastat and S531. (A-C) The 

aminomethyl group establishes a consistent water-mediated interaction with D460 

during the MD simulation process. (D) Direct contact frequency between the 

hydroxylbutyl chain and the aminomethyl group of Suprastat and the amino acids at the 

rim of zHDAC6-CD2 along with the MD simulation. Carbon atoms are depicted as 
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grey. Nitrogen atoms are depicted as blue. Oxygen atoms are depicted as red. The Zn2+ 

ion is represented as a grey sphere. Water molecules are represented as red spheres. The 

protein is depicted in grey. Hydrogen-bonding interactions are depicted as green-

dashed lines. Distances are reported in angstroms (Å). Images were generated in the 

PyMOL 2.1 software. 

CONCLUSIONS

HDAC6 is unique among the histone deacetylases in possessing two functional 

catalytic domains and a C-terminal ubiquitin-binding domain.47, 48 HDAC6 is 

predominantly cytosolic due to the presence of a nuclear export signal, and it thereby 

regulates the acetylation status of numerous cytosolic proteins. Among the many effects 

of HDAC6, it appears to possess immune-modulatory properties through regulation of 

the expression of immunosuppressive molecules such as IL-10 and PD-L1, thus leading 

to enhanced anti-tumor activity when combined with anti-PD1 immune checkpoint 

blockade therapy. For these reasons, there is an increasing interest in the identification 

of potent and highly selective HDAC6 inhibitors. Suprastat was rationally designed 

based on the crystal structure of Nexturastat A in complex with zHDAC6, wherein it 

was observed that the introduction of key functional groups would likely enhance 

HDAC6 potency and selectivity over other HDAC isoforms by establishing new 

hydrogen-bonding interactions with key residues in the HDAC6 pocket in addition to 

providing hydrophobic interactions between the cap and the rim region. In comparison 

with Nexturastat A and related analogs, Suprastat shows improved HDAC6 activity, 
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excellent isoform selectivity, and an enhanced ability to selectively elevate the levels 

of acetylated α-tubulin while having a less pronounced effect on histone acetylation in 

melanoma cells without cytotoxicity. The new polar functional groups on Suprastat 

decreases its lipophilicity, which leads to a higher lipophilic ligand efficiency and a 

lower plasma protein binding while maintaining good metabolic stability in different 

mediums. The in vivo combination therapy studies with an anti-PD1 antibody reveal 

that Suprastat significantly optimizes the therapeutic outcome through its promoted 

immunomodulatory properties relative to Nexturastat A. Finally, we have utilized x-

ray crystallography and molecular dynamics simulations to support our premise that the 

incorporation of the aminomethyl and hydroxyl groups into the capping group can enlist 

additional hydrogen-bonding interactions with the key amino acids that regulate the α-

tubulin deacetylation function of HDAC6. This work thus offers another example of 

the rational drug design of an improved HDAC6 inhibitor through the embellishment 

of hydrogen bonding interactions between the small molecule and its protein target. The 

work further underscores the ability of HDAC6 inhibitors to work in combination with 

anti-PD1 immune checkpoint blockade therapy to decrease tumor growth. To consider 

Suprastat as a drug candidate, genotoxicity studies (e.g., Ames test) will be further 

required to determine its mutagenic potential due to the hydroxamate moiety.21 

Moreover, PK/PD correlation studies of Suprastat will help understand the drug 

exposure and target engagement in vivo based on its promising antitumor efficacy, 

which we expect to perform in the next stage.
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Experimental section.

Chemistry

General information. 1H and 13C NMR spectra were obtained on 400/101 and 500/126 

MHz Bruker spectrometers, except where noted otherwise, using the solvent residual 

peak as the internal reference (chemical shifts: CDCl3, δ 7.26/77.16 and DMSO-d6, 

2.50/39.52). The following abbreviations for multiplicities were used: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, and br s = broad singlet. TLC plates 

(Merck silica gel 60 F254, 250 μm thickness) were used to monitor reaction progress, 

and spots were visualized under UV (254 nm). High-resolution mass spectrometry 

(HRMS) was carried out on a Shimadzu IT-TOF instrument under the following 

conditions: column, ACE 3AQ (50 × 2.1 mm, id); mobile phase, 5 – 100% 

acetonitrile/water containing 0.1% formic acid at a flow rate of 0.5 mL/min for 4 min. 

Flash chromatography was performed on a Combi-Flash Rf system (Teledyne ISCO) 

with silica gel cartridges. Preparative HPLC was used in the purification of all final 

compounds using a Shimadzu preparative LC under the following conditions: column, 

ACE 5AQ (150 × 21.2 mm, id); mobile phase: 5 – 100% acetonitrile/water containing 

0.05% TFA at a flow rate of 17 mL/min for 30 min; UV detection at 254 and 280 nm. 

Analytical HPLC was carried out on an Agilent 1260 series instrument under the 

following conditions: column, ACE 3 (150 × 4.6 mm, id); mobile phase, 5 – 100% 

acetonitrile/water containing 0.05% TFA at a flow rate of 1.0 mL/min for 25 min; UV 

detection at 254 nm. The purity of all tested compounds (TFA salts) for in vitro 

biological studies was >95%. The purity of Suprastat (HCl salt) in vivo studies 
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was >98%.

Phenyl (4-(((tert-Butoxycarbonyl)amino)methyl)phenyl)carbamate (2). To a stirred 

solution of tert-butyl (4-aminobenzyl)carbamate (1, 500 mg, 2.25 mmol) and K2CO3 

(373 mg, 2.70 mmol) in acetone (15 mL) was added phenyl chloroformate (352 mg, 

2.25 mmol) over 10 min. After stirring at room temperature for 2 h, the excess solid 

was filtered off. The filtrate was collected and concentrated under vacuum. The crude 

product was purified via flash chromatography (0 – 50% EtOAc/hexane) to afford 2 as 

a light yellow solid (700 mg, yield: 91%). 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.37 

(m, 4H), 7.25 – 7.16 (m, 6H), 4.86 (s, 1H), 4.27 (d, J = 4.7 Hz, 2H), 1.46 (s, 9H). 13C 

NMR (101 MHz, CDCl3) δ 156.1, 151.8, 150.7, 136.8, 134.6, 129.5 (2C), 128.4 (2C), 

125.8, 121.8 (2C), 119.1 (2C), 79.7, 44.3, 28.5 (3C). 

Methyl 4-(((4-Hydroxybutyl)amino)methyl)benzoate (4a). (i) A solution of 4-

amino-1-butanol (0.28 mL, 6.10 mmol) and methyl-4-formylbenzoate (3a, 500 mg, 

3.05 mmol) in EtOH (25 mL) was heated to reflux for 2 h. After cooling to room 

temperature, the resulting mixture was concentrated, and the crude product was used 

directly in the next step. (ii) To a stirred solution of the crude product in MeOH (50 

mL), sodium borohydride (116 mg, 3.10 mmol) was added over 10 min at 0°C. The 

resulting mixture was allowed to warm to room temperature and stirred at room 

temperature for 2 h. Then the reaction was quenched with water, and the mixture was 

extracted with EtOAc (15 mL × 3). The combined organic layers were washed with 

brine, dried over Na2SO4, and concentrated under vacuum to afford 4a as a colorless 

oil. The product was used directly in the next step without further purification (630 mg, 
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yield: 87% over two steps). 1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.1 Hz, 2H), 

7.36 (d, J = 8.0 Hz, 2H), 3.88 (s, 3H), 3.82 (s, 2H), 3.58 (t, J = 5.0 Hz, 2H), 3.07 (br s, 

2H, NH+OH), 2.67 (t, J = 5.4 Hz, 2H), 1.71 – 1.53 (m, 4H). 13C NMR (101 MHz, 

CDCl3) δ 167.0, 144.6, 130.0 (2C), 129.2, 128.3 (2C), 62.7, 53.6, 52.2, 49.4, 32.2, 28.4. 

Methyl 4-((Butylamino)methyl)benzoate (4b) was synthesized from n-butylamine 

(0.31 mL, 6.10 mmol) and methyl-4-formylbenzoate (3a, 500 mg, 3.05 mmol) using a 

procedure similar to that described for the synthesis of 4a and was obtained as a 

colorless oil (500 mg, yield: 74% over two steps. 1H NMR (400 MHz, CDCl3) δ 7.99 

(d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.3 Hz, 2H), 3.90 (s, 3H), 3.84 (s, 2H), 2.75 – 2.51 (m, 

2H), 1.53 – 1.45 (m, 2H), 1.39 – 1.30 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 166.7, 145.9, 129.5 (2C), 128.5, 127.7 (2C), 53.5, 51.7, 49.0, 32.1, 

20.3, 13.8. 

4-(((4-Hydroxybutyl)amino)methyl)benzonitrile (4c) was synthesized from 4-

amino-1-butanol (0.10 mL, 1.0 mmol) and 4-formylbenzonitrile (3b, 131 mg, 1.0 mmol) 

using a procedure similar to that described for the synthesis of 4a. 4c was obtained as 

a colorless oil (120 mg, yield: 59% over two steps) and used directly to the next step 

without characterization.

4-((4-Bromobenzyl)amino)butan-1-ol (4d) was synthesized from 4-amino-1-butanol 

(0.276 mL, 3 mmol) and 4-bromobenzaldehyde (3c, 550 mg, 3.0 mmol) using a 

procedure similar to that described for the synthesis of 4a. 4d was obtained as a 

colorless oil (0.53 g, yield: 68% over two steps) and used directly to the next step 

without characterization. 
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Methyl 4-((3-(4-(((tert-Butoxycarbonyl)amino)methyl)phenyl)-1-(4-

hydroxybutyl)-ureido)methyl)benzoate (5a). To a stirred solution of 4a (284 mg, 1.2 

mmol) and 2 (350 mg, 1.0 mmol) in THF (10 mL) was added TEA (0.28 mL, 2.0 mmol). 

The resulting mixture was heated to reflux for 2 h. Then the reaction was cooled to 

room temperature and quenched with water (10 mL), and the mixture was extracted 

with EtOAc (10 mL × 3). The combined organic layers were washed with brine, dried 

over Na2SO4, and concentrated under vacuum. The residue was purified via flash 

chromatography (0 – 50% EtOAc/hexane) to afford 5a as a colorless oil (420 mg, yield: 

87%). 1H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 8.1 Hz, 2H), 7.65 (br s, 1H), 7.29 (d, 

J = 8.1 Hz, 4H), 7.05 (d, J = 8.1 Hz, 2H), 5.10 (br s, 1H), 4.56 (s, 2H), 4.14 (s, 2H), 

3.87 (s, 3H), 3.65 (d, J = 4.9 Hz, 2H), 3.53 (br s, 1H, OH), 3.31 (d, J = 6.2 Hz, 2H), 

1.64 (s, 2H), 1.53 – 1.45 (m, 2H), 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 167.0, 

156.2, 156.1, 143.7, 138.7, 133.2, 130.0 (2C), 129.2, 127.8 (2C), 127.3 (2C), 120.3 (2C), 

79.5, 62.5, 52.2, 49.9, 46.9, 44.1, 28.4 (3C), 27.6, 25.4. 

Methyl 4-((3-(4-(((tert-Butoxycarbonyl)amino)methyl)phenyl)-1-butylureido)-

methyl)benzoate (5b) was synthesized from 4b (265 mg, 1.2 mmol) and 2 (350 mg, 

1.0 mmol) using a procedure similar to that described for the synthesis of 5a and was 

obtained as a colorless oil (400 mg, yield: 85%). 1H NMR (400 MHz, CDCl3) δ 7.98 

(d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 7.12 (d, J = 8.0 

Hz, 2H), 6.52 (d, J = 6.6 Hz, 1H), 4.92 (s, 1H), 4.60 (s, 2H), 4.19 (d, J = 5.1 Hz, 2H), 

3.89 (s, 3H), 3.40 – 3.23 (m, 2H, OH), 1.99 (t, J = 10.2 Hz, 1H), 1.59 (dd, J = 14.7, 7.2 

Hz, 2H), 1.42 (s, 9H), 1.32 (dd, J = 14.9, 7.4 Hz, 2H), 0.91 (t, J = 7.3 Hz, 3H). 13C 
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NMR (101 MHz, CDCl3) δ 166.9, 156.0, 155.5, 143.3, 138.2, 133.7, 130.2 (2C), 129.4, 

128.1 (2C), 127.1, 120.3 (2C), 79.4, 52.2, 50.4, 47.7, 44.2, 30.5, 28.5 (3C), 20.2, 13.9. 

Methyl tert-Butyl (4-(3-(4-cyanobenzyl)-3-(4-

hydroxybutyl)ureido)benzyl)carbamate (5c) was synthesized from 4c (120 mg, 0.58 

mmol) and 2 (200 mg, 0.58 mmol) using a procedure similar to that described for the 

synthesis of 5a and was obtained as a colorless oil (80 mg, yield: 30%) 1H NMR (400 

MHz, CDCl3) δ 7.80 (s, 1H), 7.57 (d, J = 7.9 Hz, 2H), 7.43 – 7.29 (m, 4H), 7.07 (d, J = 

7.9 Hz, 2H), 5.01 (s, 1H), 4.58 (s, 2H), 4.16 (d, J = 4.5 Hz, 2H), 3.72 (s, 2H), 3.35 – 

3.32 (m, 2H), 3.27 (br s, 1H), 1.69 (s, 2H), 1.54 (s, 2H), 1.42 (s, 9H). 13C NMR (101 

MHz, CDCl3) δ 156.0, 155.9, 144.1, 138.6, 133.1, 132.3 (2C), 128.0 (2C), 127.7 (2C), 

120.1 (2C), 118.7, 110.9, 79.4, 62.6, 49.8, 46.8, 44.1, 28.3 (3C), 27.0, 25.5.

tert-Butyl (4-(3-(4-bromobenzyl)-3-(4-hydroxybutyl)ureido)benzyl)carbamate 

(5d) was synthesized from 4d (520 mg, 2 mmol) and 2 (680 mg, 2 mmol) using a 

procedure similar to that described for the synthesis of 5a and was obtained as a 

colorless oil (960 mg, 95%). 1H NMR (400 MHz, DMSO-d6) δ 8.35 (s, 1H), 7.52 (d, J 

= 8.3 Hz, 2H), 7.37 (d, J = 8.1 Hz, 2H), 7.29 (br. t, 1H), 7.22 (d, J = 8.3 Hz, 2H), 7.08 

(d, J = 8.1 Hz, 2H), 4.52 (s, 1H), 4.48 (br t, 2H), 4.03 (d, J = 5.6 Hz, 2H), 3.39 – 3.37 

(m, 2H), 3.29 – 3.27 (m, 2H), 1.58 – 1.46 (m, 2H), 1.45 – 1.35 (m, 2H), 1.36 (s, 9H). 

4-((3-(4-(Aminomethyl)phenyl)-1-(4-hydroxybutyl)ureido)methyl)-N-hydroxy-

benzamide (6a). (i) In a round bottom flask, NaOH (68 mg, 1.69 mmol) was dissolved 

in 50% aqueous NH2OH (0.7 mL, approx. 50 equiv.) at 0°C. A solution of 5a (200 mg, 

0.43 mmol) in 1:1 THF/MeOH (2/2 mL) was added dropwise, and stirring was 
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continued for 30 min while warming to room temperature. The solution was neutralized 

with 2N HCl and extracted with EtOAc (10 mL × 3). The combined organic layers were 

washed with brine, dried over Na2SO4, and concentrated under vacuum. The crude 

product was used directly in the next step without further purification. (ii) The crude 

intermediate was dissolved in THF (2 mL) followed by addition of TFA (3 mL) at room 

temperature. The resulting mixture was stirred at room temperature for 0.5 h, and then 

the excess solvent was removed under vacuum. The crude product was purified via 

preparative HPLC and lyophilized to afford 6a as a white powder (62 mg, TFA salt, 

purity: 95%, yield: 29% over two steps). 1H NMR (500 MHz, DMSO-d6) δ 11.17 (br s, 

1H), 8.51 (s, 1H), 8.07 (br s, 3H, NH3
+), 7.72 (d, J = 8.7 Hz, 2H), 7.50 (d, J = 8.7 Hz, 

2H), 7.32 (d, J = 6.6 Hz, 2H), 7.30 (d, J = 7.0 Hz, 2H), 4.61 (s, 2H), 3.94 (q, J = 5.8 

Hz, 3H), 3.39 (t, J = 6.4 Hz, 2H), 3.33 (t, J = 7.4 Hz, 2H), 1.54 (ddd, J = 9.2, 6.4, 2.5 

Hz, 2H), 1.41 (dt, J = 8.7, 6.5 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 164.0, 155.1, 

142.2, 140.8, 131.4, 129.1 (2C), 127.01 (2C), 126.97 (2C), 126.9, 119.7 (2C), 60.6, 

49.0, 46.3, 42.0, 29.4, 24.6. ESI HRMS calcd. for C20H25N4O4: [M–H]-, m/z 385.1881; 

found: 385.1871.

4-((3-(4-(Aminomethyl)phenyl)-1-butylureido)methyl)-N-hydroxybenzamide (6b) 

was synthesized from 5b (420 mg, 0.87 mmol) using a procedure similar to that 

described for the synthesis of 6a and was obtained as a white solid (160 mg, TFA salt, 

purity: >99%, yield: 38% over two steps). 1H NMR (400 MHz, DMSO-d6) δ 11.17 (br 

s, 1H), 9.00 (br s, 1H), 8.48 (s, 1H), 8.01 (br s, 3H, NH3
+), 7.72 (d, J = 8.2 Hz, 2H), 

7.50 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 6.4 Hz, 2H), 7.30 (d, J = 6.8 Hz, 2H), 4.61 (s, 2H), 
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3.93 (t, J = 5.6 Hz, 2H), 3.30 – 3.26 (m, 2H, overlapping with water peak), 1.53 – 1.40 

(m, 2H), 1.31 – 1.16 (m, 2H), 0.86 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-

d6) δ 164.0, 155.1, 142.2, 140.8, 131.4, 129.1 (2C), 127.0, 126.9 (4C), 119.8 (2C), 49.0, 

46.2, 42.0, 29.9, 19.4, 13.8. ESI HRMS calcd. for C20H25N4O3: [M–H]-, m/z 369.1932; 

found: 369.1923.

4-((3-(4-(Aminomethyl)phenyl)-1-(4-hydroxybutyl)ureido)methyl)benzoic acid 

(6d). To a stirred solution of 5a (62 mg, 0.13 mmol) in THF/MeOH (1/1 mL) was added 

1 N NaOH solution (1 mL). Then the resulting mixture was stirred at room temperature 

overnight. After the completion of the reaction detected by HPLC, the reaction was 

acidified by 2 N HCl, and extracted with THF (15 mL × 3). The combined organic 

extracts were washed with H2O and brine, dried over Na2SO4, and concentrated under 

vacuum. The crude product was dissolved in THF (2 mL) followed by an addition of 

TFA (3 mL) at room temperature. The resulting mixture was stirred at room 

temperature for additional 0.5 h, then the excess solvent was removed under vacuum. 

The crude product was purified via preparative HPLC and lyophilized to afford 6d as a 

white powder (40 mg, TFA salt, purity: 95%, yield: 63% over two steps). 1H NMR (500 

MHz, DMSO-d6) δ 12.92 (br s, 1 H), 8.53 (s, 1H), 8.07 (br s, 3H, NH3
+), 7.91 (d, J = 

8.3 Hz, 2H), 7.51 (d, J = 8.6 Hz, 2H), 7.37 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.7 Hz, 2H), 

4.65 (s, 2H), 3.94 (q, J = 5.6 Hz, 2H), 3.39 (t, J = 6.4 Hz, 2H), 3.34 (t, J = 7.5 Hz, 2H), 

1.54 (tt, J = 8.2, 6.3 Hz, 2H), 1.45 – 1.32 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 

167.2, 155.2, 144.2, 140.8, 129.5 (2C), 129.4, 129.1 (2C), 127.1 (2C), 127.0, 119.8 (2C), 

60.6, 49.1, 46.4, 42.0, 29.4, 24.6. ESI HRMS calc. for C20H24N3O4: [M–H]-, m/z 
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370.1772; found: 370.1769.

4-((3-(4-(Aminomethyl)phenyl)-1-(4-hydroxybutyl)ureido)methyl)benzamide (6e). 

To a stirred solution of 5c (80 mg, 0.18 mmol) in DMSO (2 mL) were added K2CO3 

(2.4 mg, 0.018 mmol) and H2O2 (30%, 0.2 mL) at room temperature. The resulting 

mixture was stirred for 5 h. After completion of the reaction, the solution was quenched 

with water (5 mL) and extracted with EtOAc (10 mL × 3). The organic layers were 

separated, washed with brine, dried over Na2SO4, and concentrated under vacuum. The 

crude product was dissolved in THF (2 mL) followed by an addition of TFA (3 mL) at 

room temperature. The resulting mixture was stirred at room temperature overnight, 

then the excess solvent was removed under vacuum. The crude product was purified 

via preparative HPLC and lyophilized to afford 6e as a white powder (30 mg, TFA salt, 

purity: 98%, yield: 35% over two steps). 1H NMR (500 MHz, DMSO-d6) δ 8.51 (s, 

1H), 8.06 (br s, 3H, NH3
+), 7.92 (br s, 1H), 7.84 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.6 

Hz, 2H), 7.32 – 7.29 (m, 5H, one proton of CONH2 overlaps with the signals from 

phenyl ring), 4.62 (s, 2H), 3.94 (q, J = 5.8 Hz, 3H), 3.39 (t, J = 6.4 Hz, 2H), 3.33 (t, J 

= 7.5 Hz, 2H), 1.54 (ddd, J = 12.1, 8.8, 6.4 Hz, 2H), 1.45 – 1.34 (m, 2H). 13C NMR 

(126 MHz, DMSO-d6) δ 167.6, 155.1, 142.3, 140.9, 133.0, 129.1 (2C), 129.0, 127.6 

(2C), 126.8 (2C), 126.7, 119.7 (2C), 60.6, 49.0, 42.0, 29.4, 24.6. ESI HRMS calc. for 

C20H27N4O3: [M+H]+, m/z 371.2078; found: 371.2087.

(4-((3-(4-(Aminomethyl)phenyl)-1-(4-hydroxybutyl)ureido)methyl)phenyl)boro-

nic acid (6f). (i) To a stirred solution of 5d (510 mg, 1.0 mmol), bis(pinacolato)diboron 

(280 mg, 1.1 mmol), and potassium acetate (290 mg, 3 mmol) in DMF (5 mL) was 
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added Pd(dppf)Cl2 at room temperature under Argon atmosphere. After stirring at 80°C 

overnight, the reaction was cooled to room temperature, and the excess solid was 

filtered off. The filtrate was collected, quenched with saturated NaHCO3 aqueous 

solution (20 mL), and extracted with EtOAc (20 mL × 3). The combined organic layers 

were washed with 10% LiCl aqueous solution, washed with brine (30 mL), dried over 

Na2SO4, and concentrated under vacuum. The crude was purified via flash 

chromatography (0 – 50% EtOAc/hexane) to afford the pinacol ester intermediate as a 

brown solid (0.25 g, yield: 44%). (ii) To a solution of the pinacol ester intermediate 

(240 mg, 0.44 mmol) in acetone/water (2:1, 9 mL) were added NaIO4 (280 mg, 1.32 

mmol) and NH4OAc (100 mg, 1.32 mmol) at room temperature. After stirring at room 

temperature overnight, the reaction mixture was quenched with water and extracted 

with EtOAc (20 mL × 3). The combined organic layers were washed with brine (30 

mL), dried over Na2SO4, and concentrated under vacuum. The crude product was used 

directly to the next step without further purification. (iii) The crude product was 

dissolved in THF (1 mL), followed by the addition of TFA (1 mL) at room temperature. 

The resulting mixture was stirred at room temperature for 0.5 h, and then the excess 

solvent was removed under vacuum. The crude product was purified via preparative 

HPLC and lyophilized to afford 6f as a white powder (190 mg, TFA salt, purity: 99 %, 

yield: 39% over three steps). 1H NMR (400 MHz, DMSO-d6) δ 8.49 (s, 1H), 8.06 (br s, 

3H, NH3
+), 7.74 (d, J = 7.5 Hz, 2H), 7.50 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 

7.21 (d, J = 7.6 Hz, 2H), 4.57 (s, 2H), 3.95 (s, 2H), 3.48 (t, J = 5.7 Hz, 2H), 3.31 (t, J = 

6.7 Hz, 2H), 1.61 – 1.57 (m, 2H), 1.46 – 1.43 (m, 2H). ESI HRMS calc. for 
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C19H27BN3O4 [M+H]+: m/z 372.2089, found: 372.2098.

Molecular docking studies. Docking models of ligand bound to HDAC6 were 

developed using the Molecular Operating Environment (MOE) computational suite’s 

Builder utility. The energy minimization of ligands was conducted in the gas phase 

using the force field MMFF94X, followed by the Conformational Search protocol to 

generate structural-conformation databases. The zHDAC6-NextA crystal structure 

(PDB entry 5G0I; resolution: 1.99 Å) used as a template was obtained from the Protein 

Data Bank. The receptor preparation step was initiated with the removal of solvent 

except a single water molecule (HOH2316) close to the Zn2+ ion that was kept for 

modeling studies. Hydrogens were then placed, while ionization states were assigned 

throughout the system. Finally, ligands and binding sites were isolated in 3D, and then 

a molecular surface was drawn around the binding site to visualize the space available 

for docked ligands. Ligand placement employed the Alpha Triangle method with 

Affinity dG scoring generating 300 data points that were further refined using the 

induced fit method with GBVI/WSA dG scoring to obtain the top 50 docking results. 

The docking result of each ligand was analyzed for selection of the best docking pose, 

based on the score and reported X-ray structures. All renderings were then performed 

in PyMOL.

Ligand-protein binding free energy calculations were carried out in the Mopac 2016 

package (Stewart Computational Chemistry). The free energy calculations were 

performed for the empty HDAC6-CD2 catalytic pocket (PDB code 5G0I), HDAC6-

CD2 bound to Nexturastat A (PDB code 5G0I), and the HDAC6-CD2/Suprastat 
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complex (PDB code 6TCY). Free energy calculations for both isolated ligands 

(Nexturastat A and Suprastat) were also determined. The molecular geometries of each 

structure were optimized by the PM7 semiempirical method. Water molecules, zinc 

ions, and other ions were not considered for the calculation. A combination of 

molecular mechanics energies, polar and nonpolar solvation energies, and entropy were 

considered for the resulting binding free energy. The binding free energy calculations 

were performed considering both ligand and protein in aqueous solution using a 

dielectric constant (ε) of 78.4. The enthalpic (ΔH0) and entropic (ΔS0) contributes to 

the ΔG0 value of NextA and Suprastat were also determined by the Gibbs free energy 

equation (ΔG0 = ΔH0-TΔS0).

Molecular dynamics simulation was performed in GROMACS 201949 (Fast Flexible 

and Free) for HDAC6-CD2/Suprastat complex (PDB code 6TCY). The simulation was 

carried out using the CHARMM force-field.50, 51 The simulated system comprised the 

protein-ligand complex, the Zn2+ ion, a predefined water model (SPC)52 as solvent, and 

counterions (Na+ or Cl- set to neutralize the overall system charge). The system was 

treated in a triclinic box with periodic boundary conditions specifying the shape and 

the size of the box as 10 Å distance from the box edges to any atom of the protein. We 

used a time step of 1 fs, and the short-range coulombic interactions were treated using 

a cut-off value of 8.0 Å, using the short-range method. The long-range coulombic 

interactions were handled via the smooth Particle Mesh Ewald method (PME).53 

Initially, the relaxation of the system was performed using both Steepest Descent and 

limited-memory Broyden-Fletcher-Goldfarb-Shanno algorithms in a hybrid manner. 
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The simulations were performed under the isothermal-isobaric ensemble (NPT) for 5 ns 

implementing the Berendsen thermostat and barostat methods. The temperature was 

maintained at 310 K throughout the simulation using the Nose-Hoover thermostat 

algorithm. The Martyna-Tobias-Klein barostat algorithm was employed to maintain 

1 atm of pressure during calculations. After minimization and relaxation of the system, 

we proceeded with a single production step of 100 ns. The representative structure of 

Suprastat was selected by clustering the structures from the root-mean-square deviation 

(RSMD) values, using 0.5 Å as a cut-off. Figure S2 (Supporting Information) 

represents the variation of the RMSD values along with the simulation and the root 

mean square fluctuation (RMSF) for the protein backbone. Interactions and distances 

were determined using the trajectory analysis of GROMACS. The current geometric 

criteria for protein-ligand H-bonds are: i) a distance of 3.5 Å between donor (HBD) and 

acceptor (HBA) atoms; ii) an angle of ≥120° for the HBD between donor–hydrogen–

acceptor atoms (D–H···A); and iii) an angle of ≥90° for the HBA between hydrogen-

acceptor-bonded atom atoms (H···A–X). Similarly, protein-water or water-ligand H-

bonds have; iv) a distance of 3.0 Å between HBD and HBA atoms; v) a donor angle of 

≥110° between donor-hydrogen-acceptor atoms; vi) an acceptor angle of ≥ 90° between 

hydrogen-acceptor-bonded atom atoms. Non-specific hydrophobic interactions are 

defined by hydrophobic sidechains within 4.5 Å of aromatic or aliphatic carbons, and 

π-π interactions required two aromatic groups stacked face-to-face or face-to-edge, 

within 5.0 Å of distance.

Expression and purification of human HDACs 1-9 and 11. Large scale expression 

Page 42 of 76

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



of human HDACs was carried out in HEK293/T17 cells essentially as described 

previously.54, 55 Briefly, transiently transfected cells were harvested three days post-

transfection and the cell pellets resuspended in a lysis buffer (50 mM Tris, 150 mM 

NaCl, 10 mM KCl, 2 mM MgCl2, 10% glycerol, 0.2% NP-40, and 2 Units/mL 

benzonase at pH 8) supplemented with a cocktail of protease inhibitors (Roche, Basel, 

Switzerland). Cells were lysed by sonication (30 W; 3 × 20 s) on ice, and the cell lysate 

cleared by centrifugation at 40,000 × g for 30 min at 4°C. Recombinant fusion HDAC 

proteins were purified via Strep-Tactin affinity chromatography (IBA, Göttingen, 

Germany) with the elution buffer comprising 50 mM HEPES, 100 mM NaCl, 50 mM 

KCl, 10% glycerol, and 3 mM desthiobiotin, pH 7.5. Purified proteins were 

concentrated to 1 mg/mL, aliquoted, flash-frozen in liquid nitrogen, and stored at –80°C 

until further use.  

Determination of inhibitory activity against human HDACs 1-9 and 11. IC50 values 

in Table 1 were determined using a fluorescence-based assay with 10 µM Ac-

GAK(Ac)-AMC (HDAC 1, 2, 3, 6) or 10 µM Boc-Lys(TFA)-AMC (HDAC 4, 5, 7, 8, 

9, 11) as a substrate.56 Briefly, individual HDACs were preincubated with dilution 

series of tested inhibitors in a 384-well plate in the total volume of 40 µL for 10 min at 

37°C in a reaction buffer comprising 50 mM HEPES, 140 mM NaCl, 10 mM KCl, 1 

mM TCEP, and 0.1% BSA at pH 7.4. Deacetylation reactions were started by the 

addition of 10 µL of a 10 µM substrate into the HDAC/inhibitor mixture. Following 30 

min incubation at 37°C, the reaction was terminated by the addition of 25 µL of trypsin 

solution (4 mg/mL). Fluorescence development by trypsin was carried out at 37°C for 
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15 and 60 min for the Ac-GAK(Ac)-AMC and Boc-Lys(TFA)-AMC substrate, 

respectively. Released aminomethyl coumarin was quantified using a CLARIOstar 

fluorimeter with the excitation and emission wavelengths set to 365 nm and 440 nm, 

respectively. Non-linear regression analysis was employed to calculate IC50 values 

using the GraphPad Prism software. Fourteen-point IC50 curves were generated using a 

3-fold inhibitor dilution series; inhibitor concentration ranges used: 100 µM – 63 pM 

for HDACs 1-5, 7-9, 11; and 3 µM – 1.88 pM for HDAC6. Reactions without the 

enzyme or the inhibitor were used to define 0% and 100% of the HDAC activity, 

respectively.

zHDAC6 expression and purification. The second catalytic domain of HDAC6 from 

Danio rerio (zHDAC6; amino acids 440 - 798) was expressed and purified essentially 

as described previously.24 Briefly, the synthetic gene encoding HDAC6 was 

recombined into a Gateway expression plasmid in frame with the TEV-cleavable His-

MBP N-terminal tag. The fusion protein was expressed in E. coli BL21-Codon Plus 

(DE3)-RIPL at 16°C overnight. The purification protocol comprised the HisTrap HP 

affinity step (GE Healthcare, Chicago, IL, USA), removal of the tag by the TEV 

protease, affinity purification on amylose resin (New England Biolabs, Ipswitch, MA, 

USA), ion-exchange chromatography on HiTrap Q sepharose (GE Healthcare), and 

size-exclusion chromatography on a HiLoad Superdex 75 pg column (GE Healthcare; 

mobile phase: 50 mM HEPES, 100 mM KCl, 5% glycerol, 1 mM TCEP, pH 7.5) as the 

final step. The purity of the final protein preparation was >98% as determined by SDS-

PAGE, and purified zHDAC6-CD2 was concentrated to 10 mg/mL, aliquoted, flash-
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frozen in liquid nitrogen, and stored at –80°C until further use. The IC50 value of NextA 

against zHDAC6 was determined to be 2.6 nM, which is comparable to its inhibitory 

affinity for hHDAC6 (IC50 = 1.6 nM) shown in Table 1.

Crystallization and data collection. The zHDAC6 stock solution was mixed with 1/20 

volume of the Suprastat solution (80 mM in DMSO), and the crystallization droplets 

were prepared by combining 1 µL of the complex solution with 1 µL of a reservoir 

solution containing 19% PEG 3350 (Sigma Aldrich), 0.2 M KSCN (Hampton 

Research), and 0.1 M Bis-Tris (Sigma Aldrich) at pH 6.5. To bolster the nucleation 

step, droplets were streak-seeded using the seed stock prepared from crystals of the 

HDAC6/SAHA complex using a Crystal Crusher (Hampton Research). Crystals were 

grown by the hanging-drop vapor diffusion method at 283 K. Diffraction quality 

crystals were vitrified in liquid nitrogen from the mother liquor supplemented with 20% 

(v/v) glycerol. Data collection was carried out at 100 K on beamline 14.2 at the BESSY 

II synchrotron radiation source, Helmholtz-Zentrum Berlin, using Pilatus3 2M 

detector.57 The data were processed using Dials,58 including scaling using dials.scale. 

The data quality indicators were calculated using Aimless and Auspex;59, 60 the data 

statistics are summarized in Table S2. The structure was solved by molecular 

replacement using Phaser61 in the CCP4 suite62 with structure PDB code 5EEK,24 chain 

A as a search model. The procedure resulted in a solution with R of 36.6 and LLG of 

22589. Structure refinement involved iterative cycles of the model building using 

COOT63 according to 2mFo - DFc, and 2mFo - DFc Fourier maps and restrained 

refinement using REFMAC5.64 Rfree was used as a cross-validation statistic. The 
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presence of the ligand was confirmed using the Polder map.65 The structure was 

validated using the MolProbity program suite66 and a set of validation tools in COOT.63

Metabolic stability in body fluids and rat microsomes. Compounds were diluted to 

the initial concentration of 10 µM in the tested solution – PBS, simulated gastric fluid 

(SGF; 0.2 % NaCl, 0.7 % HCl, pH 1.2), or pooled human plasma (Innovative Research, 

Novi, MI, USA), all prewarmed to 37°C. Samples were incubated at 37°C, aliquots 

aspirated at defined time points, and samples were processed and analyzed as described 

below. 

Rat liver microsomes were prepared according to a published protocol.67 The final 

microsomal preparation was diluted to 10 mg/mL of total protein content in 50 mM 

Tris, pH 7.5 supplemented with 10 mM EDTA, and 20% glycerol, snap-frozen in liquid 

nitrogen, and stored at –80°C until further use. The metabolic activity of our in-house 

rat liver microsomes was virtually identical to commercially available preparations (rat 

liver microsomes, RTMCPL, Life Technologies, CA, USA; Supplementary Figure S4).

Microsomes were diluted to the final concentration of 0.5 mg/mL (total protein) in 0.1 

M potassium phosphate buffer, pH 7.4, and preincubated for 10 min at 37°C. Upon the 

addition of MgCl2 (final concentration 1.25 mM), the tested compounds were added to 

the final concentration of 10 µM and the reaction started by the addition of NADPH 

solution (final concentration 1.8 mM). Aliquots were collected at defined time points, 

and samples were processed and analyzed as described below. 

Plasma protein binding. An ultrafiltration (UF) protocol was used to determine 

compound binding to plasma proteins.68 Tested compounds were diluted to 1 mM in 
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water, and this stock solution further diluted to the final concentration of 10 µM in PBS 

(non-specific binding control) or pooled human plasma. 200 µL of the tested solution 

was transferred to a Centrifuge ultrafiltration device (Merck Millipore, Burlington, MA, 

USA) and incubated at room temperature for 1 h. 50 µL of the sample was removed 

from the upper chamber (the input sample), and the assembled UF unit was centrifuged 

in a fixed angle rotor at 1,000 × g at room temperature for 5 min. 50 µL of the filtrate 

was mixed with the equivalent volume of either pooled human plasma (non-specific 

binding control samples) or PBS (plasma samples) to account for matrix effects.

The plasma binding was calculated according to the following formula:

Nonspecific binding (NSB): 

𝑁𝑆𝐵 = (𝑐𝐵_𝑖𝑛 ― 𝑐𝐵_𝑓𝑖𝑙)/𝑐𝐵_𝑖𝑛

Free fraction (ff): 

𝑓𝑓 =  𝑐𝑃_𝑓𝑖𝑙/[(1 ― 𝑁𝑆𝐵) ∗ 𝑐𝑃_𝑖𝑛]

Plasma bound (PB):

𝑃𝐵 [%] =  100 ∗ (1 ― 𝑓𝑓)

where cB_in is the input concentration of the compound in PBS, cB_fil is the filtrate 

concentration from PBS samples, cP_in is the input concentration in plasma samples, 

and cP_fil is the concentration in the filtrate from plasma samples.

Sample processing and LC/MS-based quantification. Sample aliquots (stability or 

binding assays) were immediately mixed with three volumes of ice-cold acetonitrile 

containing Losartan as an internal standard (13.3 ng/mL), vortexed for 1 min, and 

centrifuged at 13,000 × g for 15 min. The supernatant was diluted with Milli-Q water 
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1:1 and compounds quantified by LC/MS-MS.

Mass spectrometry quantification was carried out using an MS-coupled HPLC system 

(Shimadzu LCMS-8040, Shimadzu, Kyoto, Japan) equipped with an API electrospray 

ion source. Analytes were separated on a Luna Omega Polar C18 1.6 µm, 100 Å column, 

50 × 2.1 mm (Phenomenex, Torrance, CA, USA) using a gradient of 5-70% 

CH3CN/H2O containing 0.1% formic acid at a flow rate 0.6 mL/min over 4 min. 

Multiple reaction monitoring parameters were optimized for each analyte together with 

Losartan as an internal standard, and the predominant CID fragment was used for 

quantification. Data were analyzed using GraphPad Prism software (GraphPad 

Software, San Diego, CA, USA), where the ratio of the analyte signal over the Losartan 

signal was plotted against the incubation time, and data were fitted with an exponential 

one-phase decay equation to obtain a half-life of a tested compound.

Cell culture and antibodies. The SM1 murine melanoma cells were obtained from Dr. 

A. Ribas at the University of California, Los Angeles. WM164 human melanoma cells 

were obtained from ATCC. The cells were cultured in an incubator in RPMI 1640, 1% 

penicillin-streptomycin, and 10% fetal bovine serum at 37°C with 5% CO2. HDAC 

inhibitors including 6a-c and NextA were added at concentrations of 0.1 µM, 0.5 µM, 

1 µM, 2.5 µM, 5 µM, and 10 µM, and the incubation was conducted overnight. For 

STAT3 phosphorylation assays, cells were pre-treated with or without HDAC6i (5 µM) 

for overnight followed by treatment with recombinant human IL-6 (Biolegend) for 

20min. PBS was added as a control. RAW 264.7 macrophages were purchased from 

ATCC and cultured in DMEM medium supplemented with 10% FBS, 1% non-essential 
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amino acids, and 2-mercaptoethanol (50 µM). RAW macrophages were treated with 1 

µM, 5 µM, and 10 µM of Suprastat overnight before collecting the lysates for 

immunoblot assay. Cytotoxicity assay was performed using CellTox Green (Promega, 

Cat#G8731) following the manufacturer’s instructions, and fluorescence readings were 

obtained on Spectramax i3 (Molecular Devices) multimode plate reader at wavelengths 

EX 485nm and EM 520nm. SM1 cells were treated with compounds at various 

concentrations for 24 h to determine cytotoxicity.

Immunoblot analysis. The cells were harvested and lysed with RIPA buffer 

(ThermoScientific, 89900) containing protease and phosphatase inhibitors 

(ThermoScientific, 78440) by sonication in a Bioruptor (Diagenode) for 8 cycles of 30 

s ON and 30 s OFF on high setting. To assess the expression of proteins, total protein 

samples were heat-denatured in SDS sample loading buffer, and 15-20 µg of protein 

was analyzed on 4-20% SDS-PAGE gels (Bio-Rad, 456-1093). Proteins were 

transferred onto low fluorescence PVDF membranes (Bio-Rad, 1704274) using a 

Trans-Blot Turbo transfer system (Bio-Rad). The membranes were blocked for 1 hour 

with Odyssey blocking buffer (Licor, 927-40000) followed by incubation with primary 

antibodies (1:1000 dilution) at 4°C. The membranes were washed in PBST buffer three 

times, followed by incubation with near-infrared fluorophore-conjugated secondary 

antibodies (1:10000 dilution) for 1 h at room temperature. The membranes were 

scanned on an Azure Biosystems C600 imager at near-infrared wavelengths. The 

images were analyzed and processed with Image Studio™ Lite software. The primary 

antibodies used are against phospho-STAT3 Y705 (Cell Signaling,9145), α-tubulin 
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(Cell Signaling, 3873), acetyl-α-tubulin (Cell Signaling, 3971), histone H3 (Cell 

Signaling, 3638), and acetyl-histone H3 (Cell Signaling, 9649).

Quantitative analysis of gene expression. Total RNA was isolated from cells 

following the manufacturer’s instructions of QIAzol lysis reagent (Qiagen, 79306). 

RNA quantification was done using a NanoDrop One spectrophotometer (NanoDrop 

Technologies). Samples with absorbance at 260/280 nm ratios over 1.9 were used for 

cDNA synthesis with the iScript cDNA synthesis kit (Bio-Rad, 1708891). Synthesized 

cDNA from 1 µg of total RNA was diluted 1:10 with nuclease-free water. The 

quantitative PCR analysis was performed using iQ SYBR Green Supermix (Bio-Rad, 

1708882) on a CFX96 real-time system (Bio-Rad). Gene expression analysis was 

performed using the 2–∆∆Ct method, and target mRNA levels were normalized to ACTB 

expression. Cycling conditions were used as per the manufacturer’s instructions. Single 

PCR product amplification was confirmed by melting curve analysis in all the 

experiments performed. The Mouse IL10 QuantiTect Primer Assay (Qiagen, 

QT00106169) was purchased from Qiagen. The sequence of primers used in the 

analysis is as follows: mouse ACTB Forward: CATTGCTGACAGGATGCAGAAGG, 

Reverse: TGCTGGAAGGTGGACAGTGAGG were synthesized from Invitrogen.

Mice. Animal experiments involving mice were performed in accordance with the 

protocol (#A354) approved by the Institutional Care and Use Committee (IACUC) at 

The George Washington University. Forty C57BL/6 female mice were purchased from 

the Charles River Laboratories (Wilmington, Massachusetts, USA). In vivo studies 

were performed using SM1 tumor cells that were passaged in vivo from mouse to mouse 
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for a minimum of five times before tumor implantation. Mice were injected 

subcutaneously with 1.0 × 106 in vivo passaged SM1 melanoma cells suspended in 100 

µL phosphate-buffered saline (PBS) (Corning, 21-040-CV). The pre-treatment arm was 

started once the tumors were palpable, which was about 5 days post tumor implantation. 

Cages were randomly assigned to different treatment groups, and mice were treated 

with Suprastat, anti-PD1 antibody, or vehicle control. Control mice were injected 

intraperitoneally with 100 µL PBS as vehicle control, a 15 mg/kg dose of anti-PD1 

antibody (BioXcell, Clone RMP1-14), and 25 mg/kg of Suprastat. Mice were treated 

five days a week until tumors in the control group reached maximum size according to 

our IACUC protocol. Tumor volume measurements were taken on alternate days using 

caliper measurements and calculated using the formula L × W2/2. All animal studies 

were performed with consideration for toxicity, and we routinely monitored for early 

signs of toxicity. Emphasis was given to mortality, body weight, and food consumption. 

At the endpoint, a postmortem evaluation, including gross visual examination of organs 

such as the liver for hepatotoxicity, splenomegaly, and lung metastatic nodules, was 

done for each condition. 

For macrophage isolation, bone marrow from 6-12 weeks old C57BL/6 mouse was used 

following an IACUC approved protocol. Briefly, femurs and tibia bones were isolated 

after removing the skeletal muscles. The bone marrow was flushed with RPMI 

complete medium supplemented with non-essential amino acids. A single-cell 

suspension of bone marrow was prepared with repeated pipetting and incubated with 

20 ng/mL of mouse recombinant M-CSF (Biolegend) at 37°C for 4 days to differentiate 
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into macrophages. On Day 3, macrophages were pre-treated with 5µM Suprastat or 

vehicle. On Day 4, macrophages were treated with 5 µM Suprastat 1 h prior to 

polarization to M1 phenotype with 100 ng/mL of LPS (Sigma) and 20 ng/mL of 

recombinant mouse interferon-gamma (Biolegend).

Flow cytometry was performed following the protocol described previously.13 Briefly, 

mice were euthanized following the IACUC protocol, and tumor cells were processed 

into a single cell suspension for analysis by flow cytometry with tumor digestion buffer. 

The following antibodies were used to stain cell surface markers expressed by different 

immune cells. All the antibodies were purchased from Biolegend (San Diego, CA) 

unless otherwise specified. Myeloid cell surface markers are as follows: Brilliant Violet 

421™ anti-mouse/human CD11b (clone M1/70), APC anti-mouse CD80 (clone 16-

10A1), PE/Cy7 anti-mouse CD206 (MMR) (clone C068C2), Brilliant Violet 650™ 

anti-mouse CD11c (clone N418), APC/Fire™ 750 anti-mouse CD45.2 (clone 104), PE 

anti-mouse CD123 (clone 5B11), Brilliant Violet 605™ anti-mouse Ly-6G/Ly-6C (Gr-

1) (clone RB6-8C5), FITC anti-mouse H-2 (clone M1/42), Brilliant Violet 785™ anti-

mouse F4/80 (clone BM8), and Alexa Fluor® 700 anti-mouse CD3 (clone 17A2). 

Lymphoid cell surface markers are as follows: PerCP/Cy5.5 anti-mouse CD3 (clone 

17A2), Alexa Fluor® 488 anti-mouse CD4 (clone GK1.5), APC/Fire™ 750 anti-mouse 

CD8a (clone 53-6.7), Brilliant Violet 421™ anti-mouse CD25 (clone PC61), Brilliant 

Violet 785™ anti-mouse CD45.2 (clone 104), Brilliant Violet 605™ anti-mouse 

CD62L (clone MEL-14), Alexa Fluor® 647 anti-mouse CD127 (IL-7Rα) (clone 

A7R34), PE anti-mouse/human CD44 (clone IM7), PE/Cy7 anti-mouse CD49b (pan-
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NK cells) (clone DX5), Brilliant Violet 421™ anti-mouse CD16/32 (clone 93), and PE 

anti-mouse 4-1BB (clone 17B5). Multi-color flow data acquisition was performed on 

BD Celesta, and data analysis was performed with FlowJo software (version 10.3). 

Statistical analyses were performed with GraphPad Prism Software (version 7.03). 
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