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Abstract

Histone deacetylase 6 (HDACS) is a zinc-dependent HDAC that mainly modulates the acetylation
status of non-histone substrates, such as a-tubulin and heat shock protein 90 (HSP90). The activity
of HDACS plays a critical role in cell proliferation, protein trafficking and degradation, cell shape,
migration, as well as regulation of immunomodulatory factors. For this reason, HDACS6 influences
the progress of cancers, neurodegenerative disorders, and autoimmune responses. In the last few
years, the discovery of selective HDACS inhibitors (HDACS6is) has become an attractive research
area as five HDACSGis are being investigated in phase /11 clinical trials. However, the hydroxamic
acid functional group still represents the predominant zinc-binding group (ZBG), that often suffers
from poor pharmacokinetics and mutagenic potential, thus impairing the application of
hydroxamate-based HDACSis for long-term therapies. On the other hand, mercaptoacetamide
(MCA)-based HDACS6is comprise a class of compounds that, in some cases, display nanomolar
HDACS6 potency and a thousand-fold selectivity over class | HDAC isozymes. Moreover, MCA-
based HDACSis lack the mutagenicity associated with the hydroxamate function and display
pharmacological effects, demonstrating the potential of this particular ZBG to improve upon the
drug-like properties of HDACGis. Herein, we summarize for the first time the structure-activity
relationships (SARs) of MCA-based HDACSis, discuss their HDACS selectivity at the molecular
level using inhibitor-HDAC co-crystal structures, and further provide our perspective regarding
their drug metabolism, pharmacokinetics, and pharmacological properties.

Keywords
Histone acetylation; Tubulin acetylation; Epigenetics; Sulfur; Zinc-binding group

"Corresponding author. sida.shen@northwestern.edu (S. Shen).

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 2

Introduction

Histone deacetylases (HDACS) are a family of enzymes that balance the acetylation/
deacetylation state of lysine residues on the histone tails around which the DNA is wrapped;
histone acetylation is essential to promote chromatin unfolding, thus enabling transcriptional
activation [1]. At present, the 18 known mammalian HDACs are divided into four classes
according to their similarity to yeast deacetylases. Class | (HDAC1-3, and 8), class lla
(HDAC4, 5, 7, and 9), class I1b (HDACS6 and 10), and class 1V (HDAC11) isozymes are
zinc-dependent amidohydrolases that are capable of deacetylating the e-amino group of the
lysine residues on histones and non-histone proteins. In contrast, class 111 HDACs, also
called sirtuins (SIRT1-7), exert their enzymatic activity through a nicotinamide adenine
dinucleotide (NAD*)-dependent pathway, which hydrolyzes not only acetyl moieties but
also crotonyl and propionyl groups [2-4]. HDAC inhibition has emerged as a practical
therapeutic approach for cancer therapy based on the successful launch of five HDAC
inhibitors (HDACIs), namely vorinostat (SAHA, 1), panobinostat (LBH-589, 2), belinostat
(PXD-101, 3), romidepsin (FK228, 4), and chidamide (CS055/HBI-8000, 5) (Fig. 1) [5].
However, most of them act as pan-HDAC inhibitors [6-8]. Their broad-spectrum HDAC
inhibitory activities were found to be associated with various adverse effects (e.g., liver
impairment and bone loss) and dose-limited toxicity [9,10]. Moreover, hydroxamate-based
HDACIs (e.g., vorinostat, panobinostat, and belinostat), the predominant class of HDACIs,
often exhibit unfavorable pharmacokinetic profiles (rapid clearance rates and short half-
lives), which may result in inadequate drug exposure and thus result in a need for repeated
administration [11,12]. It is also noted that hydroxamate-based HDACis have the potential to
be mutagenic, which may cause the development of secondary cancers, preventing their use
for some chronic diseases as well as neurological disorders [5]. Therefore, in the last decade,
researchers have turned their interest to both the discovery of subtype- and isoform-selective
HDACIs and to the identification of alternative zinc-binding groups to replace the genotoxic
hydroxamate moiety [13].

In comparison with the other HDAC isozymes, HDAC6 has become an attractive target
related to its unique structural features, distinct biological function, and extensive
therapeutic potentials. Unlike the other HDAC isoforms, HDACSG is primarily found in the
cytosol rather than in the nucleus, and it is structurally unique because it possesses two
homologous catalytic domains (CD1 and CD2) [4]. Both domains are required for
deacetylase activity, even though CD2 has been observed as the major catalytic domain
involved in the deacetylation of cytosolic peptides [14,15]. CD2 is responsible for
deacetylating peptides with an internal acetyllysine residue, such as a-tubulin and tau
[16,17]. On the other hand, the function of CD1 is not fully understood, but there is evidence
to support that CD1 serves as an E3 ubiquitin ligase [18]. Recent studies have also revealed
that CD1 deacetylates the ATP-dependent RNA helicase DDX3X. In addition, CD1 was
found to have narrower substrate specificity, compared to CD2, which solely recognizes
peptide substrates containing C-terminal acetyllysine residues [19-23]. Furthermore,
HDACS is the only isoform that has the ability to deacetylate non-histone substrates
unrelated to the chromatin environment, including a-tubulin, heat shock protein 90
(HSP90), cortactin, phospho-binding protein 14-3-3C, as well as peroxiredoxin [24-27]. a-
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Tubulin was identified as the first substrate of HDAC6 whose acetylation status at lysine 40
can be regulated by HDACS6. Reduced a-tubulin acetylation has been observed in
phenotypic animal models of neurodegenerative disorders, such as Alzheimer’s disease
(AD) [28], Charcot-Marie-Tooth disease (CMT) [29-32], amyotrophic lateral sclerosis
(ALS) [33,34], and Rett Syndrome (RTT) [35,36], which is associated with defective axonal
transport or impaired brain-derived neurotrophic factor (BDNF) trafficking. Accordingly,
upregulation of the levels of acetylated a-tubulin (Ac-Tub) by selective HDACS inhibition
has been considered a potential therapeutic approach for neurodegenerative disorders [37].
Moreover, it has been recently reviewed that HDAC6 could also be a potential target for
other rare diseases, such as inherited retinal diseases (IRDS) and idiopathic pulmonary
fibrosis (IPF), attributed to its substrate specificity [38]. Recent research has also revealed
that HDACS interacts with the transcription factor STAT3 [39], a crucial regulator of
immune responses in the tumor microenvironment, and impacts the expression of the
immunosuppressive molecule PD-L1 [40]. These effects are responsible for the
immunomodulatory properties of some HDACS6 inhibitors (HDACGis) [41-43]. Most
selective HDACGis exhibit weak/modest cytotoxicity in cancer cells while displaying
significant antitumor effects as potential immunomodulatory agents /77 vivo through either
single therapy or in combination with anti-PD-1 immune checkpoint inhibitors [44-46].
Thus, in light of the unique structural and functional properties of HDACS, selective
HDACSGis are being widely investigated as a potential treatment for various cancers,
autoimmune disorders, and neurological disorders [38,47-49]. At present, five HDACBis
including ricolinostat (ACY-1215, 6), citarinostat (ACY-241, 7), KA2507 (structure not
disclosed), CKD-504 (structure not disclosed), and CKD-506 (structure not disclosed) have
been advanced into clinical trials primarily with a focus on the treatment of various cancers
[37]. Moreover, it has recently been reported that the brain-penetrant selective HDACG6i
EKZ-001 (bavarostat), containing 8F radioisotope, was used to investigate its HDAC6
binding in the brains of nonhuman primates and human through positron emission
tomography (PET) [50,51]. Ricolinostat (Fig. 2A) is the first HDACS inhibitor to reach
phase I clinical trials for cancers as a single agent and in combination with other
chemotherapies such as lenalidomide, dexamethasone, bortezomib, and (nab)paclitaxel, and
its investigation has been extended to non-cancer indications, such as diabetic neuropathic
pain [52]. Citarinostat (Fig. 2A) is the second HDACS inhibitor to be investigated in phase |
trials for melanoma and non-small cell lung cancer (NSCLC), and it is also being evaluated
in combination with the immune checkpoint blockers nivolumab and ipilimumab [53]. These
compounds show high structural similarity and are only considered partially-selective
HDACG6is with about 10- to 15-fold selectivity over HDAC1-3 (Fig. 2A) [54,55]. Based on
the short-comings of these clinical-stage HDACGis, a lot of potent and selective HDACGis
with improved selectivity and better pharmacokinetic profiles has been identified in the last
few years [37,56,57].

A typical pharmacophore of HDACIis usually consists of four structural features (Fig. 2A): a
zinc-binding group (ZBG) that interacts with the zinc ion (Zn2*) at the bottom of the
catalytic site; a linker that interacts with the narrow hydrophobic channel; a capping group
(Cap) that can explore additional interactions over the rim region of the catalytic pocket to
strengthen the target engagement further; and a connecting unit (CU) area between the linker
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and the Cap. The Cap can adopt various structural features from simple alkyl chains to bulky
polycyclic aromatic rings. At the same time, the linker region can be selected from a long
aliphatic chain, a short phenyl/benzyl group, as well as a heterocyclic moiety. Among
different types of ZBGs, the hydroxamic acid function is predominant in the discovery of
HDACSis, and only a limited number of non-hydroxamate ZBG has been identified with
comparable HDACG6 potency and selectivity over other HDAC isoforms [37,56]. Moreover,
the argument is still ongoing about the drug-like properties of hydroxamic acids as this
functional group is responsible for the insufficient pharmacokinetics parameters of pan-
HDACIs’ and inadequate drug exposure. Moreover, hydroxamate may also have mutagenic
potential that is related to the Lossen rearrangement occurred /in vivo (Fig. 2B), affording
mutagenic isocyanate products, hence impairing applications of hydroxamate-based
HDACS6is where long-term treatments are required. Although some hydroxamate-based
HDACS6is were found to be negative in the Ames test, which is an initial mutagenicity
assessment [43,58,59], the identification of novel non-hydroxamate ZBGs is still the
preferred approach to fully avoid the unfavorable properties of hydroxamates. During the
past 15 years, our continuous efforts towards the discovery of HDACGis bearing the
mercaptoacetamide (MCA) moiety as an alternative ZBG has led to the development of
ligands with nanomolar HDAC6 potency and thousand-fold selectivity over HDACI. In this
review, we summarize for the first time the structure-activity relationships (SARs) of MCA-
based HDACS6is, analyze the molecular aspects of their selective HDACS inhibition on the
basis of available inhibitor-HDAC co-crystal structures, and provide our perspective on their
pharmacokinetics and pharmacological properties.

2. The development of MCA-based HDACG6is
2.1. Phenyl-derived caps

Romidepsin (8, Fig. 3A) is the only FDA-approved non-hydroxamate HDACI, which
disulfide moiety can be converted into the active metabolite 4 /n vivo through reduction
catalyzed by glutathione reductase [60]. This finding has inspired the use of the disulfide
group as well as a variety of other sulfur-bearing groups in the design of other novel
HDACIs. These include inter alia thiol [61-63], sulfamide [64], N-hydroxypyridine-2-thione
[65], trithiocarbonate [66], thiazolidinedione [67], 3-hydroxypyridine-2-thione [68,69],
sulfonamide [70], sulfone [70], and mercaptoacetamide [71] groups (Fig. 3B). Unlike others,
the mercaptoacetamide (MCA) moiety has been demonstrated to represent a useful non-
hydroxamate ZBG for the discovery of selective HDACGis. In 2005, Suzuki and coworkers
[70] were the first to incorporate the MCA moiety into HDACis. However, only the
inhibition of total HDAC was reported for the vorinostat-like MCA analogs 10-12 (Fig. 3C
and Table 1) in which 11 (n = 3), containing a five methylene alkyl chain as the linker,
showed the most potent activity (total HDAC inhibition, 1Csg = 0.39 uM) [70]. In 2006,
Silverman and coworkers [72] further reported HDAC inhibitory activities of 11 and 12
against total HDACs (ICsg = 2.44 and 0.15 uM) and HDACS isoform (ICsp = 3.89 and 0.69
uM). The Kozikowski group resynthesized 11 and further tested it against Class | and I1b
HDACSs (unpublished), which yielded ICgq values of 0.33 uM and 3.76 uM potency against
HDACS6 and HDAC1 (Table 1), respectively, while exhibiting modest activity (ICsq > 10
uUM) against HDAC2, 8, and 10.
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Based on these findings, the Kozikowski group further prepared the related analogs 13 and
14 (Fig. 4) by reversing the direction of amide moiety [71]. Compound 13, which has the
same alkyl linker as 11, exhibited a slight improvement in HDACG6 potency (ICsq = 0.19
uUM) and selectivity (SI = 17-folds). Further replacement of the amide CU by a urea group
afforded phenyl- or benzyl-capped analogs 15-17 [71], which resulted in weaker HDAC6
potency and only about 5-fold selectivity over HDAC1. Additionally, MCAs 18-26 (Fig. 4),
inspired by the NV, A-dimethylaminophenyl Cap of trichostatin A (TSA, 9, Fig. 3), were first
disclosed in 2005. In these compounds, modifications were made to both linkers and CUs
[71], and some of their HDAC isoform inhibition results were reported in 2007 [73]. In the
case of inhibitors 18-21, containing the same amide CU as in 13-14, compounds 18 (n = 1)
and 20 (n = 3) displayed comparable submicromolar HDAC6 potency (ICsg = 0.22 and 0.11
uM), while the latter compound exhibits lower selectivity over HDACL1 (Sl = 24.5- and 9.5-
folds). Notably, compound 22, deviating from 20 by a retro-amide moiety, was almost two
times more selective than 20 (SI = 17- and 9.5-folds), opposing the results of the pair of 11
and 13 [73]. The replacement of the alkyl linker with a para-xylylene moiety (26) caused a
10-fold loss of activity relative to 20 [71]. In addition, several MCAs together with several
hydroxamate-based pan-HDACIs were selected to assess their possible neuroprotective
effects in primary cortical neurons using the homocysteic acid (HCA) model of oxidative
stress [73]. Unlike the hydroxamates that were found to exhibit neuronal toxicity at high
concentrations, the MCAs (e.g., 16 and 18) protected the neurons from HCA toxicity in a
concentration-dependent manner without obvious toxicity, reaching full protection
beginning at 10 uM. Moreover, non-toxic MCAs did not increase the levels of acetylated
histone H4 (Ac-H4) in rat primary cortical neurons up to a concentration of 50 uM, while
the toxic hydroxamates markedly enhanced those levels, indicating that the neuronal toxicity
is likely correlated with their ability to inhibit HDAC1 and HDAC?2 [73].

2.2. Biaryl-derived caps

Among the biphenyl-capped analogs 27-29 (Fig. 5), only 29 (n = 3) showed submicromolar
HDACS potency (IC5q = 0.78 uM, Table 2) and modest selectivity (SI = 6-folds) compared
with the corresponding phenyl-capped analog 13 (ICsg = 0.19 uM; SI = 17.5-folds, Table 1).
Further optimization with the aim of improving their selectivity by incorporating amino acid
fragments into the Caps to enhance the interaction with the rim of the target surface was
attempted [76]. The retro-amide analogs 30-33 bearing glycine, -phenylalanine, c-proline,
and -tryptophan, respectively, exhibited two to three times improved HDACS6 inhibition
compared to the parent compound 29; however, their selectivities over HDACL are still not
adequate (Sl = 6- to 10-folds) [76].

Phenylisoxazole Caps were also applied in the development of MCA-based HDACSGis (Fig.
5 and Table 2) [77], inspired by the corresponding hydroxamate-based compounds [78].
Compounds 34-38 present the same linker as 13 (IC5q = 0.19 pM; Sl = 17.5-folds, Table 1),
while containing a 5-methyl-3-phenylisoxazole moiety as the Cap in which extra a-methyl
groups were introduced into the MCA ZBG to investigate their effects. The compound 34
without any methyl substituents (ICsq = 0.26 uM) maintained submicromolar HDAC6
activity comparable with that of 13. In contrast, the racemic compound 35 containing one
methyl group showed a significant drop in potency (ICsg = 1.1 uM) and a complete loss of
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activity against HDAC1-3. Intriguingly, the evaluation of enantiomers 36 (/ configuration)
and 37 (Sconfiguration) revealed that the /R enantiomer retained full HDACG6 potency (ICsg
= 0.28 uM) while the Senantiomer was inactive (ICsq > 30 uM). Molecular docking studies
conducted by Kalin and coworkers using a HDAC?2 crystal structure (PDB code 3MAX)
elucidated differences in the binding mode of each enantiomer [77]. The /n silico results
suggested that the £ a-methyl-MCA moiety of 36 better explored the biding cavity,
engaging in coordination with the Zn2*, and additional hydrogen bonding interactions at the
bottom of the cavity. Moreover, the / enantiomer was able to assume a more folded
geometry, thus exploring additional hydrogen bonding interactions between the Cap and the
rim of the catalytic cavity [77]. It was therefore not surprising that the dimethyl-substituted
MCA 38 exhibited a complete loss of activity since steric hindrance impairs its interaction
with the enzyme [77]. In the cases of compounds 39-41 containing an ether as the CU, both
racemic 39 and the R enantiomer 40 showed almost identical potency against HDAC6 (ICsq
= 0.85 and 0.83 pM), while the Senantiomer 41 was inactive against all isozymes, thus
corroborating the findings for 37 regarding the loss of activity for S a-methyl-MCAs [77].

The replacement of the amide CU of 34 with an alkenyl moiety afforded 42 (Fig. 5 and
Table 2), which showed micromolar HDACS activity (ICsq = 2.7 uM) but slightly improved
selectivity over HDACL (SI = 30-folds) [77]. It is noted that the individual ¢/sand trans
isomers, 43 and 44, displayed modest activity against HDAC1 and similar micromolar
activities against HDACS, thus suggesting that their linker configurations do not
significantly impact their potencies. Further evaluation of a-methyl-substituted MCAs
bearing the alkene CU indicates a significant reduction in potency of the monomethylated
compound 45. At the same time, the dimethylated compound 46 has no activity against any
HDAC isozyme up to the concentration of 30 UM [77]. Moreover, the MCA analogs 47 and
48, combining the 3-methyl-5-phenylisoxazole Cap and a cinnamoyl CU-linker, were
inactive against all tested isozymes [77]. Additional phenylisoxazolyl-derived compounds,
49-52, containing alkyne CU-linkers and an a-methyl MCA ZBG were also prepared. The
racemic mixtures of monomethyl MCAs 49 and 50 exhibited micromolar activity against
HDACS6 (IC5p = 2.0 and 2.6 M) while losing isozyme selectivity. As observed for all
previous compounds bearing dimethyl MCAs, neither of the corresponding compounds 51
and 52 bearing an alkyne CU exhibited any activity [77].

Molecular docking studies and HDAC enzymatic inhibitory data suggested that the R
configuration of the monomethyl MCAs is preferred, which seemed to exhibit comparable
HDACS6 potency with the parent MCA. However, this conclusion cannot be fully addressed
since the corresponding derivatives bearing the parent MCA were not prepared to compare
with the methyl MCA analogs 39-52 in the original article [77]. Furthermore, it was found
that the added methyl group significantly reduced the oxidative dimerization tendency of
thiols [77]. Additionally, the neuroprotective effects of these MCAs were investigated in a
primary cortical neuron model of oxidative stress-induced neurodegeneration. MCA 34
displayed full neuroprotection at a concentration of 10 uM. The corresponding hydroxamate
showed modest neuroprotective activity but also neuronal toxicity at the same concentration
[77]. Intriguingly, the inactive S-enantiomers (e.g., 37 and 41) showed the ability to prevent
glutathione depletion, and other monomethyl MCAs containing alkene- or alkyne-CUs (e.g.,
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45, 49, and 50) also demonstrated neuroprotective effects at 10 pM. These results may
suggest that there is an additional neuroprotection mechanism independent from their
HDACEG inhibitory activity. However, the underlying mechanism was not further investigated
and discussed in the original reference. [77].

In 2016, Zhao and coworkers reported a series of MCAs (53-55) bearing a 3-phenyl-1+-
pyrazole moiety as the Cap and an amide group as the CU (Fig. 5 and Table 2) [79]. All
three compounds exhibited micromolar inhibitory activities against total HDACs, HDACL,
and HDACG. Although none of them showed good selectivity over HDAC1, the length of the
alkyl chain linker seemed to influence their selectivity slightly. It should be noted that, based
on the structures of 52-55, three corresponding mercaptopropanamides were prepared and
evaluated against HDACs in the original article [79]. None of them display inhibitory
activity against HDACs up to 10 uM, underscoring the uniqueness of MCA for maintaining
HDAC potency.

2.3. Fused aryl-derived caps

Exploration was also carried out on fused aryl Caps that led to the discovery of quinoline-
and tetrahydroquinoline-based MCAs (56-75) (Fig. 6 and Table 3) [71,73,75,80-82]. In
comparison with the phenyl- or biphenyl-capped analogs described above, compounds
bearing 3-quinolyl (56 and 60), 6-quinolyl (61), and 8-quinolyl (62 and 63) Caps exhibited
much better HDAC6 potency (ICgg < 0.1 uM) and enhanced selectivity over HDACL ranging
from 15-folds to 44-folds (Table 1) [71,73]. The inhibitory activity of 57-60 (Table 3)
against total HDACs further suggest that the length of alkyl linker is also critical for
maintaining potent HDAC inhibitory activity [82]. Notably, compound 63 was renamed W2
and exhibited the ability to improve learning and memory in a mouse model of Alzheimer’s
disease while showing low nanomolar HDAC6 potency and hundred-fold selectivity when
retested several years after its first publication (ICsg = 0.02 uM; SI = 153-folds) [83].
Replacement of the alkyl linker in 63 by a para-tolyl moiety afforded compound 64 with a
23-fold lower HDACS activity (ICgq = 2.21 uM) [80]. The para-tolyl moiety is considered as
a useful linker in the hydroxamate-based inhibitors to generate good selectivity over class |
HDAC isoforms that data was not determined for 64. Therefore, although the HDAC6
potency of 64 was indeed decreased, this compound might remain the ability to maintain
good selectivity over HDACL. Similarly, the incorporation of a valine moiety between the 3-
quinolyl Cap and the alkyl amide linker of 60, so as to generate structures 65 and 66,
resulted in modest HDAC total inhibition for the racemic compounds [75]. It is noted that
the conversion of the amide CU of the 8-quinolyl-capped compound 63 into amine (67—71)
and ether (72) generated highly selective and potent HDACGis [80,81]. Among them,
compound 68 bearing five methylene units as the linker is the most potent and selective
HDACS6i containing the MCA moiety as ZBG (ICsg = 0.0013 uM; SI = 4700-folds) [80].
Shorter or longer alkyl linkers, as in compounds 67 and 69, caused a 6- and 100-fold
decrease in HDACS activity (ICsg = 0.0078 and 0.178 pM), respectively, thus validating the
optimal length (n = 5) for the linker in this series [80]. Subsequent evaluation of a-tubulin
acetylation, a typical approach to assess HDACS inhibition in cell lines, showed that the
treatment of rat primary cortical neurons with 68 led to a 10-fold increase in the level of Ac-
Tub, but no significant upregulation of the levels of acetylated histone H3 (Ac-H3) at the
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concentration of 1 uM, corroborating its HDACG6 potency and selectivity. Moreover, 68 also
displayed an ability to increase T-regulatory (Treg) suppressive function in a dose-dependent
manner [80]. The introduction of two chlorine substituents at both the C5- and C7-positions
of the 8-quinolyl Cap only modestly influences activity or selectivity of the resulting
compounds 70 and 71, while significantly improving their permeability and metabolic
stability in liver microsomes [81]. Moreover, the replacement of the amino CU of 71 with an
ether resulted in a two-fold decrease in HDACS6 potency in the case of 72 [58].
Tetrahydroquinolyl-capped MCAs (73-75) were also prepared. Compounds 73 and 74
demonstrated a micromolar range of inhibition on HDACS. In contrast, 75, containing an
amide CU instead of an amine moiety, exhibited a promising selectivity (SI > 1110-folds)
and nanomolar HDACG6 potency (ICsq = 0.027 pM) [80], indicating further optimization of
this tetrahydroquinoline class may lead to the identification of more potent and selective
HDACS6is. However, the related SAR studies on this series have not been reported.

The Kozikowski group also developed some MCAs capped with indoles without a CU
group. A combination of a 5,6-dichloroindole cap and six methylene units afforded 76,
which showed nanomolar potency against HDAC6 and excellent selectivity over HDAC1
(ICsp = 0.064 uM; SI = 468-folds). Interestingly, the incorporation of additional substituents
at the C3-position of the indole ring reduced the activity for both 77 and 78 (a 24-fold and
3.7-fold decrease, respectively), indicating that the C3-position is less able to tolerate bulky
rigid groups. The 6-chloro-5-fluoroindolyl-capped compound 79 exhibits slightly weaker
HDACS activity and selectivity relative to 76 (ICsg = 0.065 uM; SI = 451-folds).
Additionally, when the 5,6-dichloroindole cap was attached to the MCA moiety through a
shorter alkyl linker (pentamethylene chain), the resulting compound 80 exhibited a 5.8-folds
improvement in HDACG6 potency (ICs¢ = 0.011 pM) and improved selectivity over HDAC1
compared to 76 (SI = 681- and 468-folds). The introduction of a secondary thiol function
into the linker (81) resulted in a significant loss of activity, thus highlighting the conservative
feature of alkyl linkers of MCA-based HDACGis [81].

2.4. MCA-based prodrugs

It is well known that a free thiol group, as observed in MCA and other thiol-derived
HDACIs, may be subject to oxidation reactions /in vitroand /n vivo, which could impair their
inhibitory activity [63]. According to the literature, several prodrug strategies have been
implemented to avoid off-target reactions of thiol-derived HDACis [61-63,84]. Thioesters
and disulfides represent the majority of the designed MCA-based prodrugs. The thioester
linkage is susceptible to hydrolysis reaction inside cells, thus releasing the active thiol group
in the cytosol [85]. The thioacetate 82 (Fig. 7) converted from 11 facilitated the antiparasitic
evaluation against Schistosoma mansoni, which was able to release the active derivate 11
inside the cultured schistosomula, leading to the reduction of viability and apoptosis
induction at 20 uM [74]. Moreover, in two independent studies using HelLa nuclear extracts
containing a mixture of HDACs, 82 remained modest HDAC inhibitory activities (ICgg =
20.1 and 22.0 UM, respectively) relative to 11 (ICsg = 2.4 and 0.4 uM, respectively) [72,84].
Improved membrane permeability is an additional benefit that can be obtained by thiol-
derived prodrugs. Interestingly, the S-isobutyryl prodrug 83 exhibited higher levels of Ac-
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Tub in HEK-293 cells compared to its active form 80 at the concentration of 10 puM, which
may be attributed to the increased cellular permeability of 83 [81].

Disulfide prodrugs can be converted into their active thiol compounds through reduction of
the disulfide linkage [86]. Noteworthy, HDACSG is mainly located in the cell cytosol, which
is known to be highly reducing, thus favoring the conversion of disulfide prodrugs into their
free MCA derivatives [87]. It was found that the disulfide prodrugs 84 and 85 (Fig. 7)
released the corresponding MCAs 70 and 80 efficiently in human and mouse liver
microsomes while also exhibiting comparable abilities to enhance the level of Ac-Tub in
HEK-293 cells relative to their active forms [81]. Moreover, it was also observed that both
disulfides were able to increase the Ac-Tub levels in mouse cortex, indicating that they are
capable of crossing the blood-brain barrier (BBB) and have the potential to be further
investigated in animal models of CNS disorders [81].

3. Unique molecular basis for the selectivity of MCA-based HDACG6is

Crystallographic studies using Danio rerio HDAC6 (dHDACSG) in complex with different
HDACIs were first reported in 2016, which initiated the elucidation of the structural features
of HDACG [21,88]. Presently, more than 50 X-ray crystal structures of HDAC6-CD2
complexes with various HDACGis have been published, thus providing a better
understanding of the molecular basis for the potency and selectivity of HDACGis [89].
However, the majority of the published structures are for the hydroxamate-based inhibitors,
and only one HDACS6 crystal structure has been reported for HDAC6 in complex with an
MCA-based analog (Fig. 8) [87].

In comparison with other isoforms, HDACS6 has a relatively large and wide solvent-exposed
surface (~14 A). Therefore, bulky and rigid polycyclic Cap groups, as observed for 6 and 7,
lead to favorable binding interactions in many selective HDACGis [21], particularly strong
hydrophobic interactions with the “L1-loop pocket”, the selectivity-determining area defined
by the key residues H463, P464, F583, and L712 [43,90,91]. The hydrophobic tunnel
formed by F583 and F643 is able to establish interactions with the linker of HDACGis (e.g.,
a benzyl group) to stabilize the ligand in the catalytic pocket. Besides the van der Waals
contacts and hydrophobic interactions, there are also specific hydrogen-bonding interactions
observed between the Cap, linker, or CU area of HDACS6is and key amino acid residues
(e.g., S531) that play critical roles in the substrate recognition process of HDACG6 [89,92].
Intriguingly, each ZBG demonstrate distinct coordination geometry with the Zn?* at the
bottom of the cavity, which may be essential for determining the HDAC6 isoform selectivity
of the MCA-based ligands.

In the negatively charged alkylhydroxamate moiety of the pan-HDACI vorinostat (1) (Fig.
8A, PDB code 5EEI) and in the cinnamoylhydroxamate moiety of the pan-HDACI
panobinostat (2) (Fig. 8D, PDB code 5EF8) [88], the carbonyl group (C=0) accepts a
hydrogen bond from Y745. Moreover, the NH group donates a hydrogen bond to H574
(neutral state), while the deprotonated OH group accepts a hydrogen bond from H573
(positively charged). The carbonyl and oxyanion groups engage in bidentate hydroxamate-
Zn2* coordination, while the Zn2* also coordinates with D612, H614, and D705, forming a
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tetrahedral coordination geometry. In the Schistosoma mansoni HDAC8 (smHDACS) crystal
in complex with vorinostat (1, Fig. 8B, PDB code 4BZ6) and another
cinnamoylhydroxamate-based analog 86 (Fig. 8E, PDB code 6GXA) [74,93], the
deprotonated hydroxamate moiety establishes hydrogen bonding interactions with the
tandem histidine residues H141 and H142, as well as Y341, forming an identical bidentate
hydroxamate-Zn2* coordination as observed in the arHDACS6/vorinostat complex. These
observations may be related to the broad-spectrum HDAC inhibition of hydroxamate-based
HDACIs. On the other hand, the drHDACS6/ricolinostat co-crystal (6, Fig. 8C, PDB code
5WGL) exhibits the same Zn2* coordination mode as observed for vorinostat (1), as the
compound contains a vorinostat-like long-chain aliphatic linker. However, the large and rigid
N, N-diphenyl-2-aminopyrimidine Cap of ricolinostat (6) can occupy the surface, while the
amide group of the CU and the nitrogen of the amino-pyrimidinyl Cap form two water-
mediated hydrogen bonds with the key residues S531 and D460, respectively. These
additional hydrogen bond interactions are likely responsible for the HDAC6 potency and
selectivity presented by ricolinostat (6) [92].

The capless phenylhydroxamate itself is a selective HDAC6i (HDACg ICsg = 115 nM;
HDACS, ICsq = 1900 nM), which coordinates to Zn?* with typical bidentate geometry [94].
Moreover, phenylhydroxamate has also served as a useful linker and ZBG for the discovery
of selective HDACSGis [95]. The drHDACS crystallographic studies provided critical insights
that phenylhydroxamate-based selective HDACGis capped with a rigid polycyclic ring or
bulky bifurcated groups exhibit unusual monodentate hydroxamate-Zn2* coordination
geometries in the active site [90,92,96]. Moreover, these phenyl-based linkers are able to
stabilize the engagement of the inhibitor through strong m-r stacking interactions with the
key phenylalanine residues F583 and F643 in the narrow hydrophobic tunnel. As illustrated
by the crystal complex of dtHDACS6 with tubastatin A (87), a widely used selective HDACGi
(Fig. 8F, PDB code 6 THV) [97], the deprotonated OH group of the phenylhydroxamate
group accepts a hydrogen bond from Y745, in contrast to the hydroxamates linked to an
alkyl or cinnamoyl group where it is the C=0 group that accepts a hydrogen bond from
Y745. At the same time, its C=0 group accepts a hydrogen bond from a water molecule.
The tandem histidine residues H573 and H574 interact with the water molecule rather than
binding with the NH-O™ moiety of the hydroxamate. Additionally, the oxyanion group
coordinates with zinc directly, while the carbonyl group engages with the Zn?* through
water-mediated coordination. As the monodentate coordination mode is slightly less stable
(0.5 kcal/mol) than the typical bidentate coordination, the interactions between the surface
and the large Caps are important to stabilize this binding mode. On the other hand, it has
been reported that in some arylhydroxamate-based HDACS6is in which CUs (such as amine
or amide) are monosubstituted by a capping group, the hydroxamate reaches deeper into the
cavity and engages in a bidentate coordination with Zn2* (illustrated for the case of
bavarostat (88) in Fig. 81, PBD code 6DVO) [43,91,96]. Moreover, the CU/linker of these
monosubstituted HDACS6is present crucial direct (or indirect) hydrogen bonding interactions
with S531, which is an essential residue responsible for the substrate recognition of HDACS,
thus enhancing the selectivity of these ligands.
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In 2005, a molecular docking study was performed for MCA-based analog 11 using the
crystal structures of HDAC8 (PDB code 1T64, 1T67, 1T69, and 1VKG), which suggested
bidentate coordination with the Zn2* through its sulfur (HS...Zn2*) and carbonyl oxygen
(CO...Zn2%*) of the MCA moiety, with no involvement of water molecules [70]. Moreover,
the hypothesis of bidentate coordination related to MCA-based HDACIis was corroborated
by docking simulations of 63 using an HDAC1 (PDB code 1C3S) homology 3D model [71].
However, the only available HDACS6 crystal structure in complex with the selective MCA.-
based HDACS6i 80 (ICgg = 0.011 uM; Sl = 681-folds; Table 3) presents a different MCA-zinc
coordination geometry compared to that shown by the hydroxamate-based inhibitors and
docking studies of MCAs (Fig. 8G, PDB code 6MR5) [87]. The carbonyl group (C=0) of
the MCA accepts a hydrogen bond from Y745 in the same manner as observed for the
alkylhydroxamates. The NH group donates a hydrogen bond to H574 (neutral state), while
the deprotonated thiolate (S™) group accepts a hydrogen bond from the positively charged
H573. Moreover, the C-S™-Zn%* angles (114° and 120°) and S™-Zn2* distance (2.3 A)
indicate an ideal thiolate-metal coordination interaction [98]. In comparison with the
important contribution of the C=0 group to hydroxamate-zinc bidentate or water-mediated
monodentate coordination, the C=0 group in the MCA moiety is too far removed to be able
to properly engage in coordination with Zn2*. Moreover, the dichloroindole Cap of &0 is
located over the L1 pocket area allowing it to form optimal van der Waals contacts with
H463, P464, and L712, which is also important for its excellent HDACSG selectivity. The
MCA version of vonoristat (1), compound 11, exhibits improved selectivity over Class |
HDACSs relative to vonoristat (Table 1). The smHDACS crystal in complex with 11 (Fig. 8H,
PDB code 4CQF) demonstrates that its MCA moiety exhibits a similar thiolate-zinc
coordination geometry as observed for 80 [74]. However, while vonoristat shows dual
hydrogen bonding interactions with the tandem H141 and H142 residues (Fig. 8B), only one
hydrogen bond is established between the S~ group and H141, while the NH group is too far
away to interact with H142. It is worthwhile to mention that the empirical monodentate
thiolate-Zn2* coordination of 11 and 80 contradicts the original bidentate hypothesis
proposed in the previous /n silico models. The distinct monodentate zinc coordination of the
MCAs on both HDAC6 and HDAC8 may explain their selectivity, further underscoring
MCA'’s unique properties as a useful ZBG for the design of selective and non-genotoxic
HDACSis.

4. DMPK and pharmacological studies of MCA

Compared to the extensive biological evaluation of hydroxamate-based HDACIs, only
limited work has been conducted at present on the pharmacokinetics (PK),
pharmacodynamics (PD), and pharmacological effects of MCA-based HDACSGis in models
of cancer and Alzheimer’s disease. These contributions have mainly focused on the
characterization of the N, V-dimethylaminophenyl-capped compound 20 and 8-quinolyl-
capped compound 63. In 2008 and 2009, Jung and coworkers determined the ADME
properties /n vitro and PK/PD correlations /n vivo for these two compounds [99-101].

Experimental LogD values shown in Table 4 indicate that replacement of hydroxamate
moiety with MCA decreases the molecular polarity, while the dimethylamino group of 20
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and the quinoline ring of 63, respectively, maintain their lipophilicity in a reasonable range
[99]. Moreover, their Caps containing a basic nitrogen atom allow the molecules to be
protonated in the acidic environment of the stomach (pH = 1.2), which leads to a significant
improvement in their solubilities [99]. Generally, compounds with permeability coefficients
(Papp (A-B)) higher than 3 x 1076 cm/s and efflux ratios lower than 2.5 show the ability to
cross the BBB [102]. The permeability assays in Caco-2 cells (Table 4) demonstrate that
both 20 and 63, as well as vorinostat (1) can be classified as moderately permeable (2 x 1076
CM/s < Pappa-) < 20 x 1076 cm/s) and exhibit favorable efflux ratios for brain penetration
[99]. It is noted that 63 shows higher permeability coefficients in both directions and a more
favorable efflux ratio compared to 20, indicating a slightly superior CNS access. Further
investigation demonstrated that P-glycoprotein (P-gp) and multidrug resistance-associated
protein 1 (MRP1) transporters are responsible for the efflux of 63 [100]. Plasma and liver
microsomal stability assays performed in different species (Table 4) indicate that the half-
lives (t12) of 20 and 63 are comparable, ranging from 43 min to 173 min [99,101].

Subsequently, compounds 20 and 63 were dosed in mice in a range from 0.5 to 400 mg/kg
through intraperitoneal (IP) injection to determine the maximum tolerated dose (MTD)
[101]. The behavior of the mice was reported to remain normal after treating with 20 over
the entire dose range. On the other hand, the mice appear to become incapacitated 15 min
after treating with 400 mg/kg of 63, but they fully recovered within 1 h. Even though 400
mg/kg is relatively high for PK studies, Jung and coworkers further determined PK
parameters in plasma for both compounds at this dose, through IP administration [101]. The
maximum peaks were observed at 0.5 h after the treatment with either compound. Moreover,
63 exhibited slightly higher maximum concentration (Cax) and area under the curve
(AUC), longer half-life (t1/2), and lower clearance rate (CL) compared to 20 (Table 4), thus
suggesting that 63 has a better plasma PK profile. The level of Ac-H4 was used as a
biomarker to investigate HDAC target engagement of 20 and 63 /n vivo. In the dose range
from 0.5 to 400 mg/kg, Ac-H4 levels were significantly increased in the spleen after 4 h
treatment and were induced in a dose-dependent manner [101]. Furthermore, brain and liver
tissues were collected at 0, 0.5, 1, 2, 4, and 6 h posttreatment (400 mg/kg) [101]. The
maximum increase of Ac-H4 levels appeared in both tissues at 0.5 h after treatment, which
was well correlated with the drug exposure determined in the plasma PK studies. In addition,
the enhanced histone acetylation observed in the brain supports their ability to readily cross
the BBB, in line with their favorable permeability coefficients, as mentioned above. It was
reported that compound 20 displayed greater hyperacetylation effects than 63 in both dose-
dependent and time-dependent PD assessments, which is relatively consistent with its lower
HDACS selectivity compared to 63. Histone acetylation is, of course, more suitable to use in
assessing the ability of a compound to inhibit HDAC class | isoforms. It should be noted that
63 (Sl = 161-folds) has a much better selectivity over HDACL1 relative to 20 (SI = 9.8-folds),
thus suggesting that the level of Ac-Tub was supposed to a more appropriate biomarker for
63 in the PD assessment.

As several HDACIs have been approved by the FDA as effective therapeutic agents for
cancer, the above PK/PD correlation results encouraged Jung and coworkers to investigate
the antitumor effects of 20 and 63 in prostate cancer models [101]. Noteworthy, both
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compounds exhibited low-micromolar levels of anti-proliferative effects on prostate cancer
cells (PC-3 and LNCap) while having no apparent inhibitory effects on nonmalignant cells
(267-B1 and RWPE-1). Moreover, in vivo studies using mice xenografted with PC-3 tumors
revealed that IP administration of 20 and 63 for 28 days at the dose of 0.5 mg/kg, which was
determined by the minimum dose to increase Ac-H4 level according to the PD assessment
abovementioned, led to significant inhibition on the tumor growth [101]. Notably, the
antitumor effects were sustained until the termination of these studies (60 days), and no
mortality or body-weight loss was observed during the treatment. However, it is hard to
conclude that these antitumor effects were associated with their HDACG inhibitory activities,
as histone acetylation rather than a.-tubulin acetylation was utilized as a biomarker to
perform their PD assessments as described above [101]. Another study was reported in 2017
using monomorphic malignant human glioma cells (A172, U373MG, and T98G) to further
explore the antitumor effects of 63 [103]. Unlike moderate anti-proliferative effects on
prostate cancer cells in the previous study, compound 63 did not show cytotoxicity at
concentrations up to 50 uM in glioma cells, while the levels of Ac-Tub were significantly
enhanced without influence on the levels of Ac-H3 in A172 and U373MG cells. Moreover,
the studies also revealed that 63 has the ability to suppress the phosphorylation of FAK/
STAT3, which in turn downregulates the activity of MMP-2, eventually leading to reduced
cell migration and invasion in A172 cells.

HDACS has also emerged as a potential therapeutic target for neurodegenerative disorders
(e.g., Alzheimer’s disease, Charcot-Marie-Tooth disease, and amyotrophic lateral sclerosis),
mainly associated with its capability to modulate the levels of Ac-Tub, HSP90, and
peroxiredoxin [37,49]. To examine the effects of 63 on Alzheimer’s disease models, N2a
cells overexpressing AAPP were initially treated with 63 (1 or 5 uM) [83]. It was found that
63 led to a 20% decrease in human Ap40 and Ap42 levels. Furthermore, 63 also
significantly reduced rodent Ap40 by 20% in primary cortical neurons. After 24 h of
treatment with 63 (5 uM), it was observed that cell surface APP increased by two-fold in
N2a cells and in primary neurons, indicating that 63 influences A by regulating APP
trafficking [83]. To further explore the molecular mechanisms of the decrease in Ap levels
caused by 63, the expression of genes involved in AR synthesis and degradation was
evaluated. After treating primary cortical neurons with 63 (5 uM) for 24 h, most genes
involved in AP synthesis (e.g., Psenl, Psen2, and Ncstn) were downregulated. In contrast,
genes related to AP degradation (e.g., Ecel, Mmp2, and Ctsd) were upregulated. These
results suggest that compound 63 impacts AP levels by down-regulating Ap production
pathways while upregulating Ap clearance pathways. Finally, animal efficacy studies were
conducted by treating #ZAPP 3 x Tg mice with 63 at a dose of 50 mg/kg (IP injection) for
four weeks [83]. The results demonstrated that 63 decreased AP levels and phosphorylated
tau (Thr181) levels and alleviated the learning and memory deficits exhibited in aged #APP
3 x Tg mice (9-10-month-old). It has been demonstrated that deficits in learning and
memory are correlated with dendritic spine density [104,105]. Moreover, AR accumulation
reduces dendritic spine density and impairs cognitive performance [106]. Subsequent
molecular mechanism studies [107] revealed that 63 regulates dendritic spine formation
through the RasGRF1 and ERK signaling pathways, influences dendritic spine number by
changing excitatory synapses in primary hippocampal neurons, and eventually promotes
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dendritic spine density in mice (50 mg/kg, IP). Both efficacy studies described above
provide evidence that the CNS penetrant MCA compound 63 has the therapeutic potential to
be the first non-hydroxamate selective HDACGi for the treatment of Alzheimer’s disease.

5. Conclusion

Given the unique structural and functional features of HDACS, selective HDACGis have
become an attractive research area for the discovery of therapeutic treatments for cancers
and neurodegenerative disorders in the last decade. It is noted that most HDACG6is with in
vivo efficacy belong to the hydroxamate class, and their potential mutagenicity is likely to
limit their application in long-term treatments. On the other hand, the mercaptoacetamide
moiety has proven to be an effective ZBG to replace the hydroxamate group while, in some
cases, retaining good HDACG6 potency and selectivity. In this review, we discuss for the first
time the evolution of these MCA-based inhibitors, compare their distinct coordination
modes with the catalytic zinc ion in different HDAC isoforms using the structures of
inhibitor-enzyme co-crystals of hydroxamate- and MCA-based HDACIs, and summarize the
DMPK characteristics and pharmacological properties of this series. Overall, this
information may provide new insights into the potential of the mercaptoacetamide moiety as
an alternative ZBG for the discovery of HDACS6 selective inhibitors while avoiding the
potential mutagenicity of the hydroxamate class.

Acknowledgments

We thank Dr. Werner Tueckmantel and Dr. Guiping Zhang for proofreading the article and providing comments.
Funding

Funded by NIH ROINS079183, R43HD093464, and R41AG058283 (A.P.K.).

Abbreviations:

ADME absorption-distribution-metabolism-excretion properties
AB40 plasma amyloid p-peptide 40
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FAK focal adhesion kinase

FDA Food and Drug Administration

hAPP human amyloid precursor protein

LogD the logarithm of partition coefficient for ionizable compounds
MMP-2 matrix metalloproteinase-2

PDB protein data bank

PD-1 programmed cell death protein

Eur J Med Chem. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tavares et al.

Page 15

PD-L1 programmed death-ligand 1

Ras reticular activating system

RasGRF1 Ras-protein specific guanine nucleotide releasing factor 1
SAHA suberoylanilide hydroxamic acid

STAT3 signal transducer and activator of transcription 3
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Vorinostat (SAHA, 1)

ICsp (HDAC1) = 76 nM
ICs (HDACZ) = 362 nM
ICsy (HDACS) = 57 nM
ICs, (HDAC4) = 15,056 nM
ICsp (HDACS) = 163 nM
ICsy (HDACS) = 27 nM
ICsg (HDACT) = 12,522 nM
ICs; (HDACS) = 1,069 nM
ICsp (HDACS) = 78 nM
ICsq (HDAC10) = 88 nM
ICso (HDAC11) = 109 nM

Fig. 1.

Panobinostat (LBH-589, 2)
ICsp (HDAC1) = 3 AM
ICgq (HDACZ) = 13 nM
ICg (HDACS) = 2 nM
ICs, (HDACH) = 203 nM
IC<y (HDACS) = 8 nM
ICgq (HDACE) = 11 nM
ICsq (HDACT) = 531 nM
ICso (HDACSE) = 277 nM
Gy (HDACS) = 6 nM
ICqq (HDAC10) = 2 nM
ICey (HDACT1) = 3 nM

Belinostat (PXD-101, 3)
ICsp (HDAC1T) = 18 nM
ICsg (HDAC2) = 33 nM
ICsp (HDACS) = 21 aM
ICso (HDAC4A) = 1,236 nM
ICsp (HDACS) = 76 nM
IG5y (HDACS) = 15 nM
ICsy (HDACT) = 588 nM
ICsy (HDACB) = 157 nM
ICsp (HDACS) = 44 nM

IC g (HDAC10) = 31 nM
ICsp (HDAC11) = 44 nM

Romidepsin (FK228, 4) as its
active reduced form

ICsg (HDAC1) = 0.1 nM
ICsy (HDACZ) = 1.4 nM
ICsp (HDAC3) = 4.8 1M
ICsy (HDAC4) = 9,570 nM
IG5y (HDACS) > 10,000 nM
ICso (HDACE) = 149 nM
ICsp (HDACT) > 10,000 nM
ICsy (HDACB) = 25 nM
ICsy (HDACS) > 10,000 nM
ICs (HDAC10) = 38 nM
ICsy (HDAC11) = 2,390 nM

Chidamide (CS055/HEI-8000, 5)
1Cep (HDAC1) = 95 nM
ICeq (HDACZ) = 160 nM
ICsq (HDAC3) = 67 nM
ICsy (HDAC4) > 30,000 nM
1Cep (HDACS) > 30,000 nM
1Csq (HDACE) > 30,000 nM
ICsq (HDACT) > 30,000 nM
I1Cep (HDACS) = 733 nM
ICgg (HDACS) > 30,000 nM
ICgq (HOAC10) = 78 nM
ICsy (HDAC11) = 432 nM

Structures and HDAC inhibitory activities of approved HDACis. The HADC ICsq values for
vorinostat, panobinostat, and belinostat were extracted from Ref [6]. The HADC ICgq values
for romidepsin were extracted from Ref [8]. The HDAC ICs values for chidamide were

extracted from Ref [7].
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Fig. 2.

(A) Structures and /n vitro HDAC activities of ricolinostat (6) and citarinostat (7). (B)
Mechanism of the zinc-assisted Lossen rearrangement for hydroxamic acids, occurring
inside the catalytic cavity of HDACs.
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Trichostatin A (TSA, 9)

Cap CU Linker ZBG

o o
NW _OH
N
O g
Vorinostat (1)

J
@HWNK/SH

10:n=2

1M:n=3
12:n=4

(A) Structure of romidepsin (8) and its active metabolite (4). (B) Sulfur-derived chelating
moieties reported as HDAC ZBGs. (C) Structures of trichostatin A (9, TSA), vorinostat (1),

and MCA-derived analogs (10-12).

Eur J Med Chem. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Tavares et al. Page 25

O O 1) 0
@HMH&SH @NXNMNJ\/SH

H H H
13:n=3 15:n=3
14:n=4 16:n=4
i 0] o] (0]
SH SH
S AT
H H H H " H
~
N
| 18:n=1
19:n=2
17 20:n=3
21:n=4
H N |
N
N SH -
oS0 RN G W I
N H HM”
|
23:n=2
22 24:n=3
Jiy i i
SH
N N/\WNJK/ N
- H H H - H H
N N SH
| | T
25 26

Fig. 4.
Phenyl- and benzyl-capped MCA-based HDACGis 13-26.
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Fig. 5.
Biaryl-capped MCA-based HDACGis 27-55.
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Fused aryl-capped MCA-based HDACGis 56-81.
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Fig. 7.
MCA-based HDACI prodrugs 82-85.
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Fig. 8.
Crystal structures of drHDAC6 and smHDACS complexes with HDACIs. (A) drHDAC6/

vorinostat (Z, yellow, PDB code 5EEI); (B) smHDACS8/vorinostat (1, yellow, PDB code
4BZ6); (C) dHHDACES/ricolinostat (6, purple, PDB code 5SWGL); (D) dtHDAC6/
panobinostat (2, green, PDB code 5EF8); (E) smHDAC8/compound 86 (rose red, PDB code
6GXA); (F) dHDACS6/tubastatin A (87, brown, PDB code 6 THV); (G) dHDAC6/
compound 80 (white, PDB code 6MR5); (H) smHDAC8/compound 11 (orange, PDB code
4CQF) (1) dHDACS6/bavarostat (88, cyan, PBD code 6DVO). Selected drHDAC6/
smHDACS residues are shown in stick representation with atoms colored pink/cyan
(carbon), red (oxygen), blue (nitrogen), and yellow (sulfur). The active-site Zn2* and water
molecules are shown as grey and red spheres, respectively. The structures and HDAC
inhibition data are shown accordingly.
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