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ABSTRACT: Several new mercaptoacetamides were synthe-
sized and studied as HDAC6 inhibitors. One compound, 2b,
bearing an aminoquinoline cap group, was found to show 1.3
nM potency at HDAC6, with >3000-fold selectivity over
HDAC1. 2b also showed excellent efficacy at increasing tubulin
acetylation in rat primary cortical cultures, inducing a 10-fold
increase in acetylated tubulin at 1 μM. To assess possible
therapeutic effects, compounds were assayed for their ability to
increase T-regulatory (Treg) suppressive function. Some but
not all of the compounds increased Treg function, and thereby decreased conventional T cell activation and proliferation in vitro.
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Post-translational modifications of histones, the proteins
around which DNA is wrapped, play a key role in

regulating chromatin structure and thereby control biological
events such as gene expression and DNA repair. The covalent
modifications that occur on histone tails include acetylation,
methylation, ubiquitinylation, phosphorylation, sumoylation,
and ADP ribosylation.1 These epigenetic modifications have led
to significant interest in the discovery of small molecules able to
modulate the responsible enzymes. We are interested in histone
acetylation and deacetylation, which are reversible processes
regulated by histone/protein acetyltransferases (HATs) and
histone/protein deacetylases (HDACs).2 HDACs are a family
of 11 zinc-dependent enzymes that are divided into 4 groups.
Class I includes HDACs 1, 2, 3, and 8; class IIa includes
HDACs 4, 5, 7, and 9; class IIb includes HDACs 6 and 10; and
class IV contains only HDAC 11.3 HDACs specifically remove
acetyl groups from lysine residues on target proteins, thereby
regulating their function. Lysine acetylation is implicated in
many cellular processes, such as cell cycle regulation,
cytoskeleton dynamics, and cell motility.
Much attention has focused in recent years on the important

roles that HDACs play in carcinogenesis, including regulation
of the expression of genes involved in cell proliferation, cell-
cycle regulation, and apoptosis.4−6 Several HDACs are
overexpressed in various tumor types, further validating them
as important therapeutic targets.4,5 In addition to their
application in oncology, histone deacetylase inhibitors

(HDACIs) can exhibit neuroprotective effects in cellular and
animal models of acute and chronic neurodegenerative injury
and disease,7,8 including traumatic brain injury, stroke, and
Alzheimer’s disease (AD). Furthermore, valproic acid, a weak
HDAC inhibitor, is widely used clinically in the control of
bipolar disorder and epilepsy.9

At present, over 20 HDACIs have entered clinical studies,
and several are already on the market. The latter include a
hydroxamic acid derivative, suberoylanilide hydroxamic acid
(SAHA, vorinostat, Zolinza), and a depsipeptide, FK228
(romidepsin, Istodax), that were approved for the treatment
of cutaneous T-cell lymphoma; chidamide (Epidaza) which was
developed in China for use in refractory peripheral T-cell
lymphoma; and LBH-589 (panobinostat, Farydak), which was
recently approved for use in patients with multiple myeloma. In
addition, ACY-1215 (ricolinostat) is an HDAC6 selective
inhibitor currently being evaluated in clinical trials (Figure
1).10,11

As a result of this clinical potential, the design of novel
HDACIs continues to attract the interest of medicinal chemists.
The pharmacophore of a typical HDACI involves a cap group
that interacts with the surface of the enzyme, a linker that
occupies a hydrophobic channel, and a metal chelator that
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coordinates with the zinc ion at the bottom of the catalytic
pocket.12,13 Many first generation HDACIs, like SAHA, are
pan-inhibitory, i.e., they have little, if any, isoform selectivity.
Additionally, many HDACIs, such as trichostatin A (TSA,
Figure 1) and SAHA, contain a hydroxamic acid function as the
zinc-binding group (ZBG). Unfortunately, hydroxamates are
metabolically unstable (SAHA has a half-life of 1.5−2 h in
humans when administered orally), and their potent metal-
chelating ability can lead to off-target activity at other zinc-
containing enzymes.14,15 In addition, many hydroxamic acid
based inhibitors have been shown to be Ames-positive and to
cause chromosomal aberrations, thus linking them to the
potential for genotoxicity.16 Accordingly, alternative ZBGs,
such as mercaptoacetamides, may be preferable depending on
the therapeutic goal.17,18 Certainly, the application of an
HDACI to chronic disorders such as certain CNS diseases
would require that the compound does not cause genotoxicity.
In addition to their effects on histones, many HDACs,

including HDAC6, act on non-histone proteins. Thus, HDAC6
participates in the deacetylation of α-tubulin, cortactin, and
HSP90, and thereby regulates important biological processes,
including microtubule stability and function, and cell motility.19

HDAC6 has emerged as an attractive target for drug
development, as its inhibition is believed to offer potential
therapy for cancer and many neurodegenerative conditions,
including spinal cord injury.20 Only a few highly selective
HDAC6 inhibitors have been reported to date. For instance,
tubacin (Figure 1) was developed over 10 years ago and has
been extensively used in various disease models to validate
HDAC6 as a therapeutic target.21 However, its high lip-
ophilicity and tedious synthesis limits its use as a drug. For this
reason, we developed tubastatin A (Figure 1), a more potent
hydroxamic acid based HDAC6 inhibitor.22 Despite the fact
that these small molecules are of great interest as chemical tools
for probing the biological function of HDAC6,22,23 it is now
clear that, in order to minimize undesirable side effects, there is
a need to identify druggable, isoform-selective inhibitors that
are free of certain safety concerns associated with the
hydroxamate class of HDACIs.12

Within this context, we considered it worthwhile to further
investigate the potency, isoform selectivity, and biological
effects of additional mercaptoacetamide-based inhibitors. We
and others have previously reported on mercaptoacetamide-
based HDACIs that exhibit HDAC6 selectivity combined with
promising therapeutic profiles compared to their respective
hydroxamic acid analogues.7,24 In particular, compound 1
(Figure 2) was found to regulate cell surface levels of the
amyloid precursor protein (APP) and to modulate the levels of
Aβ synthesis and Aβ degradation enzymes. Aβ peptides are
neurotoxic products, mainly related to AD, that are released
following the cleavage of APP by β- and γ-secretases. AD mice

treated with compound 1 had decreased brain Aβ levels,
decreased tau phosphorylation, and improved learning and
memory.24 Additionally, a related mercaptoacetamide was
found to decrease the inflammatory response in the brain of
animals subjected to traumatic brain injury.25

One possible drawback of thiol-containing HDACIs is their
ability to undergo oxidative dimerization to form disulfides.
Thus, the rate of dimerization of the thiol-based compounds
must be considered when profiling the activity of these
inhibitors against the purified HDAC proteins. It is furthermore
possible that the disulfide bond of an oxidized HDACI could be
reduced by the high levels of glutathione present inside of cells
to restore the parent thiol.
Given these considerations, we carried out additional

chemistry and biology on mercaptoacetamides structurally
related to compound 1 (Figure 2). Herein we describe the
synthesis, HDAC inhibitory potency, and selectivity of these
compounds.
All new ligands prepared contain four to seven CH2 units

within the linker region, as this appears to be the optimal length
for small molecules to fit into the binding pocket of HDAC6.26

The choice of cap groups was based on the structure of
compound 1 (Figure 2) and of other HDACIs previously
explored by us.
The mercaptoacetamides 2a−c were synthesized starting

from N-protected amino alcohols of varying lengths (5a−c,
Scheme 1). Their conversion into the corresponding alkyl
halides (6a−c) took place under mild conditions in the
presence of triphenylphosphine (PPh3) and tetrabromo-
methane (CBr4). 8-Aminoquinoline was alkylated with 6a−c
under microwave (μW) irradiation to give intermediates 7a−c,
respectively. The Boc protecting groups were removed with
trifluoroacetic acid (TFA), and then the free amines were
subjected to a coupling reaction with 2-(tritylthio)acetic acid in
the presence of benzotriazol-1-yl-oxytripyrrolidinophospho-
nium hexafluorophosphate (PyBOP). Removal of the trityl
protecting groups in the presence of TFA and triethylsilane
(Et3SiH) afforded the final mercaptoacetamides 2a−c.
The mercaptoacetamide 3a, containing a tetrahydroquinoline

(THQ) cap, was obtained from coupling of N-Boc-7-amino-
heptanoic acid (10, Scheme 1) with N,O-dimethylhydroxyl-
amine hydrochloride to give the Weinreb amide 11, which was
reduced to aldehyde 12 with LiAlH4. Subsequently, reductive
amination of intermediate 12 with the THQ cap afforded 13.
Next, Boc deprotection, amide formation in the presence of
PyBOP, and removal of the trityl group gave mercaptoaceta-
mide 3a.
Compound 3b was synthesized through coupling of the

THQ cap moiety with N-Boc-6-aminohexanoic acid (16). The

Figure 1. Structures of several known pan-HDACIs and ricolinostat,
an HDAC6-selective inhibitor in clinical trials. Figure 2. Mercaptoacetamide-based HDACIs presented in this work,

containing 8-aminoquinoline and 1,2,3,4-tetrahydroquinoline as the
cap groups.
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resulting amide was then taken through the same three final
steps described above for analogue 3a.
The same synthetic path used for compound 3a led to

analogue 3c, introducing the 6-chloro-1,2,3,4-tetrahydroquino-
line core in the cap-linker reductive amination step (Scheme 2).

To synthesize compound 4, 4-[((tert-butoxycarbonyl)-
amino)methyl]benzoic acid (25, Scheme 2) and 8-amino-
quinoline were reacted in the presence of 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC) and 4-dimethyla-
minopyridine (DMAP). The final N-deprotection, amide
coupling, and S-deprotection steps were carried out as
previously described.

With the desired compounds in hand, we then assayed the
activity of each at HDAC1 and HDAC6 using a fluorescence-
based assay. IC50 values were determined in duplicate. Results
are listed in Table 1. TSA and compound 1 were used as

positive controls. In evaluating the HDAC inhibitory effects of
compounds 2−4, the assays were performed in the presence of
tris(2-carboxyethyl)phosphine (TCEP), following the proce-
dure described by Baud and co-workers (see details in the
Supporting Information).27 Thus, TCEP was added to stock
solutions of mercaptoacetamides 2−4 in order to avoid
dimerization of these compounds when diluted in DMSO
and water.
Prior SAR studies suggested that the chain length for

HDAC6 inhibitors is optimal when n = 2 or 3 (Figure 2).26 Our
findings corroborate these results, and also suggest that
compounds with a shorter alkyl chain, n = 1, may still exhibit
very good activity (2a, HDAC6 IC50 = 7.9 nM).
Previously, our research had determined that a benzyl linker

was optimal for potent HDAC6-selective hydroxamic acid
derivatives.23 Having this in mind, we explored an aromatic
linker together with the mercaptoacetamide ZBG; however,
analogue 4 presented very low activity. This result indicates that
while the benzyl linker is appropriate for hydroxamic acids, this
may not be the case for thiols. Of course, this comparison is not
entirely accurate, as the length of the linker region of
compound 4 is larger than that of the linker region found in
tubastatin A.

Scheme 1. Synthesis of Compounds 2a−c and 3a,ba

aReagents and conditions: (a) PPh3, CBr4, THF, 0 °C to rt, 4 h, 78−
95% yield; (b) 8-aminoquinoline, Cs2CO3, DMF, μW, 120 °C, 40 min,
14−17% yield; (c) TFA, CH2Cl2, rt, 2 h, 54−98% yield; (d) 2-
(tritylthio)acetic acid, PyBOP, Et3N, CH2Cl2, rt, 20 h, 56−89% yield;
(e) TFA, Et3SiH, CH2Cl2, 0 °C to rt, 2 h, 51−88% yield; (f) N,O-
dimethylhydroxylamine hydrochloride, EDC, DMAP, Et3N, rt, over-
night, 90% yield; (g) LiAlH4, THF, −78 to 0 °C, 10 min, 94% yield;
(h) 1,2,3,4-tetrahydroquinoline, NaBH(OAc)3, CH3CO2H, 1,2-
dichloroethane, rt, overnight, 21% yield; (i) 1,2,3,4-tetrahydroquino-
line, PyBOP, DIPEA, DMF, rt, overnight, 61% yield.

Scheme 2. Synthesis of Compounds 3c and 4a

aReagents and conditions: (a) N,O-dimethylhydroxylamine hydro-
chloride, EDC, DMAP, Et3N, rt, overnight, quantitative yield; (b)
LiAlH4, THF, −78 °C, 1.5 h, 50% yield; (c) 6-chloro-1,2,3,4-
tetrahydroquinoline, NaBH(OAc)3, 1,2-dichloroethane, rt, overnight,
66% yield; (d) TFA, CH2Cl2, rt, 2 h, 86−93% yield; (e) 2-
(tritylthio)acetic acid, PyBOP, Et3N, CH2Cl2, rt, 20 h, 25−59%
yield; (f) TFA, Et3SiH, CH2Cl2, 0 °C to rt, 2 h, 51−73% yield; (g) 8-
aminoquinoline, EDC, DMAP, Et3N, DMF, rt, overnight, 88% yield.

Table 1. HDAC Inhibitory Activity of Mercaptoacetamidesa

aResults were determined by Reaction Biology Corp. (Malvern, PA,
USA); unless otherwise stated, IC50 values displayed are the mean of
two experiments ± standard deviation obtained from curve fitting of a
10-point enzyme assay, starting from 30 μM HDACI with 3-fold serial
dilution. Values are extracted from fitting dose−response curves to the
data points. bCLogP values were calculated using ChemBioOffice-
ChemDraw V12. cReference 24. dNo inhibitory activity. eResult of a
single experiment. fTrichostatin A.
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Both THQ and 8-aminoquinoline caps generated potent and
selective analogues, with the exception of 3c, but it is important
to note that the THQ cap is more lipophilic, suggesting that
compounds such as 3a (cLogP = 4.21) are more likely to
penetrate the blood−brain barrier for the treatment of CNS
diseases. On the other hand, replacing the aminoquinoline cap
in compound 2c (n = 3) with the THQ cap to arrive at
compound 3a (n = 3) resulted in a slight decrease in potency.
This difference in potency may reflect the ability of the 8-
aminoquinoline cap to establish an additional hydrogen
bonding interaction with the surface of the enzyme, due to
the presence of a second nitrogen atom.
A decrease in potency is observed when the amide linker of

compound 1 is replaced with a secondary amine as in
compound 2c, although the same pattern is not maintained
for compounds with a shorter alkyl chain (2a and 2b).
To assess HDAC6 selectivity in a more biologically relevant

context, we studied the ability of compounds 1, 2a, 2b, and 3a
to induce acetylation of α-tubulin, the primary substrate of
HDAC6, in neurons. Low micromolar concentrations of the
test compounds applied to primary cultures of rat cortical
neurons (E17) led to a dose-dependent increase in acetylated
α-tubulin (AcTub) levels. Consistent with a selective inhibition
of HDAC6, the same concentrations of compounds did not
increase the acetylation levels of histone H3, which is a target of
class I HDACs (Figure 3). All tested compounds induced

tubulin acetylation at 10 μM or less, with compound 2b
showing the greatest efficacy (more than 10-fold induction of
AcTub at 1 μM). The results at 10 μM are comparable to those
obtained with the hydroxamate-containing HDACIs tubastatin
A (TubA) and trichostatin A (TSA), which were used as
positive controls. At 1 μM, TubA and TSA are significantly

more potent than the present compounds. Compound 1
produced a 5-fold induction of tubulin acetylation at 1 μM,
while 2a and 3a had weaker activity at the same concentration.
The pharmacological modulation of T-regulatory (Treg)

suppression is considered as a possible therapeutic approach to
slow or reverse the pathogenesis of autoimmune disorders such
as inflammatory bowel disease and rheumatoid arthritis, and to
prevent allograft rejection. Pharmacologic inhibition of
HDAC6, using hydroxamate-based compounds such as
tubastatin A and its analogues, was previously shown to
increase the suppressive functions of murine23,28 and human29

Foxp3+ Treg cells.
To examine whether the present compounds might have an

anti-inflammatory action, they were tested for their ability to
enhance the immunosuppressive function of murine Foxp3+
Treg cells in vitro. Thus, carboxyfluorescein succinimidyl ester
(CFSE)-labeled conventional T-effector (Teff) cells were
incubated in the presence and absence of Tregs, with or
without the addition of selected HDAC6 inhibitors at multiple
concentrations. Using the thiols reported herein at 1 μM,
varying effects were observed. Direct effects of compounds on
Teff cell proliferation in these assays were not seen, as shown
by comparable Teff cell proliferation in the absence of Treg
cells (0:1 Treg:Teff ratio). Compared to corresponding cells
exposed to DMSO alone, all seven compounds, namely 2a−c,
3a−c, and 4, increased Treg function, resulting in decreased
Teff cell proliferation at the 1:1 Treg:Teff ratio, but only three
compounds, namely 2a−c, were also effective at the 1:2
Treg:Teff ratio, and only compound 2b was also effective at the
1:4 Treg:Teff ratio (Figure 4).

We have developed a small series of mercaptoacetamides,
two of which exhibit single digit nM HDAC6 IC50s. In
particular, compound 2b induced a dose-dependent increase in
acetylated α-tubulin in primary cortical neurons, apparent at 0.5
μM, and with no significant effect on histone H3 acetylation.
Some of these compounds were also found to enhance Treg
suppression of Teff proliferation in vitro. Because there is no
history of mercaptoacetamides being linked to genotoxicity, the
results found herein suggest that these compounds should be
explored further with regard to therapy in cancer and in
inflammatory and degenerative diseases, in which prolonged
drug use will be required. Further efforts to generate analogues
with improved penetration of the blood−brain barrier are being
made in order to evaluate these compounds in various animal
models of neurodegenerative diseases, and the efficacy of these

Figure 3. (a) Western blots of acetylated tubulin compared to α-
tubulin in primary cortical neurons. Rat primary cortical cultures
(E17) were treated with TSA, tubastatin A, or the thiol analogues 1,
2a,b, and 3a for 6 h at the indicated concentrations, and their effects
on acetylated tubulin (AcTub) were compared with those of the
DMSO control. (b) Results from an analogous set of experiments in
which the increase of acetylated histone H3 (AcH3), compared to
histone H3, was evaluated [**p < 0.01 and *p < 0.05, significant
increase compared to DMSO control; 1-way ANOVA followed by
Dunnett’s post test; (a) n = 4 experiments; (b) n = 3 experiments].

Figure 4. Effects of thiol compounds (1 μM) on murine Treg
suppressive functions in vitro. Residual CFSE + Teff cell proliferation is
shown at each ratio of Treg:Teff cell; assays were performed in
triplicate and repeated at least once; mean ± SD shown; *p < 0.05 and
**p < 0.01 compared to corresponding DMSO-treated cultures.
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compounds in models of autoimmunity and transplant
rejection will be reported in future studies.
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