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Abstract
The synthesis of an isosteric analog of the natural product and HDAC inhibitor largazole is
described. The sulfur atom in the thizaole ring of the natural product has been replaced with an
oxygen atom, constituting an oxazole ring. The biochemical activity and cytotoxicity of this
species is described.

Largazole, isolated in 2008 by Luesch and coworkers,1,2 has been heavily studied as a
possible candidate for cancer therapeutics. Largazole has emerged as one of the most potent
histone deacetylase inhibitors (HDACi’s) and is constituted of the sulfur-containing 3-
hydroxy-7-mercaptohept-4-enoic acid moiety common to several other macrocyclic
depsipeptide natural products including FK228 (romidepsin), FR901375, and the
spiruchostatins. While the zinc-dependent, Class I hydrolases (HDACs 1,2,3, and 8) are
implicated in malignant transformation, Class II hydrolases (HDACs 4,5,6,7,9, and 10)
mainly appear to be involved in the regulation of differentiation, such as myogenesis,
neuronal differentiation, and osteogenesis.3 The Class IIa HDAC’s have been reported to
compete with the histone acetyl transferase for direct binding to MEF2, perhaps modulating
myocyte differentiation. Alternatively, the Class IIb enzyme HDAC6, which is a
cytoplasmic-localized and cytoskeleton-associated deactylase, is required for efficient
oncogenic transformation and tumor formation.3

The pharmacophore model for HDAC inhibition contains three elements, namely: (1) a
surface recognition unit which interacts with the opening to active site on the surface of the
HDAC protein; (2) a metal-binding domain which serves to coordinate to the active site zinc
ion and; (3) a linker connecting the surface recognition domain to the zinc-binding arm.4,5

To date, there are several known natural and synthetic HDAC inhibitors, all of which have
different variations of the three core elements, a representative sampling of which are
depicted in Figure 1.6
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Our group has previously disclosed a scalable total synthesis of largazole, which displays
sub-nanomolar inhibitory activity against HDACs 1, 2, and 3. The synthetic approach that
we developed for the synthesis of largazole has also been applied to the synthesis of various
analogs of both FK228 and largazole.7

As part of a program directed at improving the isoform selectivity and drug-like properties
of HDACi’s based on the largazole molecular scaffold, we report herein the synthesis,
modeling, and biological activity of largazole analogs containing a single-atom substitution
of the sulfur atom in the largazole thiazole for an oxygen atom making the corresponding
oxazole.

The synthetic approach to this analog is based on the synthetic sequence previously used by
our group in generating numerous other largazole analogs. The thiazoline-oxazole fragment
(2) was constructed starting from known oxazole 1 (Scheme 1).7 Conversion of 1 into the
corresponding nitrile proceeded via a two-pot procedure wherein 1 was first treated with
NH4OH in MeOH, then POCl3 with Et3N in dichloromethane. The crude nitrile was then
condensed with α-methyl cysteine to provide the thiazoline-oxazole fragment (2) in 76%
yield over three steps.

The heptenoic acid fragment (6), previously published by our group8, was made starting
from acrolein (3, Scheme 2). A Michael addition, followed by a Wittig reaction with
commercially available (formylmethylene)triphenyl phosphorane, gave the α,β-unsaturated
aldehyde (4). An aldol reaction utilizing a Crimmins auxiliary provided the β-hydroxy acid
(5) and the chiral auxiliary was then displaced with trimethylsilyl ethanol to give the
requisite coupling fragment (6).8

Construction of the macrocycle began with coupling the β-hydroxy acid (6) to N-Fmoc-Val-
OH with EDCI, and Hunig’s base, giving peptide 7 (Scheme 3).8 Deprotection followed by
coupling of the thiazoline-oxazole (2) fragment with PyBOP and Hunigs base gave the
desired substrate (8) in 91% yield over the two steps.7

The macrocyclization had initially been performed in our group via a HATU/HOBt coupling
protocol, 8 but due to vast amounts of the difficultly separable common HATU by-product
tetramethylurea, another approach was investigated for the macrocyclization to render the
purification step more amenable. Following a one-pot double-deprotection of 8 to the
corresponding amino acid, the desired macrocycle (9) was obtained in 30% yield using T3P
and Hunigs base.

Removal of the S-trityl residue of the macrocycle (9) with TFA and iPr3SiH8 in degassed
dichloromethane gave, instead of the expected thiol, the homo-dimeric disulfide product
(10) in 35% yield (Scheme 4).

Interestingly, it was found that removal of the trityl residue of 9 with Et3SiH instead of
iPr3SiH in degassed dichloromethane gave the desired thiol (11), which was immediately
acylated to give the desired octanoylthioester (12).

Computational Studies
To investigate the mode of binding of the isosteric analog to different HDAC isoforms, we
used the previously described9 protocol of docking followed by 30 ns molecular dynamics
simulations to study the binding of the thiol 11 to HDAC1 as well as the class IIb HDAC6,
which was not studied previously. The structure obtained for 11 bound to HDAC1 closely
resembles the one of largazole.10 We have shown previously that the isoform selectivity of
different HDAC inhibitors depends among other factors on the interactions of the cap group
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with the protein and that the shape of the protein surface around the mouth of the binding
site differs significantly between class I and class IIb HDACs9,11

Figure 2 shows largazole thiol (top panel) and 11 (bottom panel) bound to the mouth of the
binding site in our previously described model of the C-terminal domain of HDAC6.9 Two
binding conformations of similar energy that do not interconvert on the timescale of the MD
simulation were found for both largazole and 11 (shown in atom colors and in red).
Interestingly, the conformations found for 11 stack against aromatic residues on opposite
side of the protein surface compared to the ones found for largazole thiol, possibly due to the
differences in electronic character of the thiazole and the oxazole heterocycles. The shape
complementarity of the cap group to the surface of HDAC6 is better than in the previously
described model of largazole and HDAC18 due to the larger, Y-shaped mouth of the binding
site in HDAC6, resembling the case of tubacin.9 Nevertheless, the shape of the cap group
only allows one of the two stacking interactions to occur at a given time, leading to the two
possible orientations.

Biochemical and Cellular Activity
Compounds 10–12 were tested for inhibitory activity against HDACs 1–9, using an
optimized homogenous assay performed in a 384-well plate, as described before.8,10 The
results of these studies, summarized in Table 1, indicate that 11 is more active than the
natural pro-drug largazole, and similar in potency to the largazole thiol. Interestingly, 11 is
also active in HDAC7 and HDAC8, albeit only at ~1 µM concentration, where neither of the
other compounds showed appreciable activity. These studies demonstrate that the free thiol
group is essential for activity. It should be noted that both class IIa HDACs such as HDAC7,
as well as HDAC8, are known to adopt multiple conformations which can result in large
pockets around the binding sites11 that would be well-suited for the binding of a large cap
group such as the one of largazole thiol and its analogs.

Next, we tested the activity of the novel analogs in the MM1.S multiple myeloma cell line.
As can be seen in Figure 3, 11 has an IC50 of 6.2 µM significantly less active than in the
biochemical assay, presumably due to degradation of the free thiol in the cellular
environment. The prodrugs 10 and 12 displayed IC50’s of 0.91 and 0.12 µM, which are
comparable to largazole itself.

Summary
We have conscripted our robust synthetic strategy that we previously deployed for the
synthesis of largazole and numerous analogs, to make a single-atom isosteric oxazole analog
of the natural product. Two unexpected and potentially significant differences emerged from
this study. First, the computational study revealed that 11, binds to HDAC6 in a
conformation that is quite distinct from that of largazole thiol. The underlying
stereoelectronic bases for this remains an area worthy of further study and scrutiny.
Secondly, the unexpected activity of the oxazole analog toward the Class IIB enzymes,
compared to that of the natural product were quite unexpected, particularly as this single
atom isosteric change would not a priori, be anticipated to lead to such biochemical
reactivity differences. This reveals that subtle electronic properties within the cap group, can
have profound effects on the conformational disposition and attendant biochemical and
possibly biological activity of these highly potent HDACi’s. The results recorded here,
provide a powerful incentive for additional detailed exploration of seemingly small
structural changes and stereoelectronic alterations in the cap groups of macrocyclic
HDACi’s, such as largazole, that might manifest as HDAC isoform-specific reactivity
profile signatures. The complex interactions of the protein surface near the opening to the
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active site with these relatively conformationally rigid inhibitors is obviously an area ripe for
exploitation and constitutes a major thrust of our ongoing efforts.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Selected Natural and Synthetic HDAC inhibitors.
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Figure 2.
Structure of largazole thiol (top panel) and 11 bound to HDAC6 from MD simulations.
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Figure 3.
Activity of largazole analogs in MM1S cell line
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Scheme 1.
(a) NH4OH, MeOH; (b) POCl3, Et3N, CH2Cl2; (c) a-Me-Ser-OH•HCl, Et3N, MeOH.

Guerra-Bubb et al. Page 8

Bioorg Med Chem Lett. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 2.
(a) TrtSH, Et3N, CH2Cl2; (b) (formylmethylene)triphenylphosphorane, PhH, 80°C, 62%; (c)
(R)-1-(4-benzyl-2-thioxothiazolidin-3-yl)ethanone, TiCl4, DIPEA, CH2Cl2, 56%; (d) 2-
(trimethylsilyl)ethanol, imidazole, CH2Cl2.
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Scheme 3.
(a) N-Fmoc-Val-OH, EDCI, DIPEA, CH2Cl2, 65%; (b) Et2NH, CH3CN; (c) PyBOP,
DIPEA, 2, CH2Cl2, 91%; (d) CF3CO2H, CH2Cl2; (e) T3P, DIPEA, CH2Cl2, 30%.
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Scheme 4.
(a) CF3CO2H, Et3SiH, CH2Cl2, 83%; (b) octanoylchloride, Et3N, CH2Cl2, 36%; (c)
CF3CO2H, iPr3SiH, CH2Cl2, 35%.
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