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Abstract
Histone deacetylases (HDACs) are enzymes involved in many important biological functions.
They have been linked to a variety of cancers, psychiatric disorders, and other diseases. Since
small molecules can serve as probes to study the relevant biological roles of HDACs, novel
scaffolds are necessary to develop more efficient, selective drug candidates. Screening libraries of
molecules may yield structurally diverse probes that bind these enzymes and modulate their
functions in cells. Here we report a small molecule with a novel hydroxy-pyrimidine scaffold that
inhibits multiple HDAC enzymes and modulates acetylation levels in cells. Analogs were
synthesized in an effort to evaluate structure-activity relationships.
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Post-translational modifications on histones are essential for regulating gene expression.1 A
wide variety of chemical modifications, such as methylation, phosphorylation, and
acetylation, can alter chromatin structure, influencing levels of gene expression.2 One
important modification to histones is N-ε-lysine acetylation. The positive charge of the
lysine residues on histone tails allows the negatively charged DNA to tightly coil around
histones, contributing to inhibition of transcription. An increase in lysine side chain
acetylation has the opposite effect, neutralizing the positive charge and relaxing the DNA
from the histone proteins, causing an increase in the amount of transcriptional activity. This
tight balance of hyperacetylation and hypoacetylation is maintained by two counteracting
family of enzymes, histone acetyltransferases (HATs) and histone deacetylases (HDACs),
respectively.

Since the initial discovery of the first mammalian HDAC,3 17 additional HDACs have been
identified. They are divided into several classes based on sequence homology to their
respective yeast orthologs.2 The classical zinc-dependent HDACs are divided into three
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subclasses, class I (HDAC1, 2, 3, and 8), class II (HDAC4, 5, 6, 7, 9, and 10), and class IV
(HDAC11). Class III HDACs, also known as sirtuins, are zinc-independent and instead
require a NAD+ cofactor for deacetylase activity.4 HDACs are present in a variety of
organisms and participate in a myriad of biological functions, including post-translational
modification of various non-histone substrates. The aberrant activity of HDACs has been
connected to numerous diseases, such as inflammation5 and neurosis,6 as well as regulation
of tumor suppressor genes and oncogenes, contributing to cancer pathogenesis.2, 7

Using small molecules to inhibit HDACs has provided promising clinical results in different
models of cancer, such as cutaneous T-cell lymphoma and neuroblastoma.4, 7–8 Among
HDAC inhibitors (HDACi) identified so far, four major classes of structures are frequently
studied, including hydoxamates (1), benzamides (2), aliphatic acids (3), and cyclic peptides
(4a–b) (Fig. 1).7, 9 Most HDACi follow the pharmacophore model of a capping region that
interacts with the surface of the protein, a metal-binding region that chelates zinc to disrupt
the enzymatic activity, and a linker domain consisting of a hydrophobic spacer that interacts
with the hydrophobic-binding channel (Fig. 1).6b, 10

A key motivation for investigating compounds that inhibit HDACs is to find a compound
that selectivity targets individual HDACs or a subclass of HDACs. A few compounds have
been found to selectivity target HDACs; however progress has been limited.11 Screening
diverse small molecules allows for discovery of structurally novel HDACi that may
modulate the proteins through different mechanisms or with previously unobserved patterns
of selectivity.12 Here we report a structurally novel HDACi, BRD-2577 (7) that was
discovered in a binding assay involving a small-molecule microarray (SMM) (Fig. 2a). It is
interesting to note that the structure of BRD-2577 is a hydroxy-pyrimidine scaffold, and
does not conform to the four main structural classes of HDACi. We further explored the
structure-activity-relationships (SAR) and cellular effects of this molecule. Recently, Donald
and coworkers evaluated the pyrimidine hydroxamic acid moiety and found that their
compounds were able to inhibit HDACs, demonstrating the potential importance of
pyrimidines in inhibition of HDACs.13

BRD-2577 was originally identified as a binder to purified HDAC8 using SMMs.12 To
determine whether the binder inhibits the deacetylase activity of the enzyme, we
resynthesized this compound using a nucleophilic substitution reaction between α-
chloroketone (5) and mercapto-methylpyrimidine (6) (Fig. 2a) and evaluated it for HDAC
inhibitory effects using a trypsin-coupled in vitro biochemical assay (Fig. 2b).14 This
biochemical assay employs an acetylated lysine tripeptide substrate amide linked to
aminocoumarin (AMC). When HDACs deacetylate the lysine residue, trypsin is able to
cleave the AMC from the substrate, thus increasing the fluorescent signal.14–15 Small-
molecule HDAC inhibition prevents the deacetylation of the lysine, preventing the
generation of fluorescent signal. The effects of various concentrations of BRD-2577 were
evaluated, and the data was normalized against a DMSO control. IC50 values were measured
by fitting the data to a non-linear regression model. The IC50 values for BRD-2577 against
HDAC1-9 ranged from ~11 μM to 74 μM, suggesting it is a non-selective inhibitor of
HDACs with modest potency. A counter screen demonstrated that this compound inhibits
HDAC activity and does not interfere with the proteolytic activity of trypsin (Supplementary
data). The mode of inhibition was also evaluated by analyzing various doses of compound
with concentrations of substrate 10 times above and below the Km of HDAC2. The
Lineweaver-Burk plot for BRD-2577 and HDAC2 is shown in Figure 2c. The y-intercept
does not vary across concentrations of substrate, suggesting that BRD-2577 is a competitive
inhibitor, and that the inhibitor is binding to the active site of enzyme.
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The structural novelty of BRD-2577 as compared to other HDACi motivated further studies
to gain insight into the molecular features that may be responsible for target inhibition.
Towards this end, we investigated whether two major substructures of BRD-2577, 5 and 6,
were independently capable of inhibition. Neither the α-chloroketone group (5) nor the
pyrimidine ring (6) exhibited inhibition in the biochemical assay. This may indicate that
activity is not derived from a single biasing element but rather by the whole skeleton.

Using simple reactions, we synthesized a set of analogs to investigate the effects of chemical
modifications at different positions (Table 1). The initial SAR study focused on the
pyrimidine group and its substituent groups. The hydroxyl group was necessary for activity
(8–10). The replacement of pyrimidine by a phenyl group resulted in loss of activity (11).
Interestingly, the activity was retained when the sulfur atom was substituted by oxygen (12),
albeit at a reduced potency and with an altered selectivity pattern. Additionally, removing
nitrogen at the 1-position from 12 (13) led to loss of activity, demonstrating that both
nitrogen atoms are essential for binding.

Next, we investigated the consequences of chemical modification of the opposing end of the
structure of BRD-2577 (Table 2). The removal or the reduction of the carbonyl group (14
and 15, respectively) resulted in a loss of potency, suggesting the carbonyl function is
indispensable. Similarly, the modifications and the replacement of the acetamide group with
various functionalities (16–22) resulted in decreased potencies for most of the HDACs,
while the chloride analog (21) retained some inhibition of HDAC1, 2, 4 and 6. The
dihydroxy analog (23) was found only to inhibit HDAC6. Protection of the dihydroxy group
via a dioxin (24) led to a completely inactive compound. The acetamide was also replaced
with a more rigid oxindole group (25). The role of the phenyl group was further explored.
Replacing the phenyl group with a more hydrophobic thiophene (26) preserved inhibitory
activity for HDAC6. Replacing the aromatic ring with an aliphatic chain (27–30) was not
tolerant to its inhibition activity although 30 retained some activity for HDACs 1, 2, 3, 5,
and 6. The linker region between the carbonyl group and phenyl group was also examined
by synthesizing compounds 31–33. Although most of the modifications described here lead
to inactive analogs, several of the compounds retained inhibition of HDAC6, which is
possibly due its unique enzymatic structure consisting of two catalytic domains.8

We examined the effects of selected compounds on both histone and α-tubulin lysine
acetylation in cells.16 Tubulin acetylation is regulated by HDAC617 and many of the analogs
inhibited its activity. HeLa cells were plated in 384-well plates with 2000 cells/well and
treated with compounds at various concentrations for 16 h. Acetylation levels were
measured using antibodies that recognize acetylated α-tubulin or acetylated lysine residues
in post-translationally modified proteins. The fluorescence levels were measured for each
antibody and normalized to the DMSO control. Treatment with BRD-2577 leads to an
increase in both total lysine and tubulin acetylation (Fig. 3), consistent with our biochemical
assay data demonstrating that it inhibits class I and class II HDACs. Other compounds that
inhibited HDAC6 in the enzymatic assay were also evaluated for their activity in cells but
did not show a significant increase in acetylation level at a concentration of 20 μM (data not
shown). Our positive control compound, SAHA, increases both global lysine and α-tubulin
acetylation levels, consistent with the ability to inhibit both class I and class II HDACs.
MS-275, a control compound, increased global lysine acetylation, but caused little change in
tubulin acetylation, which is consistent with its selective inhibition of HDAC1-3 versus
HDAC6 in our biochemical assay.

In summary, we have identified a novel, pan-selective HDAC inhibitor from an SMM-based
binding screen and demonstrated inhibitory activity against HDACs using an in vitro
biochemical assay and cellular acetylation assays. The scaffold does not resemble previously
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established pharmacophore models for HDAC inhibitors. This novel HDACi structure may
be explored further using structure-guided approaches to elucidate binding mechanism and
to enhance the potency and selectivity through various structural modifications, leading
towards broad biological and therapeutic applications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pharmacophore model and representative structures of HDACi. Hydroxamic acid:
suberoylanilide hydroxamic acid (SAHA) (1), benzamide: MS-275 (2), aliphatic acid:
valproic acid (3), and cyclic peptides: largazole (4a) and trapoxin (4b).
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Figure 2.
(A) Synthesis of BRD-2577 (7). (B) Inhibition profiling of BRD-2577 in triplicate against
HDAC1-9. (C) Lineweaver-Burk plot of BRD-2577 at 100 μM (●), 10 μM (■), and 1 μM
(▲) for HDAC2.
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Figure 3.
Immunofluorescence microscopy of cells treated with BRD-2577. (A) Acetylated lysine and
tubulin levels plotted against increasing concentration of BRD-2577. (B) Representative
images of Hoechst (cyan), acetylated lysine (red), acetylated tubulin (green) for DMSO,
BRD-2577 (6 μM), SAHA (0.6 μM), and MS-275 (0.6 μM).
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