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A series of N-(2-amino-5-substituted phenyl)benzamides (3–21) were designed, synthesized and evalu-
ated for their inhibition of HDAC2 and their cytotoxicity in HCT116 cancer cells. Multiple compounds
from this series demonstrated time-dependent binding kinetics that is rationalized using a co-complex
crystal structure of HDAC2 and N-(4-aminobiphenyl-3-yl)benzamide (6).
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The balance of reversible acetylation and deacetylation of his-
tones is critical to the regulation of chromatin structure, and it di-
rectly affects gene expression in eukaryotic organisms. Histone
deacetylases (HDACs), a class of Zn metalloenzymes, catalyze the
deacetylation of lysine residues in histones and facilitate the struc-
tural stabilization of nucleosomes necessary for the first level of
DNA organization.1,2 Histone acetyltransferase (HAT) maintains
the balance of deacetylation.3,4 Perturbations of this balance have
been linked to cancer and inhibition of HDACs results in the
expression of genes that produce terminal differentiation, growth
arrest and/or apoptosis in a variety of cancer cells.1,5 Inhibition of
HDACs has been identified as a mechanism for treating cancer,
and multiple small-molecule HDAC inhibitors are advancing in
clinical trials.6–9 In addition, HDAC inhibitors have proven useful
in the treatment or prevention of protozoal diseases10 and
psoriasis.11

Published small-molecule HDAC inhibitors typically contain a
bidentate chelator, or warhead, that interacts with the catalytic
Zn2+ that is nestled 8 Å deep in the protein active site. The two
most common chelators found in these molecules are hydroxa-
mates and anilidesas exemplified by SAHA12 and MS-275,9 respec-
tively (Fig. 1). Previously published crystal structures of HDLP13 (an
HDAC homolog) and HDAC814 demonstrate how hydroxamate
inhibitors are coordinated to the catalytic zinc as the tether sits
in a hydrophobic tunnel capped with a moiety that sits at the sol-
vent protein interface. However, a 14 Å long internal cavity or ‘foot
All rights reserved.
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gloff).
pocket’ adjacent to the catalytic zinc remains unoccupied. While
others have suggested inhibitors which could make use of the foot
pocket through modeling,15,16 no crystallographic evidence has
been presented in HDAC8 or HDLP which shows specific examples
accessing the foot pocket.

Analysis of HDAC2 crystal co-complexes17 obtained in our lab-
oratories with both hydroxamates and anilides revealed that the
anilides accessed the foot pocket adjacent to the zinc binding site
that, by its nature of atom connectivity, the hydroxamate could
not. To explore this binding region more thoroughly, we used
N-(2-aminophenyl)benzamide as the minimal scaffold required
to interact with the HDAC2 catalytic machinery. Inspection of the
HDAC2 crystal structure suggested that substitutions off of the
5-position of N-(2-aminophenyl)benzamides would provide the
appropriate vector for reaching towards interactions with the foot
pocket. We designed and synthesized a series of N-(2-amino-5-
substituted phenyl)benzamides (3–21) and evaluated them in an
HDAC2 enzyme assay and cellular assays.

The synthesis of N-(2-amino-5-substituted phenyl)benzamides
(Scheme 1) begins with Boc protection of the commercially avail-
able 4-bromo-2-nitroaniline (1). Reduction of the nitro group and
subsequent acylation with benzoylchloride provides tert-butyl 2-
benzamido-4-bromophenylcarbamate (2). Standard Suzuki cou-
pling conditions followed by removal of the Boc group provided
the desired compounds (4–21). Substituting with the appropriate
starting material, compound 3 was synthesized using standard
methodology.18

Benzamides were evaluated as inhibitors of recombinant hu-
man HDAC2 using a protease coupled end-point assay with Ac-Ly-
s(Ac)-AMC as a substrate. The reaction product was quantified by
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Scheme 1. Reagents and conditions: (a) Boc2O, Et3N, DMF, rt, 16 h; (b) EtOH/AcOH, Zn (dust), reflux, 30 min; (c) PhC(O)Cl, Et3N, DMF, rt, 2 h; (d) R–B(OH)2, (Ph3P)4Pd, 2 M
Na2CO3, dioxane, reflux, 18 h; (e) DCM/TFA, rt, 1 h.

Figure 1. SAHA (hydroxamate chelator) and MS-275 (anilide chelator).
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fluorescence at 480 nm with excitation wavelength at 370 nm. The
activity of the benzamides was evaluated separately after 1 h and
24 h pre-incubation of inhibitor with HDAC2 (Table 1). Most of
the benzamides inhibited HDAC2 in the pIC50 range of 4.6–6.1
without pre-incubation. There was, however, a notable time-
dependent inhibition upon pre-incubation of inhibitor with HDAC2
at 24 h resulting in increased inhibition for most compounds. In-
deed, compounds 5, 8, 12, 18 and 20 demonstrated a 21–42-fold
increase in enzymatic inhibition. Compounds with large R groups,
such as benzothiophenes 7 and 15, along with benzofuran 19 did
Table 1
Enzymatic and cellular activity of substituted N-(2-aminophenyl)benzamides

Compd R HDAC2 inhibition 1 h-IC50
b

3 H 10
4 2-Thiazolyl 5.8
5 Phenyl 0.90
6 4-Vinylphenyl 5.0
7 2-Benzothiophenyl 10
8 3-Furanyl 0.81
9 4-Pyridyl 3.9
10 4-Methoxyphenyl 0.86
11 4-Acetylphenyl 5.0
12 2-Furanyl 1.8
13 3-Methylphenyl 7.2
14 3-Nitrophenyl 200
15 3-Benzothiophenyl 10
16 3-Acetylphenyl 27
17 3-Methoxyphenyl 3.4
18 4-Bromophenyl 24
19 2-Benzofuranyl 10
20 4-Fluorophenyl 1.4
21 4-Trifluoromethyl-phenyl 40
SAHA — 0.076

a Values in lM are means of three experiments; na = not active.
b 1 h-IC50 = 1 h reaction of benzamides with HDAC2 and substrate. Values in lM are m
c 24 h-IC50 = 24 h incubation of benzamides with HDAC2 followed by 1 h reaction wit
not display any difference in enzymatic potency between the two
assays. In contrast, no time-dependence was noted with hydroxa-
mate inhibitors such as SAHA.

Compounds were also evaluated for cytotoxicity in a human
HCT116 colon cancer cell line. EC50 determinations were calculated
from remaining cell viability after 72 h incubation using the MTS
calorimetric readout (Table 1). In general, compounds with enzy-
matic activity below 100 nM in the 24 h pre-incubation assay
exhibited some level of cellular activity. Compounds 5 and 8 dem-
onstrated EC50s of 1.1 and 2.1 lM, respectively.
HDAC2 inhibition 24 h-IC50
c D Cytotoxicity HCT116 EC50

a

3.1 3� na
0.39 14� 31
0.027 33� 1.1
0.80 6� na
10 — na
0.039 21� 2.1
0.27 14� 16
0.14 6� >20
3.8 1.3� na
0.043 42� 3.2
3.1 2� na
21 10� na
10 — na
13 2 na
1.3 2� na
0.60 40� >20
10 — na
0.032 42� 3.1
3.8 10 na
0.072 — 2.0

eans of three experiments.
h substrate. Values in lM are means of three experiments.



Figure 2. The X-ray crystal co-complex of compound 5 with HDAC2 showing the
catalytic residues, the zinc atom (orange) and the surface of the site in green.

Figure 3. (Left) The system investigated by semi-empirical methods. The truncated
anilide ligand is shown in light blue, the zinc as a silver sphere and the protein
carbon atoms in green. Polar interactions are indicated by the dashed, magenta,
lines. (Right) A comparison of the bound ligand conformation, with hydrogen atoms
optimized with AM1, and the unbound ligand, fully-optimized at the 6-31G* level.
The bound ligand conformation is shown in light blue. The carbon atoms of the
unbound ligand are yellow with the internal hydrogen bond indicated by the
dashed, magenta, line.
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The HDAC2 active site consists of the catalytic machinery, a lipo-
philic ‘tube’ which leads from the surface to this machinery, and a
‘foot pocket’ immediately adjacent to the machinery. A zinc atom
is held by Asp181, His183, and Asp269. The lipophilic tube is formed
by Gly154, Phe155, His183, Phe210, and Leu276. The foot pocket res-
idues are Tyr29, Met35, Phe114, and Leu144. This pocket contains
multiple water molecules in co-complexes which lack a sizeable R
group. Figure 2 shows the HDAC2 active site with 5 bound and illus-
trates the foot pocket occupied by the phenyl R group of 5.

In order to study the mechanism behind the time-dependence
observed, as well as suggest additional molecules for synthesis, a
1.46 Å co-complex structure was used as the basis for some semi-
empirical calculations. Figure 3 shows the system simulated at the
AM1 level with the program VAMP (version 8.0b; Clark, T. et al., Erlan-
gen). For this work, only the hydrogen atoms were optimized due to
the use of truncation and the availability of such high-resolution
structural data. The figure shows the final geometry achieved and
indicates the numerous polar interactions formed. It is interesting
to note how the anilide nitrogen is a surrogate for the water molecule
required during the hydrolysis of acetylated lysine residues in the
natural processing by this enzyme. The interactions shown indicate
why, in general, so few warheads with appreciable binding are
known (many weaker warheads rely upon additional interactions
around the surface of the protein and the top of the binding pocket).

To investigate the transition from the unbound solvated ligand
to the bound form, a simulation was carried out at the 6-31G* level
of theory using the package GAMESS-US.19 The unbound ligand
was also simulated with AM1/VAMP as for the full system and the
resulting conformation agreed very well with that found at the
6-31G* level. Figure 3 shows the comparison between the bound
(AM1) and unbound (6-31G*/AM1) conformations of the prototyp-
ical ligand used for this work. Of note are the positions of the
hydrogen atoms. In the bound form, the hydrogen atoms of the
ortho-NH2 group are involved in hydrogen bonds with the side-
chains of histidines 145 and 146, the nitrogen of the ortho-NH2

group chelates the zinc, and the carbonyl oxygen interacts with
both the tyrosine sidechain hydroxyl and the zinc. In the unbound
conformation, the ortho-NH2 group forms an internal hydrogen
bond with the carbonyl oxygen. It is clear that the number of com-
plimentary interactions formed upon binding to the HDAC active
site outweigh the dual penalties of ligand desolvation (approx
4.4 kcal/mol for the unbound conformation using the AM1/SCRF
method in VAMP) and the disruption of the internal hydrogen bond.
It is the latter which seems likely to be responsible for the time-
dependence observed. The gross conformation of the anilides does
not appear to change by a great deal upon binding to the HDAC ac-
tive site and this binding can occur with the internal hydrogen
bond intact (though the ligand will not be able to access the pocket
as deeply). However, a proportion of these transiently-bound mol-
ecules will experience the hydrogen translation described in Figure
3 and form a substantially more stable complex with the active
site. By Le Chatelier’s principle, over time these transiently-bound
forms will be converted to the tightly-bound, pseudo-irreversible
form until an equilibrium is reached. This equilibrium is responsi-
ble for the final IC50 observed for this class.

Using compound 3 as a reference compound, one can go further to
explain the variable time-dependence with the choice of R group. As
the size of R increases, the more difficult it will be for compounds to ac-
cess the active site and undergo the described hydrogen bond transla-
tion. However, once bound, the reverse process will also be relatively
slow. Of course, a point is reached at which the R group size is simply
too large to allow acceptable access to the site and the affinities will
be reduced as a result, at least over the time-frames considered here
(e.g., compounds 7 and 15). Figure 2 illustrates how these larger mole-
cules will be at a disadvantage when accessing the active site deeply
due to the bend in the tube from the surface to the foot pocket.

In conclusion, a series of simple benzamides were designed and
synthesized to explore the ‘foot pocket’ area of the Zn2+ active site
of HDAC2. Some of these compounds inhibited the enzyme in the
low micromolar range and exhibited moderate micromolar cellular
potency in an HCT116 cancer cell line. Additionally, some of these
benzamides demonstrated a time-dependent binding event that
resulted in enzyme inhibition in the low nanomolar range after a
24-h incubation period with HDAC2. This time-dependent binging
phenomena may positively affect the in vivo potency of anilides
and merits further investigation.
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