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a b s t r a c t

The design, modeling, synthesis, biological evaluation of a novel series of photoreactive benzamide
probes for class I HDAC isoforms is reported. The probes are potent and selective for HDAC1 and 2 and
are efficient in crosslinking to HDAC2 as demonstrated by photolabeling experiments. The probes exhibit
a time-dependent inhibition of class I HDACs. The inhibitory activities of the probes were influenced by
the positioning of the aryl and alkyl azido groups necessary for photocrosslinking and attachment of the
biotin tag. The probes inhibited the deacetylation of H4 in MDA-MB-231 cell line, indicating that they are
cell permeable and target the nuclear HDACs.

� 2012 Elsevier Ltd. All rights reserved.

Histone deacetylases (HDACs) are considered viable drug tar-
gets for multiple therapeutic applications including cancer and
neurological diseases.1,2 Recently, Cravatt et al.3 and Gottesfeld
et al.4 described the design and applications of photoaffinity probes
for profiling HDACs in native proteomes and live cells. The scaffold
of the probes included a portion of a pan HDAC inhibitor suberoyl
anilide hydroxamic acid (SAHA), a benzophenone group as a
photoreactive group, and an alkyne handle to attach an azide con-
taining reporter tag via (3+2) cycloaddition. Attempts to use the
same features based on HDAC1 and 2 selective benzamide scaf-
folds resulted in probes with HDAC potency above 180 lM in HeLa
cell nuclear lysate.5

We have already established the Binding (E) nsemble (Pro) fil-
ing with (F) photoaffinity (L) abeling approach (BEProFL) where
we have experimentally mapped the multiple binding modes of
diazide based photoreactive probes for HDACs.6 The design of these
probes included decoration of HDAC ligands with a 3-azido-5-azi-
domethylene moiety, a photoaffinity labeling group originally pro-
posed by Suzuki et al.7 for specific labeling of the catalytic portion
of HMG-CoA reductase. The aromatic azido moiety was used as a
photoreactive group and the aliphatic azide was well suited for

(3+2) cycloaddition with an alkyne moiety of the biotin-containing
reporter group. Based on these features, we have successfully de-
signed and synthesized highly potent and selective probes for
HDAC3 and HDAC8 and demonstrated that they are cell permeable
and exhibit excellent antiproliferative activity against several can-
cer cell lines.8 Our main objective in this study was to design
photoreactive benzamide probes for HDAC2 and evaluate their
activity/selectivity profile for other class I HDAC isoforms.

We hypothesized that a set of potent and selective benzamide-
based probes capable of crosslinking with HDAC2 can be designed
by appropriately decorating benzamides 1 and 2 (Fig. 1) with a
combination of the aryl and alkyl azides. Both 1 and 2 and their
derivatives were reported by Delorme,9 Miller,10 Gangloff,11 and
their colleagues to be active and selective inhibitors of HDACs1
and 2.
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Figure 1. Benzamide inhibitors of HDAC 1 and 2.
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Substituted benzoic acids 3–8, mono-N-Boc protected pheny-
lenediamines 9, 10 and azidoaniline 11 shown in (Fig. 2) were cho-
sen as precursors for the synthesis of the photoreactive probes.
Acid 4, protected phenylendiamines 9, 10, and intermediates 16,
18 and 19 were synthesized as reported previously,7,8,10,12 whereas
benzoic acid 3 was available commercially. The synthesis of pre-
cursors 5, 6, 7, 8, and 11 is shown in Schemes 1 and 2. The synthe-
sis of the probes 1a–g and 2a–b proceeded through an efficient
carbodiimide based coupling reaction between mono-N-Boc pro-
tected phenylendiamines 9–11 and benzoic acids 3–8 followed
by deprotection of the resulting N-Boc products to give the final
probes in 70–80% overall yield13 (Scheme 2).

The inhibitory profile of the probes against class I HDAC iso-
forms was determined using a fluorogenic assay and the results
are given in Table 1. The inhibition of HDAC8 was measured using
the fluorogenic acetylated substrate Fluor de Lys and purified re-
combinant human HDAC8 from Escherichia coli,14 whereas the inhi-
bition of HDAC1–3 was measured using fluorogenic acetylated
substrate Boc-L-Lys(Ac)-AMC and commercially available recombi-
nant human HDAC1–3.15 We also explored the effect of preincuba-
tion with HDAC1, 2, 3, and 8 as it was previously observed that the
potency of the benzamide-based HDAC inhibitors increased with
preincubation with HDAC1–3.11,16 The maximum incubation time
was chosen on the basis of stability of HDAC proteins in the condi-
tions used to determine IC50 values. We found that for HDAC1, 3,
and 8 the maximum incubation time was 3 h, whereas HDAC2 pro-
tein was stable for 24 h. The IC50 values of ligands 1 and 2 deter-
mined in this study vary from those reported previously.10,11 We
attribute this discrepancy to the differences in the assay condi-
tions, the protein sources, substrates, and preincubation times.
The analysis of SAR was facilitated by docking all the probes to
HDAC2 (PDB:3MAX),11 HDAC3 (PDB:4A69),17 and HDAC8
(PDB:1T69)18 using GOLD v.5.1.19,20

All the newly synthesized benzamide-based probes had activity
ranging between 70 nM and 55 lM and 110 nM and 77 lM for
HDAC1 and HDAC2, respectively. All of the probes demonstrated
a robust 2- to 40-fold increase in inhibition of HDAC1 and 2 upon
preincubation with the enzymes for 3 h and 24 h, respectively (Ta-
ble 2). Consistent with the previously reported observation,11

SAHA, a hydroxamate-based inhibitor, did not exhibit time-depen-
dent inhibition. Similar trends were observed with HDAC3 and
HDAC8. In the discussion below we will use only IC50’s obtained
at the maximum preincubation time, unless specified otherwise.

In general, the probes exhibited better activity and selectivity
for HDAC1 and 2 as compared to HDAC3 and HDAC8 (Table 1).
The most HDAC1 and 2 potent probe 1b had an estimated 100-
and 1000-fold selectivity for HDAC1 and 2 as compared to HDAC3
and HDAC8, respectively. In the case of HDAC8, no inhibition was
observed after 5 min, whereas inhibition of HDAC3 varied from
2% for 1g to 21% for 2c at 10 lM concentration of the inhibitors.
After preincubation for 3 h, inhibition of HDAC3 and HDAC8 by
the probes varied from 6.5% for 1g to 56% for 1b and from 4.7%
for 1b to 26% for 1g, respectively. Similarly to the probes, ligand
1 showed pronounced inhibition of HDAC3 and HDAC8, 96% and
24%, respectively, and ligand 2 inhibited 40% of activity of HDAC3
and only 3% of activity of HDAC8. Despite the similarity of probes
2a–c, 2a did not inhibit HDAC8 at 10 lM, whereas both 2b and 2c
inhibited 25% and 22% of activity of HDAC8, respectively.

Gangloff et al.11 suggested that the time-dependent inhibition in
the case of HDAC2 may be explained by the gradual disruption of
the internal hydrogen bond between the aniline hydrogen and car-
bonyl oxygen in the unbound form of the ligand so as to form a
bidentate complex with Zn2+ ion in the bound form. After a preincu-
bation 3 h, increase in inhibition of HDAC1 and HDAC2 by the
probes varied from 1.6-fold for 1d to 17-fold for 1b and from
1.3-fold for 1g to 7.1-fold for 2c, respectively, (Table 2). After
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Figure 2. Amine and acid precursors used for synthesis of photoreactive probes.
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Scheme 1. Reagents and conditions: (a) NaNO2, HCl, NaN3, 5 h, 0 �C–rt, 85%; (b) SOCl2, MeOH, 8 h, 0 �C –rt, 87%; (c) K2CO3, 2-azidoethyl-4-methylbenzene sulphonate,
acetone, 5 h, reflux, 77%; (d) THF/H2O (1:1), KOH, 10 h, 70 �C, 92%; (e) NaN3, Sod. ascorbate, CuI, N,N-dimethylethane-1,2-diamine, EtOH/H2O, reflux, 92%; (f) (i) NaN3, CH3CN,
reflux, 80%; (ii) oxalyl chloride, DCM, 6 h; (g) methyl 4-aminobenzoate, pyridine, DCM, 0 �C–rt, 86%; (h) 2 N NaOH, THF/H2O (8:2), 2 h, rt, 93%.
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