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a b s t r a c t

A novel series of HDAC8 inhibitors without a zinc-chelating hydroxamic acid moiety is reported. Photo-
affinity labeling and molecular modeling studies suggest that these ligands are likely to bind in an
‘upside-down’ fashion in a secondary binding site proximal to the main catalytic site. The most potent
ligand in the series exhibits an IC50 of 28 lM for HDAC8 and is found to inhibit the deacetylation of
H4 but not a-tubulin in SH-SY5Y cell line.

� 2012 Elsevier Ltd. All rights reserved.
Histone deacetylases (HDAC) are considered as promising
therapeutic targets.1,2 The vast majority of the HDAC inhibitors
contains a zinc chelating group (ZCG) as an essential part respon-
sible for their binding affinity. The most commonly used ZCG in
HDAC inhibitors is a hydroxamic acid group that shows poor
metabolic stability in vivo and is rapidly hydrolyzed to carboxylic
acid, a poor ZCG, and hydroxylamine.3,4 Compounds containing
hydroxamic acid moieties are poorly absorbed in vivo and show
extensive glucuronidation and sulfation.5 The sulfate conjugates
of hydroxamic acids may lead to formation of electrophiles such
as isocyanates which may further react with nucleophiles in pro-
teins and other biological macromolecules.6–8 Non-hydroxamate
ZCGs typically include carboxylic acids (sodium valproate), epoxy
ketones (trapoxin), o-amino anilides (MS 275), electrophilic
ketones, and thiols.9–12 These non-hydroxamate ZCGs often suffer
from poor potency,13 redox activity,14 general reactivity,10 meta-
bolic instability,15 and poor aqueous solubility.15 For life-long
applications, for example as a potential treatment of Alzheimer’s
disease,16,17 these types of properties of HDAC inhibitors are highly
undesirable. Clearly, there is an urgent need for the development of
HDAC inhibitors that may utilize novel binding modes that do not
require a ZCG. A series of non-selective tetrapeptides likely not
ll rights reserved.
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chelating to the active site Zn2+ of HDAC1-3 is the only example
of the non-ZCG HDAC ligands we could find.18

Recently, we have published the Binding Ensemble Profiling
with Photoaffinity Labeling (BEProFL) approach that was used to
map experimentally the multiple binding poses of the surface
binding groups (SBG) of inhibitors of HDAC8,19 a novel therapeutic
target for neuroblastoma,20–24 leukemia,25 and cognitive disor-
ders.26 In our paper19 we noted that some of the covalent modifi-
cations of HDAC8 may correspond to a novel ‘upside-down’ pose
of the diazide probe that was strikingly similar to that found in
HDAC8 (PDB:1T64)27 for one of the two molecules of Trichostatin
A bound to the secondary site proximal to the main catalytic site.
Our main objective in this study was to design and synthesize a
series of diazide-based probes/ligands lacking the hydroxamic acid
moiety, test HDAC8 inhibition by these probes, and explore using
photoaffinity labeling studies if they bind in an ‘upside-down’ fash-
ion in the secondary binding site in HDAC8.

The synthesis of the ligands/probes is outlined in Scheme 1.
Commercially available 4-benzyloxyaniline hydrochloride 4 was
coupled with suberic acid monomethyl ester 5 or octanoic acid 6
using a facile carbodiimide based coupling reaction. The benzylhy-
doxy group of 1e and 7 was deprotected via catalytic hydrogena-
tion and later coupled with bromide 11 or tosylates 10 and 15.
Esters 1b, 1f, and 16 were subjected to basic hydrolysis and
re-esterified with appropriate alcohols resulting in probes 1c, 1g,
1h, and 1i, respectively, in 20–65% overall yields. The structures
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Scheme 1. Reagents and conditions (a) LAH, THF, 0 �C to rt; (b) NaNO2, HCl(aq), NaN3, 0 �C to rt; (c) TsCl, Et3N, CH2Cl2, 0 �C; (d) suberic acid monomethyl ester or octanoic
acid, EDCI, HOBt, DIPEA, CH2Cl2, 0 �C to rt; (e) Pd/C, MeOH, rt; (f) 10 or 11 or 15, K2CO3, acetone, reflux; (g) NaOH(aq) or KOH(aq), rt (h) (COCl)2, t-BuOH, DMF, Et3N, CH2Cl2; (i)
[4-(azidomethyl)phenyl]methanol or 2-azidoethanol, EDCI, HOBt, CH2Cl2, 0 �C to rt.
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of the final compounds were elucidated by NMR and confirmed by
HRMS.28 Synthetic procedures and data for compounds 1a, 1b, 1e,
and 8 and 2a, 2b, 3a, 3b, and 10 were previously reported by
us.19,29 [4-(Azidomethyl)phenyl]methanol and 2-azidoethanol
were synthesized according to the reported methods.30,31

The inhibition by the probes/ligands was measured using com-
mercially available recombinant human HDAC1, 2, 3, and HDAC8
using fluorogenic substrates Boc-Lys(Ac)-AMC for HDAC1, 2, and
3 and Fluor de Lys for HDAC8, respectively, using previously
reported procedures.19,29 The resulting IC50 values are given in
Table 1. The analysis of the SAR was facilitated by docking of the
ligands to HDAC8 (PDB:1T64)27 using GOLD v.5.1.32 and the dock-
ing procedure reported by us previously.33

At first, we replaced the hydroxamic acid moiety in 1a with a
methyl ester and found that ligand 1b is able to maintain its
HDAC8 inhibitory properties (IC50 of 1b is 37.4 lM) despite the
lack of a chemical moiety that can serve as a bidentate chelator
to Zn2+ (Table 1). Although encouraging, this finding needed fur-
ther proof that the ester group of ligand 1b does not serve as a
monodentate ZCG. Our preliminary modeling studies have shown
that a t-butyl ester moiety instead of the methyl ester in 1b would
not be able to fit the binding site of HDAC8 because it is too bulky.
The corresponding t-butyl ester 1c was found to inhibit HDAC8
with an IC50 of 42.6 lM, which is similar to that of ligand 1b. Dock-
ing showed that ligand 1c can only fit the binding site by adopting
an ‘upside-down’ pose shown in Figure 1.

Next, we removed the ester group in 1b. The resulting ligand 1d
with a rather flexible unsubstituted alkyl chain was found to be
inactive. If the binding mode of 1d is similar to that of 1c, its long
alkyl chain substituent would be solvent exposed and may not con-
tribute to the binding. Thus, lack of potency comparable to that of
1b appears to be in line in the proposed binding mode.
To explore if the presence of the two lipophilic azide groups is
required, we synthesized compound 1e where hydrogen atoms
were placed in both the meta positions in the terminal phenyl ring.
Compound 1e was found to be inactive up to 66 lM. The analysis
of the binding site available to the ligands in those HDAC8 X-ray
structures where the second copy or an empty binding site adja-
cent to the catalytic site is present showed that the second pocket
is relatively large and there are two additional lipophilic sub-pock-
ets at the bottom. Our docking experiments suggested that in the
case of ligands 1a–c their meta-azido and meta-methylene azido
moieties can occupy these two lipophilic sub-pockets and form
extensive hydrophobic interactions with the binding site. In the
case of 1e such interactions were missing. Next, to further verify
if the presence of meta substituents is required, we synthesized
compound 1f that has two meta-methyl substituents in the termi-
nal phenyl ring. The HDAC8 inhibitory potency of 1f was restored
to the level of ligands 1a–d. The strong dependence on the pres-
ence of additional substituents in the terminal phenyl ring is con-
sistent with the ‘upside-down’ pose where extended interactions
with the binding site would be necessary to compensate for the
missing interactions between the ZCG and the active site Zn2+. In
agreement with the proposed ‘upside-down’ binding pose and
the data for esters 1b and 1c, potency of the substantially bulkier
t-butyl ester 1g is only marginally lower than that of the corre-
sponding methyl ester 1f. Comparable potency of diazides 1b
and 1c with dimethyl-substituted 1g and 1f indicates that the
azide moieties do not form an R-N3� � �Zn2+ complex if the ligands
bind ‘upside-down’.

To confirm that the scaffold containing the terminal phenyl ring
with two lipophilic meta substituents is, indeed, a universal fea-
ture responsible for activity, we synthesized and tested methyl es-
ter derivatives of the diazide probes 2a and 3a.7 Both 2a and 3a are



Table 1
HDAC8 IC50 values for compounds 1a–h, 2a–b, and 3a–b
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Compd # R1 R2 R3 HDAC8 IC50 (lM)

1aa CONHOH N3 CH2N3 7.34 ± 0.22
1b COOCH3 N3 CH2N3 37.4 ± 2.34
1c COO-t-Bu N3 CH2N3 42.6 ± 1.81
1d CH3 CH3 CH3 NA
1e COOCH3 H H NAd

1f COOCH3 CH3 CH3 47.8 ± 2.35
1g COO-t-Bu CH3 CH3 53.2 ± 6.49
1h COOCH2CH2N3 N3 OCH3 67.5 ± 4.79e

1i COOCH2-p-Ph-CH2N3 N3 OCH3 28.0 ± 2.65f

2ab CONHOH N3 CH2N3 0.017 ± 0.003
2b COOCH3 N3 CH2N3 36.0 ± 2.20
3ac CONHOH N3 CH2N3 0.651 ± 0.12
3b COOCH3 N3 CH2N3 47.1 ± 1.76
SAHA — — — 0.44 ± 0.0217

TSA — — — 0.39±0.018
PCI34051 — — — 0.0125

a HDAC3 IC50 1.48 lM, Ki 0.74 lM.
b HDAC3 IC50 128 nM, Ki 0.064 lM.
c HDAC3 IC50 45 nM, Ki 0.023 lM.
d The residual activity is more than 50% at 66 lM, IC50 was not determined.
e HDAC1 IC50 111 ± 14.8 lM, HDAC2 IC50 72 ± 2.2 lM.
f HDAC1 IC50 86.0 ± 7.1 lM, HDAC2 IC50 79 ± 3.0 lM.

Figure 1. ‘Upside-down’ binding pose proposed for HDAC8 inhibitors 1c (magenta),
1f (yellow), 1h (cyan), and 3b (green). TSA bound to the main catalytic site (PDB:
1T64) is rendered brown. The binding site is rendered by solvent accessible surface,
green—lipophilic, magenta—hydrophilic.
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nanomolar inhibitors of HDAC8. In these ligands the SBG contains a
pyrazole or an isoxazole moiety, respectively, as well as the meta-
azido and meta-methyleneazido substituted phenyl ring. Consis-
tently with the ‘upside-down’ hypothesis, both esters 2b and 3b
were found to inhibit HDAC8 with IC50 of 36.0 and 47.1 lM,
respectively, which is comparable to the potency of compounds
in series 1. Relatively a small difference in the potency of 2b and
3b and similar compounds in series 1 is consistent with the bind-
ing pose of the ligands without ZCG (Fig. 1). The terminal phenyl
ring of 2b and 3b is completely immersed in the binding site
whereas the pyrazole and the isoxazole portions of 2b and 3b,
respectively, are only partially enclosed in the binding site but
otherwise are solvent exposed.

Next, we performed a series of photolabeling experiments with
purified recombinant HDAC8 to further delineate the putative
binding modes of the probes.34 In all the photolabeling experi-
ments, the concentration of purified HDAC8 used was 0.5 lM,
and all the experiments were performed in non-denaturing
conditions unless otherwise stated. The probe or probe/competitor
mixtures were preincubated with purified recombinant HDAC8
from E. coli,35 in photolabeling buffer for 3 h at room temperature,
exposed to 254 nm UV light for 3 � 1 min with 1 min resting. In
case of denaturation experiments, after photoirradiation a solution
of sodium dodecyl sulfate was added to attain a final concentration
of 2% w/v and the mixture incubated at 37 �C for 30 min. In all
photolabeling experiments an alkyne containing biotin tag19 was
attached to the HDAC8-probe adduct using Cu(I) catalyzed (3+2)
cycloaddition reaction carried out at room temperature for 1 h.
The biotinylated HDAC8 was visualized by streptavidin–HRP and
western blot and the loading was confirmed by using anti-HDAC8
antibody. The control wells contained purified HDAC8, a mixture of
HDAC8 and the biotin tag, or a mixture of HDAC8 and the probes



Figure 2. Characterization of biotinylated HDAC8 protein and total HDAC8 protein. (A) Western blot analysis of probe 1i binding to HDAC8 using Strep–HRP and anti-HDAC8
antibodies, control 1-HDAC8 (0.5 lM), click reagents, control 2-HDAC8 (0.5 lM), biotin tag (50 lM), click reagents, all other lanes contain different concentrations (indicated)
of 1i, biotin tag (50 lM), click reagents. (B) Western blot analysis of probes 1a, 1b, and 1h binding to HDAC8 using Strep–HRP and anti-HDAC8 antibodies, control-HDAC8
(0.5 lM), biotin tag (50 lM), click reagents, all other lanes contain different probes at concentrations indicated, biotin tag (50 lM), click reagents. (C) Western blot analysis of
probe 1b binding to HDAC8 in the presence and the absence of equimolar concentration of SAHA. (D) Western blot analysis of probe 1b binding to HDAC8 under denaturing
conditions and non-denaturing conditions. (E) Western blot analysis of probe 1b binding to HDAC8 in the presence and the absence of an excess of HDAC8 inhibitors SAHA,
TSA, PCI34051, and ligand 1f. (F) Western blot analysis of probe 1i binding to HDAC8 in the presence and the absence of an excess of HDAC8 inhibitors SAHA, TSA, and
PCI34051, control 1-HDAC8 (0.5 lM), click reagents, control 2-HDAC8 (0.5 lM), biotin tag (50 lM), click reagents, control 3-HDAC8 (0.5 lM), probe (1.5 lM), click reagents,
all other lanes contain different inhibitors of HDAC8 at concentrations indicated, probe 1i (1.5 lM), biotin tag (50 lM), click reagents. (G) Western blot analysis of binding of
probe 1a in the presence of varying concentrations of SAHA. (H) Western blot analysis of binding of probe 1i in the presence and the absence of excess of ligand 1f. Click
reagents in all experiments are TCEP (500 lM), TBTA (100 lM), and CuSO4 (1000 lM). Shown are representative blots of two or more independent experiments.
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used in the photolabeling experiments with click reagents. The
click reagents in all the experiments are TCEP (500 lM), TBTA
(100 lM), and CuSO4 (1000 lM).19

Our photolabeling studies required probes able to differentiate
between the ‘normal’ and the hypothesized ‘upside-down’ poses
leading us to design and synthesis of two additional probes 1h
and 1i. We envisioned that after crosslinking both the probes 1h
and 1i would still be detectable by the Strep–HRP antibody if they
bind ‘upside-down’ and their alkyl azide groups point toward the
solvent and can react with the alkyne-containing biotin tag via
(3+2) cycloaddition. If 1h and 1i bind with their ester group near
the zinc atom of HDAC8 then the alkyl–azido ester group would
be hidden in the binding site, and these ligands are not expected
to react with the alkyne moiety of the biotin tag and the resulting
adducts should not be recognized by the Strep–HRP antibody. In
agreement with the already established SAR, the effect of different
ester groups on potency was marginal, and 1h and 1i inhibited
HDAC8 with IC50 of 67.4 and 28.9 lM, respectively. We found that
similar to probe 1a,19 probes 1h (not shown) and 1i produce a
dose-dependent increase in biotinylation of HDAC8 (Fig. 2A).

Next, we compared the dose-dependent increase in biotinyla-
tion for ligands 1a, 1b, and 1h (Fig. 2B). It was expected that li-
gands 1a and 1h would produce a pronounced dose-dependent
biotinylation increase, whereas 1b would not. Consistently with
the binding mode proposed, probe 1b gave only a very low non-
specific biotinylation, whereas 1a and 1h gave the pronounced
dose-dependent biotinylation of HDAC8. To rule out the possibility
of probe 1b binding to the main catalytic site, a competition exper-
iment was carried out at an equimolar concentration of 85-fold
more potent SAHA. The presence of an equimolar concentration
of SAHA did not result in a decrease in the biotinylation signal pro-
duced by 1b (Fig. 2C), suggesting 1b does not bind to the main
catalytic site and produces only non-specific biotinylation under
non-denaturing conditions. A comparison of the density of the bio-
tinylated bands corresponding to the HDAC8 adducts with 1a and
1h provided further evidence for a novel binding mode of our non-
ZCG probes. Specifically, probe 1h, which is at least ninefold less
potent than probe 1a, gave much higher biotinylation than 1a at
the same concentrations of both these probes (Fig. 2B). Although
the efficiency of the (3+2) cycloaddition and the biotinylation re-
sponse may depend on the geometry of the moiety bearing the azi-
do group and its accessibility, this observation clearly indicates
that the preferable binding mode of 1h is such that its azido group
is exposed to the solvent, is accessible for the (3+2) cycloaddition
reaction, and the resulting biotin-containing adduct is available
for recognition by the Strep–HRP.

We envisioned that denaturing the protein prior to initiating
the (3+2) cycloaddition reaction in case of probe 1b may expose
the alkyl azide, which was previously buried inside the secondary
binding site, thus making it more accessible to the (3+2) cycloaddi-
tion reaction. Photolabeling of HDAC8 with probe 1b followed by
reaction with the biotin tag resulted in a much higher biotinylation
under denaturing conditions as compared to non-denaturing con-
ditions as shown in Figure 2D. To further confirm that the biotinyl-
ation produced 1b under denaturing conditions is primarily due to
interaction of the probe with the binding site of HDAC8, we per-
formed a series of competition experiments between probe 1b
and potent inhibitors SAHA, TSA, PCI34051, and ligand 1f
(Fig. 2E). All of the competitors exhibited a pronounced decrease
in biotinylation of HDAC8 by 1b. Interestingly, despite 100–1000
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fold difference in potency (Table 1), the competing ligands com-
pletely decreased the biotinylation of HDAC8 only at very high
concentrations (low concentrations are not shown), suggesting
that the binding of SAHA, TSA, and PCI34051 to the main catalytic
site only partially obstructs the binding of probe 1b to the second-
ary binding site. We observed that at 50 fold molar excess 1f also
decreased the biotinylation of HDAC8 produced by 1b in a manner
comparable to competition with SAHA, TSA, and PCI34051. Consid-
ering the remarkable difference in potency between 1f and the lat-
ter HDAC inhibitors, the outcome of this photolabeling experiment
appears to strongly indicate that the binding mode of 1b and 1f dif-
fers from that of the ligands that have ZCG.

Next, we investigated if probe 1i can be competed by SAHA,
TSA, PCI34051, and 1f under non denaturing conditions. We ob-
served that similar to probe 1b, probe 1i could be competed out
by SAHA, TSA, or PCI34051 at 25 to 50-fold molar excess concen-
trations as indicated in Figure 2F. The decrease in biotinylation of
HDAC8 observed with 1a and SAHA at 0.25 and 2.5 lM (Fig. 2G)
is strikingly more pronounced than that observed for 1i: SAHA/
TSA/PCI34051 for both 37.5 lM and 75 lM of these ligands. These
observations suggest that unlike the hydroxamate containing
probe 1a, which probably binds primarily to the main catalytic site,
probe 1i is likely to bind to a secondary binding site where its bind-
ing is only partially obstructed by the ligands binding to the main
catalytic site such as SAHA, TSA, or PCI34051. This is consistent
with the experiments conducted with 1b under denaturing condi-
tions. We also observed that ligand 1f is able to compete out probe
1i (Fig. 2H). Due to relatively low potency of 1f and low solubility
the competition is less pronounced than in the case of SAHA, TSA,
and PCI34051. These results further support our hypothesis that
the binding of 1i and other non-hydroxamate inhibitors in Table 1
occurs to the secondary binding site as shown in Figure 1. With 1i
and other probes in this series, we could only conduct the photola-
beling studies since the kinetic experiments would require concen-
trations of the inhibitors at which they were not soluble.

To obtain a preliminary selectivity profile for other HDAC class I
isoform, we measured the inhibition of recombinant HDAC1, 2, and
3 by probes 1h and 1i.19,29 We also assessed the inhibitory effect of
probe 1i on cytoplasmic HDAC6, a representative class II HDAC iso-
form, vs nuclear class I HDACs by monitoring the acetylation status
of a-tubulin and histone H4 in SH-SY5Y cells, respectively.36 Nei-
ther 1h nor 1i inhibited HDAC3 at concentrations up to 66 lM,
whereas HDAC1 and HDAC2 were inhibited by these ligands with
IC50 of 111 and 72 lM and 86 and 79 lM, respectively. The binding
modes of these ligands in HDAC1 and 2 are currently being inves-
tigated. Probe 1i showed a dose dependent increase in acetylation
Figure 3. (A) Western blot detection of acetylation of histone H4 following a 24 h
treatment with probe 1i in SH-SY5Y cells. (B) Western blot detection of acetylation
of a tubulin following a 24 h treatment with probe 1i and ligand 18 in SH-SY5Y
cells. Shown is a representative blot of two or more independent experiments.
status of histone H4 after a 24 h treatment (Fig. 3A). Unlike the
HDAC6 selective compound 18,37 probe 1i did not inhibit the
deacetylation of a-tubulin, suggesting that 1i targets only nuclear
class I HDACs.

In summary, we demonstrated that HDAC8 enzymatic activity
can be inhibited by compounds that lack an active site Zn2+ biden-
tate chelating group. Although the structure and activity require
further optimization, multiple lines of evidence presented in the
Letter indicate that the ligands 1b, 1c, 1f–1i, 2b, and 3b have bind-
ing modes different from those of the parent compounds 1a, 2a,
and 3a and are likely to be positioned ‘upside-down’ in the second-
ary binding site proximal to the main catalytic site. One of the most
potent ‘upside-down’ inhibitors 1i was shown to increase acetyla-
tion of H4 but not a tubulin in SH-SY5Y cells. Studies to expand the
SAR presented in the Letter, to elucidate the key pharmacophore
and auxophore portions, to improve the HDAC8 inhibition and
selectivity, and to co-crystallize HDAC8 with the ‘upside-down’ li-
gands are now in progress.
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28. Octanoic acid (4-benzyloxyphenyl)amide (7). To an ice cooled solution of 6
(0.61 g, 4.2 mmol) in anhydrous dichloromethane was added EDCI (0.9 g,
4.7 mmol) followed by HOBt (0.63 g, 4.7 mmol) and stirred for 1 h. To this, was
then added a solution of 4 (0.023 g, 0.14 mmol) and DIPEA (1.5 mL, 8.5 mmol)
in anhydrous dichloromethane at 0 �C and stirred for 8 h. The reaction mixture
was treated with 2 N aqueous HCl solution and extracted with EtOAc. The
organic layer was washed with saturated aqueous NaHCO3 solution followed
by brine. The organic extracts were dried over Na2SO4, filtered, and
concentrated under reduced pressure. The crude product was further
purified by flash chromatography (90:30 ? 50:50, hexanes:EtOAc) to afford
7 as a light brown solid (0.97 g, 70%). 1H NMR (400 MHz, CDCl3): d 7.44–7.32
(m, 7H), 6.93 (d, J = 8.8 Hz, 2H), 5.05 (s, 2H), 2.34 (t, J = 7.6 Hz, 2H), 1.76–1.69
(m, 2H), 1.34–1.31 (m, 8H), 0.91 (t, J = 6.6 Hz, 3H). 13C NMR (100 MHz, CDCl3): d
171.4, 155.5, 136.9, 131.4, 128.6 (2C), 127.9, 127.4 (2C), 121.7, 115.1, 70.3,
37.6, 31.7, 29.3, 29.0, 25.7, 22.6, 14.1. HRMS (ESI) m/z [M+H]+ calcd for
C21H28NO2 326.2120, found 326.2119.
Octanoic acid [4-(3,5-dimethylbenzyloxy)phenyl]amide (1d). A suspension of 7
(0.95 g, 2.92 mmol) and Pd/C (150 mg, 0.14 mmol) in MeOH was allowed to
react under H2 atmosphere (balloon pressure) at rt for 5 h. The catalyst was
removed by filtration through a pad of celite. The filtrate was evaporated and
the white crystalline phenol 9 (0.63 g, 92%) obtained almost in pure form was
directly used for next reaction.
A mixture of 9 (100 mg, 0.42 mmol), 11 (110 mg, 0.55 mmol), and powdered
K2CO3 (90 mg, 0.64 mmol) in acetone (10 mL) was refluxed for 6 h. The mixture
was cooled to rt and concentrated leaving a residue which was dissolved in
ethyl acetate and washed with water followed by brine. The organic fractions
were dried over Na2SO4, filtered, and concentrated under reduced pressure.
The crude product was purified by flash chromatography (95:05 ? 80:20,
hexanes:EtOAc) to furnish 1d as a white solid (110 mg, 73%). 1H NMR
(400 MHz, CDCl3): d 7.49–7.41 (m, 2H), 7.06 (s, 1H), 6.98–6.92 (m, 4H), 4.97
(s, 2H), 2.35 (s, 6H), 2.34–2.31 (m, 2H), 1.75–1.69 (m, 2H), 1.37–1.31 (m, 8H),
0.91 (t, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CDCl3): d 171.8, 156.0, 138.6 (2C),
137.2, 131.7, 130.0, 125.8 (2C), 122.2 (2C), 115.5 (2C), 70.8, 38.0, 32.1, 29.7,
29.5, 26.2, 23.0, 21.7 (2C), 14.5. HRMS (ESI) m/z [M + H]+ calcd for C23H32NO2

354.2433, found 354.2426.
7-[4-(3,5-Dimethyl-benzyloxy)phenylcarbamoyl]heptanoic acid methyl ester (1f).
A mixture of 8 (100 mg, 0.36 mmol), 11 (107 mg, 0.54 mmol), and powdered
K2CO3 (100 mg, 0.72 mmol) in acetone (10 mL) was refluxed for 6 h. The
mixture was cooled to rt and concentrated leaving a residue which was
dissolved in ethylacetate and washed with water followed by brine. The
organic fractions were dried over Na2SO4, filtered, and concentrated under
reduced pressure. The crude product was purified by flash chromatography
(90:10 ? 80:20, hexanes:EtOAc) to furnish 1f as a white solid (107 mg, 75%).
1H NMR (300 MHz, CDCl3): d 7.42–6.92 (m, 7H), 4.97 (s, 2H), 3.67 (s, 3H), 3.33
(s, 6H), 3.32 (m, 4H), 1.73–1.62 (m, 4H), 1.40 (m, 4H). 13C NMR (75 MHz,
CDCl3): d 174.2, 171.2, 155.5, 138.1 (2C), 136.7, 131.3, 129.5, 125.3 (2C), 121.6
(2C), 115.0 (2C), 70.3, 51.4, 37.2, 33.9, 28.7, 28.6, 25.4, 24.6, 21.2 (2C). HRMS
(ESI) m/z [M+H]+ calcd for C24H32NO4 398.2331, found 398.2337.
7-[4-(3,5-Dimethylbenzyloxy)phenylcarbamoyl]heptanoic acid tert-butyl ester
(1g). An ice cooled solution of 1f (50 mg, 0.126 mmol) in THF–MeOH (5 mL,
1:1) was treated with 2 N NaOH solution (130 lL, 0.25 mmol) and the reaction
mixture was allowed to stir at rt for 1 h. The reaction was diluted with ethyl
acetate (10 mL) and acidified with 2 N HCl (5 mL). The organic layer was
separated, dried over Na2SO4, filtered, and evaporated under reduced pressure.
The crude acid obtained as white solid (40 mg, 85%) was directly used for next
reaction without further purification.
To a solution of acid (40 mg, 0.1 mmol) in CH2Cl2 (5 mL) were added oxalyl
chloride (50 lL, 0.53 mmol) and one drop of dry DMF. The reaction mixture
was stirred at rt for 8 h and a solution of tert-butanol (135 lL, 1.25 mmol) in
CH2Cl2 (2 mL) and triethylamine (45 lL, 0.31 mmol) were added. The reaction
mixture was stirred at rt for 12 h and concentrated under reduced pressure.
The residue was purified by flash chromatography (90:10 ? 70:30,
hexanes:EtOAc) to give 1g as a semi solid (20 mg, 44%). 1H NMR (400 MHz,
CDCl3): d 7.43–7.41 (d, J = 8.8 Hz, 2H), 7.30–7.28 (m, 1H), 7.05 (bs, 1H), 6.97–
6.93 (m, 4H), 4.97 (s, 2H), 2.36 (s, 6H), 2.35–2.20 (m, 4H), 1.67–1.61 (m, 4H),
1.45 (s, 9H), 1.43–1.27 (m, 4H). 13C NMR (100 MHz, CDCl3): d 173.3, 171.2,
155.6, 138.1 (2C), 136.7, 131.2, 129.6, 125.3 (2C), 121.6 (2C), 115.1 (2C), 80.0,
70.4, 37.4, 35.4, 33.8, 28.7, 28.1 (3C), 25.4, 24.8, 21.2 (2C). HRMS (ESI) m/z
[M+H]+ calcd for C27H38NO4 440.2801, found 440.2802.
7-[4-(3-Azido-5-azidomethylbenzyloxy)phenylcarbamoyl]heptanoic acid tert-
butyl ester (1c). Compound 1c (18 mg, 64% overall) was prepared from 1b
(50 mg, 0.107 mmol) following the same procedure described for 1g. 1H NMR
(400 MHz, CDCl3): d 7.45–7.41 (d, J = 8.4 Hz, 2H), 7.16–7.09 (m, 3H), 6.94–6.92
(m, 2H), 5.05 (s, 2H), 4.38 (s, 2H), 2.36–2.34 (s, 2H), 2.23 (m, 2H), 1.75 (m, 2H),
1.61 (m, 2H), 1.46 (s, 9H), 1.40 (m, 4H). 13C NMR (100 MHz, CDCl3): d 173.2,
171.1, 155.0, 141.1, 139.8, 137.8, 131.6, 123.1, 121.6 (2C), 118.0, 117.5, 115.2
(2C), 80.0, 69.4, 54.2, 37.4, 35.4, 28.7, 28.6, 28.1 (3C), 24.9, 24.8. HRMS (ESI) m/z
[M+H]+ calcd for C26H34N7O4 508.2672, found 508.2673.
(3-Amino-5-methoxyphenyl)methanol (13). To a solution of 12 (5 g, 0.03 mol) in
anhydrous THF (100 mL) was added LiALH4 (2.3 g, 0.06 mol) in portions at 0 �C.
The reaction mixture was stirred overnight, cooled to 0 �C, and quenched by
slow addition of aqueous KOH solution (20%, 5 mL) followed by ethyl acetate
(50 mL). The mixture was filtered through a pad of Celite and rinsed with ethyl
acetate. The filtrate was dried over Na2SO4, filtered, and concentrated under
reduced pressure. The crude was purified by flash chromatography
(60:40 ? 40:60, hexanes:EtOAc) to give compound 13 as a pale yellow solid
(2.75 g, 60%). 1H NMR (400 MHz, CDCl3): d 6.38 (s, 1H), 6.34 (s, 1H), 6.31 (s, 1H),
4.39 (s, 2H), 3.79 (s, 3H), 3.77 (s, 2H). 13C NMR (100 MHz, CDCl3): d 160.61,
147.49, 143.13, 105.90, 102.04, 99.87, 64.98, 54.78.
(3-Azido-5-methoxyphenyl)methanol (14). To a solution of 13 (1.75 g,
11.46 mmol) in glacial acetic acid AcOH/H2SO4 (98% w/v)/water (4:1:5)
(15 mL) was added NaNO2 (1.58 g, 22.93 mmol) in portions at 0 �C and
stirred for 10 min. NaN3 (2.24 g, 34.4 mmol) was then added portion wise at
0 �C and the resulting mixture was stirred for 5 h at rt. The reaction was
quenched with saturated aqueous NaHCO3 solution and extracted with EtOAc
(3 � 30 mL). The combined organic extracts were washed with brine, dried
(Na2SO4), filtered, and concentrated under reduced pressure. The crude was
purified by flash chromatography (70:30 ? 50:50, hexanes:EtOAc) to give
compound 14 as a pale yellow oil (1.88 g, 90%). 1H NMR (400 MHz, CDCl3): d
6.69 (s, 1H), 6.65 (s, 1H), 6.47 (s, 1H), 4.64 (s, 2H), 3.81 (s, 3H), 2.26 (bs, 1H). 13C
NMR (100 MHz, CDCl3): d 160.93, 144.02, 141.43, 109.46, 108.85, 104.02,
64.68, 55.45.
Toluene-4-sulfonic acid 3-azido-5-methoxybenzyl ester (15). To a solution of 14
(1.88 g, 10.49 mmol) in anhydrous dichloromethane was added triethylamine
(2.92 mL, 20.98 mmol) followed by tosyl chloride (2.20 g, 11.54 mmol) at 0 �C
portion wise. The reaction mixture was stirred for 30 min at the same
temperature. After completion of the reaction, the mixture was concentrated
under reduced pressure and the residue was immediately purified by flash
chromatography (90:10 ? 80:20, hexanes:EtOAc) to give 15 as a white solid
(1.75 g, 70%). 1H NMR (400 MHz, CDCl3): d 7.82(d, J = 8.2 Hz, 2H), 7.36 (d,
J = 8.2 Hz, 2H), 6.58 (s, 1H), 6.50 (s, 1H), 6.47 (s, 1H), 5.01 (s, 2H), 3.78 (s, 3H),
2.47 (s, 3H). 13C NMR (100 MHz, CDCl3): d 160.91, 145.04, 141.68, 136.24,
133.09, 129.90, 127.99, 110.95, 110.39, 105.40, 71.05, 55.52, 21.66.
7-[4-(3-Azido-5-methoxybenzyloxy)phenylcarbamoyl]heptanoic acid methyl ester
(16). To a solution of 15 (0.72 g, 2.15 mmol) and 8 (0.50 g, 1.79 mmol) in dry
acetone (8 mL) was added K2CO3 (1.48 g, 10.74 mmol) at ambient temperature,
and the reaction mixture was refluxed for 12 h. The mixture was poured into
water and extracted with EtOAc (3 � 30 mL). The organic layer was washed
with water, dried over Na2SO4, and evaporated under reduced pressure. The
residue was purified by flash chromatography (90:10 ? 70:30, hexanes:EtOAc)
to afford 5 as a white solid (0.56 g, 75%). 1H NMR (400 MHz, CDCl3): d (ppm)
7.43 (d, J = 8.8 Hz, 2H), 7.24 (s, 1H), 6.92 (d, J = 8.8 Hz, 2H), 6.76 (s, 1H), 6.72 (s,
1H), 6.51 (s, 1H), 5.01 (s, 2H), 3.82 (s, 3H), 3.68 (s, 3H), 2.32 (m, 4H) ,1.69 (m,
4H), 1.35 (m, 4H). 13C NMR (100 MHz, CDCl3): d 174.25, 171.11, 160.99, 155.15,
141.56, 140.18, 131.57, 121.65, 115.18, 110.01, 109.51, 104.32, 69.69, 55.49,
51.51, 37.42, 33.95, 28.77, 28.31, 25.39, 24.69.
7-[4-(3-Azido-5-methoxybenzyloxy)phenylcarbamoyl]heptanoic acid (17). To a
solution of 16 (0.26 g, 0.59 mmol) in THF/MeOH (1:1, 5 mL) was added 4 N
KOH (0.43 mL, 1.78 mmol) at rt, and stirred for 24 h. The mixture was
neutralized with 2 N HCl and extracted with EtOAc. The combined organic
extracts were washed with brine, dried (Na2SO4), filtered, and concentrated
under reduced pressure. The crude 17 obtained as a yellow solid (0.24 mg, 98%)
was used for next reaction without any further purification.
7-[4-(3-Azido-5-methoxybenzyloxy)phenylcarbamoyl]heptanoicacid-4-
azidomethylbenzyl ester (1i). To an ice cooled solution of 17 (0.05 g, 0.18 mmol)
in anhydrous dichloromethane was added EDCI (0.038 g, 0.18 mmol) followed
by HOBt (0.024 g, 0.18 mmol) and stirred for 1 h. To this, was then added a
solution of [4-(azidomethyl)phenyl]methanol (0.023 g, 0.14 mmol) and DIPEA
(61.3 lL, 0.35 mmol) in anhydrous dichloromethane at 0 �C and stirred for
12 h. Saturated aqueous NaHCO3 solution was added to the reaction mixture
and extracted with EtOAc. The organic layer was washed with water, dried
over Na2SO4, and evaporated under reduced pressure. The residue was purified
by flash chromatography (90:10 ? 70:30, hexanes:EtOAc) to afford 1i as a
white solid (0.02 g, 68%). 1H NMR (400 MHz, CDCl3): d 7.43 (d, J = 8.8 Hz, 2H),
7.38 (d, J = 8.8 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.15 (s, 1H), 6.93 (d, J = 8.0 Hz,
2H), 6.77 (s, 1H), 6.72 (s, 1H), 6.51 (s, 1H), 5.14 (s, 2H), 5.01 (s, 2H), 4.36 (s, 2H),
3.83 (s, 3H), 2.38 (t, J = 7.6 Hz ,2H), 2.31 (t, J = 7.6 Hz ,2H), 1.69 (m, 4H), 1.38 (m
,4H). 13C NMR (100 MHz, CDCl3) d 173.53, 171.03, 160.99, 155.16, 141.57,
140.18, 136.25, 135.38, 131.54, 128.65, 128.40, 121.63, 115.19, 110.01, 109.51,
104.32, 69.69, 65.66, 55.49, 55.46, 37.41, 34.15, 28.69 (2C), 25.38, 24.27. HRMS
(ESI) m/z [M+H]+ calcd for C30H34N7O5 572.2621, found 572.2625.
7-[4-(3-Azido-5-methoxybenzyloxy)phenylcarbamoyl]heptanoicacid-2-azidoethyl
ester (1h). Compound 1h was prepared by a coupling reaction between acid 17
and 2-azido ethanol following the same procedure described for probe 1i.
White solid, 65% yield. 1H NMR (400 MHz, CDCl3) d 7.43 (d, J = 8.8 Hz, 2H), 6.93
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(d, J = 8.8 Hz, 2H), 6.75 (s, 1H), 6.71 (s, 1H), 6.50 (s, 1H), 5.00 (s, 2H), 4.25 (t,
J = 4.8 Hz, 2H), 3.82 (s, 3H), 3.48 (t, J = 4.8 Hz, 2H), 2.38 (m, 4H), 1.69 (m, 4H),
1.40 (m, 4H). 13C NMR (100 MHz, CDCl3): d 173.40, 171.11, 160.99, 155.15,
141.55, 140.18, 131.57, 121.67, 115.17, 110.01, 109.51, 104.31, 69.69, 62.83,
55.48, 49.80, 37.39, 33.95, 28.69, 28.69, 25.38, 24.57. HRMS (ESI) m/z [M+H]+

calcd for C24H30N7O5 496.2308, found 496.2318.
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32. Verdonk, M. L.; Cole, J. C.; Hartshorn, M. J.; Murray, C. W.; Taylor, R. D. Proteins

2003, 52, 609.
33. Brunsteiner, M.; Petukhov, P. A. J. Mol. Model. 2012.
34. Photoaffinity labeling protocol: The probes or probe/competitor mixture was

incubated with human recombinant HDAC8 (purified from E. coli) for 3 h in
photolabeling buffer (25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl,
1 mM MgCl2, 0.1% Triton-X), exposed to 254 nm UV light 3 � 1 min with 1 min
resting. In case of denaturation experiments, post photocrosslinking, a solution
of sodium dodecyl sulfate in water was added to a attain final concentration of
2% w/v. Biotin tag BT was attached to HDAC8-probe adduct using the (3 + 2)
cycloaddition reaction catalyzed by TBTA and Cu(I) produced in situ from
CuSO4 and TCEP. The final concentrations of BT, TCEP, TBTA, and CuSO4 are
50 lM, 0.5 mM, 0.1 mM, and 1 mM respectively. After 60 min of incubation at
rt, protein samples were analyzed by SDS-PAGE and western blot using an
antibiotin primary antibody, streptavidin conjugated to horseradish
peroxidase (Pierce, Rockford, IL), and ECL (Pierce, Rockford, IL). The
membranes were then stripped in 0.2 M glycine, pH 2.6 for 10 min, and then
in 0.2 M glycine, pH 2.3 for another 10 min, before being reblocked and
redecorated with an anti-HDAC8 primary antibody and an antirabbit-HRP
secondary antibody. Western blotting was done with 0.5 lg of purified protein
with 5� loading buffer containing 10% SDS, 0.05% bromophenol blue, 50%
glycerol, and b-mercaptoethanol. Protein samples were boiled for 5 min and
allowed to cool before loading on a denaturing 10% polyacrylamide gel
electrophoresis (SDS PAGE). After electrophoresis, protein was transferred to a
polyvinylidiene difluoride membrane (Imobilon-Millipore, Bedford, MA). The
membrane was incubated for 1 h with 3% albumin fraction V (USB, OH) and
washed three times with 1x phosphate buffer saline supplemented with 0.1%
of Tween-20 (PBS-T). The membrane was then incubated with an anti-HDAC8
antibody (1:3000) for 1 h under rt with slight agitation. After three washes in
PBS-T, the membranes were incubated with a secondary antibody antirabbit-
HRP for 1 h at rt. The signals were detected using the enhanced
chemiluminescence (ECL) kit from Pierce (Pierce Biotechnology, Rockford, IL).

35. Dowling, D. P.; Gattis, S. G.; Fierke, C. A.; Christianson, D. W. Biochemistry 2010,
49, 5048.

36. Cell Culture and western blot protocol: SH-SY5Y cells seeded at 1.0 x 105 cells/
well in 6 well plates and grown to 80% confluence in 1:1 DMEM:OPTI-MEM
(Gibco) supplemented with 10% FBS (Gibco), 1% Antibiotic–Antimyctotic
(Gibco), and 1% penicillin–streptomycin (Mediatech). Cells were treated with
either vehicle, increasing concentrations of 1i, or HDAC6-selective compound
18. Cells were maintained at 37 �C and 5% CO2 for 24 h after treatment. Cells
were lysed using 1� RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing 1:100 dilutions of
protease inhibitor cocktail (Sigma) and 1:100 dilution of phosphatase inhibitor
(Sigma) with shearing. Lysates were clarified through centrifugation at
13,000 rpm at 4 �C. Total protein concentration was determined via the BCA
Protein Assay Kit (Pierce). Lysates were stored at �20 �C until later use. Sample
vials were prepared by aliquoting 20 lg of total protein and adding 4� Sample
Buffer with 10% b-mercaptoethanol. Sample vials were boiled for 5 min, cooled
to RT, and separated by gel electrophoresis at 80 V. Proteins in the gel were
transferred to PVDF membrane in 4 min using the Invitrogen iBlot system.
Membranes were blocked using 5% Milk in PBS-T and probed using anti-
GAPDH (1:5000), anti-acetyl a-tubulin, or anti-acetyl histone H4 (1:1000)
overnight at 4 �C. Membranes were incubated with either anti-mouse (1:5000)
or anti-rabbit (1:5000) in 5% milk in PBS-T. Results were visualized using
Femto chemiluminescent substrate (Pierce) in CCD camera. HRP-conjugated
anti-rabbit IgG (H+L) was purchased from GE (Piscataway, NJ). Anti-acetyl a-
tubulin was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). All
other antibodies (anti-GAPDH, anti-acetyl histone H4, and HRP-conjugated
anti-mouse IgG (H+L)) were purchased from Millipore.

37. Butler, K. V.; Kalin, J.; Brochier, C.; Vistoli, G.; Langley, B.; Kozikowski, A. P. J.
Am. Chem. Soc. 2010, 132, 10842.
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