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Fig. (26). PP1 and PP2A inhibitors.
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Rational Design of Non-Hydroxamate Histone Deacetylase Inhibitors
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Abstract: While most inhibitors of histone deacetylases (HDACs) are hydroxamic acid derivatives, several non-
hydroxamates have recently been developed as inhibitors and attracted quite a deal of attention. In this review, we present
the rational design, inhibitory effect and antiproliferative activity of non-hydroxamate HDAC inhibitors.

Keywords: Histone deacetylase, inhibitor, hydroxamic acid, non-hydroxamate, zinc enzyme, rational drug design, anticancer

agent.

INTRODUCTION

In eukaryotes, genetic information is packed in a higher
order structure called the chromatin. The fundamental
building blocks of chromatin are nucleosomes where
genomic DNA is wrapped tightly around core histones [1, 2].
Post-transcriptional modifications of the histones are
associated with alterations of chromatin structure that can
effect gene expression [3]. The motion that gene expression
is regulated by modifications to histones, the so called
“histone-code hypothesis” [4, 5], is based on the assumption
that these modifications create a specific pattern of
substitutions. Acetylation is by far the most studied specific
histone modification. The acetylation of specific histone
lysine residues is catalyzed by histone acetyltransferases
(HATS). Histone acetylation is a reversible process that is
regulated by the opposing activities of HATs and histone
deacetylases (HDACs) (Fig. 1). In general, hyperacetylation
of histone lysine residues correlates with transcriptional
activation whereas deacetylation relates to transcriptional
silencing [6-9]. '

+

HN NH;

.

transcriptional repression form

HAT || HDAC
o
0
g U
HN NT o

e

transcriptional activation form

Fig. (1). Reversible acetylation of specific histone lysine residues.
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The inhibition of HDACs causes histone
hyperacetylation and leads to the transcriptional activation of
genes such as p2 1"V (10], FAS and caspase-3 [11]
which are associated with cell cycle progression,
differentiation or tumorigenesis. Therefore, HDAC inhibitors
have emerged as a new generation of anticancer agents.
Indeed, HDAC inhibitors such as suberoylanilide
hydroxamic acid (SAHA) [12] (Fig. 2) are currently in phase
11 clinical trials for the treatment of cancer. To date, a
number of structurally diverse HDAC inhibitors have been
reported [13-18]. To the best of our knowledge, previously
reported HDAC inhibitors predominantly rely on
hydroxamic acid structures like SAHA, Trichostatin A
(TSA) [19, 20] and 3-(4-aroyl-1H-2-pyrrolyl)-N-hydroxy-2-
propenamides such as 1 and 2 [21] (Fig. 2) to achieve the
desired effect. However, hydroxamic acids are often poorly
absorbed in vivo and carry potential metabolic liabilities such
as glucoronidation and sulfation [22, 23]. Furthermore, many
hydroxamates are prone to hydrolysis in vivo giving
hydroxylamine which has potential mutagenic properties
[24]. Thus, there has been considerable interest in
developing non-hydroxamate HDAC inhibitors. Until very
recently, known non-hydroxamate HDAC inhibitors were
small fatty acids such as sodium butyrate and valproic acid,
and o-aminoanilides such as MS-275 (Fig. 3) [25-34].
However, most of these are less potent than hydroxamates.
Therefore, we and others have searched for replacements for
hydroxamic acid with the goal of producing new drugs as
well as finding new tools for biological research, and have
identified several non-hydroxamate HDAC inhibitors [35-
44]. In this review, the rational design and biological activity
of non-hydroxamate HDAC inhibitors are presented.

THREE-DIMENSIONAL STRUCTURE AND
CATALYTIC MECHANISM OF HDAC

In 1999, Finnin and co-workers published the X-ray
crystal structure of an archaebacterial HDAC homologue
(HDAC-like protein, HDLP)/SAHA or TSA [45]. It was
revealed that the enzyme contains a zinc ion at the bottom of
its active site and that the hydroxamic acid group coordinates
the zinc ion through its CO and OH groups and also forms
three hydrogen bonds between its CO, NH and OH groups
and Tyr 297, His 132 and His 131, respectively (Fig. 4). The
disclosure has led to a solid understanding of not only the
three-dimensional structure of the active site of HDACs but

© 2006 Bentham Science Publishers Ltd.
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Fig. (2). Hydroxamate HDAC inhibitors.

also the catalytic mechanism for the deacetylation of
acetylated lysine substrates. The proposed mechanism is
depicted in Fig. 5. The carbonyl oxygen of the substrate
could bind the zinc, and the carbonyl could be located
adjacent to the water molecule that chelates the zinc ion. The

0
o Me

Me/\/u\ ONa

OH

Me

sodium butyrate valproic acid

Fig. (3). Structures of sodium butyrate, valproic acid and MS-275.

carbonyl carbon, which becomes a better electrophile
through its chelation with the zinc ion, could be attacked by
the water molecule activated by His 140 (HDACI
numbering) and the zinc ion. The nucleophilic attack would
result in a tetrahedral carbon-containing transition state,
which could be stabilized by two zinc-oxygen interactions
and by a hydrogen bond from the Tyr 303 hydroxyl group. In
the final step, a proton transfer from His 141 to the nitrogen
of the intermediate would trigger the scission of the carbon-
nitrogen bond and yield the acetate and lysine products. The
crystal structures of human HDACS8 complexed with
hydroxamic acid inhibitors, reported recently [46, 47], also
supported such a catalytic mechanism of HDACs.

MOLECULAR DESIGN OF NON-HYDROXAMATE
HDAC INHIBITORS

Structure-Based Drug Design

On the basis of the three-dimensional structure of the
active site of the enzyme, SAHA-based non-hydroxamates
were designed and synthesized as HDAC inhibitors (Fig. 6).
As mentioned above, the co-crystal structure of
HDLP/hydroxamate or HDAC8/hydroxamate made it clear
that the hydroxamic acid group chelates the zinc ion in a
bidentate fashion and forms hydrogen bonds with tyrosine
and two histidines [45-47] (Fig. 7a). As bidentate zinc-
binding groups (ZBGs), we designed SAHA-based
hydroxyurea (3), semicarbazide (4) and hydroxysulfonamide

(5) [35, 38], which could coordinate the zinc ion bidentately
and could also form hydrogen bonds with tyrosine and two
histidines like hydroxamic acid (Fig. 7b). We also designed
monodentate ZBGs. Thiol 6, thioacetate 7 and methylsulfide
8 were designed based on the high thiophilicity of zinc ion

(o]
A 0 /U\ N NH,
| H g
P N
N
O
MS-275

[36, 38]. In particular, thiol could interact not only with zinc
ion but with amino acid residues in the active site. Another
newly designed mondentate ZBG is sulfoxide (9) [39]. Since
sulfoxide has a partial negative charge on its oxygen, it is
estimated to chelate zinc ion and inhibit HDACs. Irreversible
HDAC inhibitors were also designed based on the three-
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Fig. (4). SAHA in the catalytic core of HDLP.
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Fig. (5). Proposed catalytic mechanism for the deacetylation of acetylated lysine.
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3:R=-NHCONHOH,n=35
4:R =-NHCONHNH,,n=5
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6:R=-SH,n=6
7:R=-SAc,n=6
8:R=-SMe,n=6
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Fig. (6). SAHA-based non-hydroxamate compounds designed
based on the three-dimensional structure of HDAC.

dimensional structure of the active site of HDLP or HDACS.
As described above, the crystal structures of the
HDLP/hydroxamate and HDACS8/hydroxamate complexes
revealed that the active site of HDAC:s is constructed mainly
from nucleophilic amino acids such as histidine and asparatic
acid [45-47). Since the imidazole group of histidine and the
carboxylate anion of asparatic acid are able to react with
electrophiles, we designed analogues bearing propargyl
amino (10, 11) and bromoacetamide (12) which could form
covalent bonds with histidines or asparatic- acids of the
enzyme [35, 38]. Schultz and co-workers also designed N-

formyl hydroxylamine 13 on the basis of the co-crystal
structure of HDLP/SAHA or HDLP/TSA [40]. Compounds
bearing N-formyl hydroxylamine could inhibit HDACs by
forming a bidentate chelate with the zinc ion in the active
site of HDAC:s.

Mai and co-workers designed several non-hydroxamates
based on the structure of 1 or 2, hydroxamate HDAC
inhibitors identified by them (Fig. 8) [21]. Some hydroxamic
acid-like derivatives 14-22 bearing O-methylhydroxamate
(14), hydrazine (15), 2-hydroxyethylamide (16), o-
hydroxyanilide (17), monophosphonic acid (18), nitrile (19),
barbiturate (20), thiobarbiturate (21) and amidine (22)
moieties are able to chelate the zinc ion and are expected to
nhibit HDACs.

Mechanism-Based Drug Design

We and other groups designed SAHA-based non-
hydroxamates based on the proposed catalytic mechanism
for the deacetylation of acetylated lysine residues (Fig. 9).
We initially designed substrate analogues based on the
proposed deacetylation mechanism whereby a zinc-chelating
water molecule activated by histidine makes a nucleophilic
attack on the carbonyl carbon of an acetylated lysine
substrate (Fig. 10a) [45-47]. With this mechanism, the
HDACs would supposedly be inhibited if the water molecule
is forcibly removed from the zinc ion, and then heteroatom-
containing substrate analogues 23-26 were designed [37,
38]. These analogues would be recognized as substrates by
HDAC:s and be easily taken into the active site where they
would force the water molecule off the zinc ion and the
reactive site for deacetylation through chelation of the
heteroatom to the zinc ion, and behave as HDAC inhibitors
(Fig. 10b).

The other design was based on the transition state (TS)
structure of HDAC deacetylation, which was estimated to
include a tetrahedral carbon [45-47] (Fig. 11a) as with other
zinc proteases [48]. TS analogue inhibitors were designed
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Fig. (7). Model for the binding of SAHA (a) and hydroxamic acid mimics 3-5 in the catalytic core of HDACI.

independently by us [37, 38] and Etzkorn et al [49].
Phosphone- and sulfone-based SAHA analogues could be TS
analogue inhibitors because they have sufficient similarity
with the TS of amide bond hydrolysis (Fig. 11b and 11c¢),
both from a steric and an electronic point of view [50]. Then,
compounds 27-31, in which a hydroxamic acid of SAHA is
replaced by sulfonamide, sulfone, phosphonamidate, phos-
phonate and phosphinate, respectively, were designed as TS
analogues. Frey and co-workers at Abbott designed
electrophilic ketones such as 32 and 33 [41-44]. The
hydrated form of electrophilic ketones could act as a TS
analogue and coordinate the zinc ion in the active site of
HDACs [51] (Fig. 11d).
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H
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Fig. (8). Non-hydroxamates designed based on the structure of 1 or 2.

ENZYME INHIBITORY ACTIVITY

Compounds 3-33 were tested with an in vitro enzyme
assay. Compound 34 [32], where the hydroxamic acid of
SAHA is replaced with o-aminoanilide, was prepared and
tested as a reference compound. The results are summarized
in Tables 1-3.

Table 1 shows the inhibitory activity toward human
HDACs of SAHA-based non-hydroxamates 3-13 designed
based on the three-dimensional structure of HDAC. The IC;s,
values of SAHA and o-aminoanilide 34 were 0.28 uM and
120 pM, respectively. Among newly synthesized compounds
3-5, which were designed as compounds with bidentate

OMe ,n=1
19:R= %7 CN  ,n-0
H
o. _N__o
NH, Y
=1 NH
20: R= n=1
0
H
o_ _N__s

21:R=

,n=1
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23: R =-NHCOCH;NH; n=5
24: R =-NHCOCH,OH,n=5
25:R =-NHCOCH,SH,n=5
26: R =-NHCOCH,8Ac¢,n=5
27:R =-NHSO;Me,n =5
28:R =-SO,Me, n= 6

LiO

Me B=5

]
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33: R =-COCONHMe,n=6

Fig. (9)- SAHA-based non-hydroxamates designed based on the catalytic mechanism for the deacetylation of acetylated lysine substrates.

ZBGs, hydroxyurea 3 and semicarbazide 4 showed expected. Although the inhibitory ability of monodentate
inhibitory activity although they were much less effective ZBGs was thought to be less than that of bidentate ZBGs
than SAHA [35, 38]. As to the compounds with monodentate such as hydroxamic acid, a pronounced inhibitory effect
ZBGs (6-9), the activity of thiol 6 was far greater than

acetylated lysine substrate heteroatom-substituted substrate analogue
e Ph
- X o HN~ e
o 0
,0 NH
e O MH 0. __NH
/ N CH;, A \ L ‘
\ — 7z 2z
0-He /X /v x
H N O~-H
“\h H s
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Fig. (10). Mechanism proposed for the deacetylation of acetylated lysine substrate (a), and model for the binding of hetero atom-containing
substrate analogues to zinc ion (b).
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Fig. (11). Transition state proposed for HDACs (a), and models for the binding of sulfone derivatives (b), phosphone derivatives (c) and

hydrated electrophilic ketones (d).

Tablel. HDAC Inhibition Data for SAHA and SAHA-Based
Non-Hydroxamtes 3—13 and 34 [35, 38, 40]
H
_N
Ph ﬁ R
O
Compd. R n ICx (uM)*
SAHA -CONHOH 6 0.28
NH,
H
N
34 \n/ 6 120
O
3 ~NHCONHOH 5 80
4 ~NHCONHNH, 5 150
5 -SO,NHOH 6 > 100
6 ~-SH 6 0.21
7 -SAc 6 7.1
8 ~SMe 6 > 100
9 -S(O)Me 6 48
H =
10 _N \// 6 >100
f——_——":
11 —N 6 > 100
=
12 ~NHCOCH,Br 6 14
H o 40
13 \f 6 .
N ol 11

“Activity against a mixture of HDACs in HeLa nuclear extracts. *Activity against
HDAC2.  Activity against HDACS.

(ICs = 0.21 pM) was observed with thiol 6 [36, 38], which
was much more active than o-aminoanilide 34 and as potent
as SAHA. The transformation of thiol into thioacetate (7)
and methylsulfide (8) led to an inhibitor that was about 30-
fold less potent and a compound devoid of anti-HDAC
activity, respectively. These results suggest that the thiolate
anion generated under physiological conditions is intimately
involved in the interaction with the zinc ion in the active site.
In addition, sulfoxide 9, the other compound with a
monodentate ZBG, inhibited HDACs with an ICsq of 48 uM
[39]. Of the three compounds designed as irreversible
HDAC inhibitors (10-12), bromoacetamide 12 exhibited an
ICsp of 14 uM and its activity was about 9-fold as strong as
that of o-aminoanilide 34, but much weaker than that of
SAHA [35, 38]. N-Formyl hydroxylamine 13 was reported
by Schultz et al to inhibit HDAC2 and HDACS with ICsgs of
11 uM and 4.0 uM, respectively [40].

Another series of non-hydroxamates 14-22 were
evaluated for their inhibitory activity against maize histone
deacetylase HD2 (Table 2). Among these compounds, nitrile
19 and amidine 22 displayed anti-HDAC activity with ICses
of 27 uM and 23 pM, respectively, although they were 6- to
7-fold less potent than their reference compound 1 [21].

Table 3 shows the inhibitory activity toward human
HDACs of SAHA-based non-hydroxamates 23-33 designed
based on the catalytic mechanism for the deacetylation of
acetylated lysine substrate. We initially investigated the
inhibitory activity of hetero atom-containing substrate
analogues 23-26. Potent inhibition was observed with
mercaptoacetamide 25, while aminoacetamide 23 and
hydroxyacetamide 24 did not possess inhibitory activity [37,
38]. Mercaptoacetamide 25 exhibited an ICsy of 0.39 uM,
and its activity greatly surpassed that of o-aminoanilide 34
and was comparable to that of SAHA. As expected, the
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Table2. HDAC Inhibition Data for 1, 2 and 14-22 [21] whereas sulfone derivatives 27 and 28, and phosphorus
o analogues 29,30 and 31 were found to be less potent
- inhibitors [37, 38, 41-44, 49].
n \ N R Table3. HDAC Inhibition Data for SAHA and SAHA-Based
Non-Hydroxamtes 23-34 [37, 38, 41, 42, 49]
N
Me H
_N
Compd. R n ICs (uM)* Ph \n’H;R
(6]
H
N ~
1 “a/\l( OH 0 3.8
0 Compd. R n 1Cso (uV)*
II;II SAHA —CONHOH 6 0.28
2 '111‘/\"’ OH 1 0.1 L
0 N
- 34 \n/ 6 120
N\ o
14 nﬁﬁ/\ﬂ/ OMe 1 NP
o 23 ~NHCOCH,NH, 5 > 100
g\ 24 ~NHCOCH,OH 5 > 100
15 W NH, ! >3 25 ~NHCOCH,SH 5 039
° 26 —-NHCOCH,SAc 5 22
H
N 27 —NHSO,M 5 7500
16 Hh/\n/ ~on | o >30¢ i
o 28 —S0:Me 6 230
OH (.)Li
H 29 ~_.P 5 570
N PR 2N
17 R/\[r 1 NI N o Me
o OLi
i
OH 30 ~ _.P. 5 6100
1 _OEt ) O "1 Me
18 nh/\ P 1 NI
n .
(o] OLi
1
31 P, 5 6100
CN < u Me
19 "'(\ 0 27 “
H b
o N o 32 ~COCF, 6 6.7
\f 33 ~COCONHMe 6 0.34°
20 NH 1 100
‘Activity against a mixture of HDACs in HeLa nuclear extracts. “Activity against a
1'1-. mixture of HDAC1 and HDAC2.
o
H We also studied the mechanism by which thiol 6 and
o N s mercaptoacetamide 25 inhibit HDACs in greater detail [37,
\f 38]. Although the sulfhydryl group of 6 and the mercapto-
21 NH 1 85 ) . L
acetamide group of 25 were designed to chelate zinc ion, it is
" possible that they inhibit HDACs by forming a covalent
o disulfide bond with cysteine residues on these enzymes. We
/YNH examined this possibility using a Lineweaver-Burk plot.
22 W 0 23 First, a kinetic enzyme assay was carried out using
NH; compound 6 (Fig. 12). The data from this experiment

“Activity against maize HD2. *NI = no inhibition at 30 uM. °0.2% inhibition at 33.8
UM. “0.9% inhibition at 30.5 uM.

transformation of thiol into thioacetate (26) led to a much
less potent inhibitor. These results suggest that the ease of
ionization of thiol is an important factor in the inhibition of
HDACs like the case of thiol 6. Among TS analogues,
electrophilic ketones 32 and 33 showed significant inhibitory
activity (ICso of 32 = 6.7 uM, ICs of 33 = 0.34 uM),

revealed that thiol 6 engages in competitive inhibition with
acetylated lysine substrates, with an inhibition constant (Ki)
of 0.11 pM. Since cysteine is not a component of the active
site of HDACs, the sulfhydryl group of 6 likely interacts
with the zinc in the active site. Since thiol 6 proved to be a
competitive inhibitor and to act within the active center of
HDAC S, its mode of binding within this site was studied.
The low energy conformation of 6 was calculated when
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docked in the model structure based on the X-ray crystal data
of HDACS using Macromodel 8.1 software. An inspection of
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1/[substrate] (pM")

Fig. (12). Reciprocal rate vs reciprocal acetylated lysine substrate
concentration in the presence of 0.3 (@), 0.1 (&), 0.03 (&), and 0
(O)pM of 6.

the HDAC8/6 complex shows that the sulfur atom of 6 was
located 2.35 A from the zinc ion, 2.24 A from the OH group
of Tyr 306, and 2.66 A from a water molecule which forms a
hydrogen bond with the imidazole group of His142 (Fig. 13).
These results suggest that thiol 6 strongly inhibits HDACs
by interacting directly with zinc ion, Tyr 306, and His 142

via a water molecule.
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Fig. (13). Low energy conformation of 6 docked in the HDACS8
catalytic core.

Next, a Lineweaver-Burk plot was drawn for
mercaptoacetamide 25 (Fig. 14). Compound 25 turned out to
be an inhibitor competitive with acetylated lysine substrates
(Ki = 0.78 uM). The low energy conformation of 25 docked
in the catalytic core of HDACS8 was also calculated. It was
found that the sulfur atom and oxygen atom of 25 were
located 2.44 A and 2.04 A from the zinc ion, respectively,
and that a water molecule, which is required for the
deacetylation of acetylated lysine substrates, was positioned
4.95 A apart from the zinc ion (Fig. 15). This calculation
suggests that 25 inhibits HDACs by chelating the zinc ion in
a bidentate fashion through its sulfur and oxygen atoms, and
by removing a water molecule from the zinc and the reactive
site for the deacetylation, without being hydrolyzed by
HDACs.

Suzuki and Miyata

0.04
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Fig. (14). Reciprocal rate vs reciprocal acetylated lysine substrate
concentration in the presence of 1 (@), 0.3 (A), 0.1 (8), and 0 (O)
UM of 25.

Based on the results shown in Tables 1-3, we selected
thiol 6 and further studied its structure-activity relationship
in an in vitro assay using a HelLa nuclear extract rich in
HDAC activity, because it showed the strongest activity of
all non-hydroxamates [37, 38]. First, the effect of the linker
parts of thiol 6 was examined. The results are shown in
Table 4. The inhibition of HDACs was distinctly dependent
on chain length, with n =7 (35) and »n = 4 (37) resulting in
less potent inhibitors. However, compound 36, in which n =
5, proved to be equally effective as 6, in which n = 6. As for
the group attaching to the phenyl moiety, ether 38 displayed
moderate activity, whereas the activity of the reversed amide
39 was sustained. Next, the aromatic cap part was examined
(Table 5). Considering that the entrance of the N-acetylated
lysine binding channel is composed mainly of aromatic
amino acids such as tyrosine and phenylalanine [45-47], we
replaced the phenyl group of 6 or 39 with various aromatic

(
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T el 31
D78 h 4954 ey
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Fig. (15). Low energy conformation of 25 docked in the HDACS
catalytic core.
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Table4. Effect of Linker Variation on Inhibitory Activity of Table5. Effect of Aromatic Group on Inhibitory Activity of

Thiols [35, 38] Thiols [35, 38]
Ph Ar
~x ’H; SH ~x k)tg\ SH
Compd. X n ICso (UMD Compd. Ar X ICs (uM)
6 ~NHCO- 6 0.21 6 -Ph ~NHCO- 0.21
35 -NHCO- 7 1.5
36 —NHCO- 5 0.37 40 NMez | -NHCO- 12
37 -NHCO- 4 6.2
38 -o- 6 1 41 —@- Ph ~NHCO- 11
39 —CONH- 6 0.36
groups, which were expected to have higher affinity for 42 Ph -NHCO- 0.075
HDAC S through n-7 interaction or hydrophobic interaction.
In the amide-linked series, 4-substituted phenyl compounds
tended to be less active. Specifically, compounds 40 (Ar = 4-
NMe,-Ph), 41 (Ar = 4-biphenyl) and 43 (Ar = 4-PhO-Ph) 43 OPh ~NHCO- 0.62

were about 3- to 6-fold less potent inhibitors than the parent

thiol 6. On the other hand, 3-biphenyl! 42 showed a 3-fold

increase in inhibitory activity (ICsp of 0.075 uM). In

addition, 3-phenoxy compound 44 was as active as 44 OPh ~NHCO- 0.21

compound 6. We also investigated the effect of heteroaryl

rings. Changing the phenyl group to a 3-pyridine ring (45),

4-phenyl-2-thiazole ring (47), and 2-benzothiazole ring (48) s
O

N

maintained or slightly reduced the activity, whereas 3- 45 ~NHCO- 0.11
quinoline 46 had improved activity (ICsg of 0.072 uM). The
reverse amide-linked series were at least as active as the
parent thiol 39, with the exception of 49 (Ar = 4-NMe,-Ph), =

which was a slightly less potent inhibitor. In particular, the 46 m ~NHCO- 0.072
reversed amides 50 with 2-naphthalene and 51 with 2- N

benzofuran exhibited about a 3-fold increase in potency
(ICsps of 0.085 uM and 0.079 pM, respectively). As a result,

ICsos in the double-digit nanomolar range were observed 47 N _NHCO- 0.17
with 3-biphenyl 42, 3-quinoline 46, 2-naphthalene 50, and 2- _</ )
benzofuran 51, which were approximately 3- to 4-fold more
potent than SAHA.
N
ANTIPROLIFERATIVE ACTIVITY 48 ___</ :© _NHCO— 034
To confirm the effectiveness of thiol-based HDAC S
inhibitors as anticancer drugs and tools for biological ~ -
research, the antiproliferative activity of thiol 6 was ¥ h “ConH 036
examined using human lung cancer NCI-H460 cells [38].
However, compound 6 was found to be only weakly active 49 NMe, —CONH~ 0.61
(Table 6), although 6 was highly active in an enzyme assay.
The reason for the weak activity of thiol 6 is unclear, but it is
likely due to poor membrane permeability resulting from the 5
highly polar character of this compound. To improve its 50 ~COoNH 0.085

permeability and its ability to inhibit cancer cell growth, a
transient masking of the sulfhydryl group, a prodrug
approach, was investigated. As a prodrug of thiol 6, we 51
prepared disulfide 53, which was expected to be reduced to
release the free thiol 6 in the cellular environment. However,

~10
0
disulfide 53 failed to exhibit a growth inhibitory effect on —(/\/©
N
H

—CONH- 0.079

NCI-H460 cells. Next, we prepared compound 7, an acetyl 52
derivative of thiol 6. Compound 7 proved to be relatively

~CONH- 0.1
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potent compared with thiol 6 and disulfide 53 (ECsy of 36
pM). On the basis of this finding, we prepared other S-acyl
compounds (54-61) and evaluated their antiproliferative
activities. Since the ClogP values of compounds 5461 are
3.71,4.24, 4.06, 4.41, 3.54, 4.67, 4.69 and 4.65, respectively,
and are larger than that of thiol 6 (ClogP of 6 = 3.17), these
compounds were expected to permeate cell membrane more
efficiently and show higher cellular activity than 6. This
series of compounds exhibited greater potency than thiol 6
and acetyl compound 7, except for pivaloyl compound 57,
which was a less potent cell growth inhibitor than 7. Among
them, isobutyryl compound 56 showed about a 2-fold
increase in activity when compared to acetyl compound 7
(ECsp of 20 uM). Since S-acyl compounds are weakly active
in enzyme assays {e.g. ICso of 56 > 50 uM), they could
possibly permeate the cell membrane more efficiently than
thiol 6, and be converted to thiol 6 by enzymatic hydrolysis
within the cell [52]. The compound bearing a
(pivaloyloxy)methyl group [53] (62) was slightly less active
than isobutyryl compound 56. With the results shown in
Table 6, a selected set of active compounds from the

Table 6. Antiproliferative Effect on NCI-H460 Cells of
Compound 6 and its S-Modified Prodrugs [38]*
H
_N _R
Ph \n/HG‘ S
(6]
Compd. R ECs (L)
6 -H >50°
(6]
53 s N Ph >50
6 H
7 ~Ac 36
54 ~-COEt 28
55 ~COn-Pr 22
56 —-COi-Pr 20
57 —COt-Bu 77

58 )\—<] 27

)
59 )\@ 21

60 -Bz 25
0

61 >—®7 NO, 24

62 ~CH,0C0+-Bu 25

“EC,, of SAHA =1.1 uM. *34% inhibiticn at 50 pM. 10% inhibition at 50 yiM.

enzymatic assay were S-isobutyrylated and evaluated for
their antiproliferative activities (Table 7). Changing the
phenyl group of compound 56 to other aromatic groups led

Suzuki and Miyata

to positive results. Isobutyryl analogues 63-71 were
generally more potent than the parent compound 56; the sole
exception was 64 (Ar = 3-OPh-Ph) which was a less potent
compound. Above all, 3-biphenyl (63), 3-pyridinyl (65) and
4-phenyl-2-thiazolyl (67) analogues showed strong activity
in inhibiting the growth of NCI-H460 cells, with ECsgs of
2-3 uM. Furthermore, we evaluated antiproliferative
activities of SAHA and 4-phenyl-2-thiazole 67, the most
potent compound in this study, against nine other human
cancer cell lines (Table 8). Compound 67 strongly inhibited
the growth of various human cancer cells, with ECsy values
ranging from 1 to 10 puM, and these antiproliferative
activities were comparable to those of SAHA (average ECsp
of 67 3.8 uM, SAHA 3.7 uM) which is currently being
evaluated in phase III clinical trials for use in the treatment
of cancer.

Table7. Cell Growth Inhibition Data on NCI-H460 Cells for
Compound 56 and its Derivatives {38}
[0}
Ar
X ‘(’\)6‘ S J\r
Compd. Ar X ECs (WM)
56 -Ph -NHCO- 20
63 @ o ~NHCO- 28
64 O OPh —NHCO- 25
65 \ / —-NHCO- 2.9
N
X
66 | _NHCO- 8.0
~

N
67 N ~NHCO- 2.1

—~ |

S

N
68 —< ~NHCO- 9.5

S
70 ‘(/D ~CONH- a1

O
71 —(/Ij ~CONH- 12

N

H
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Table8. Growth Inhibition of Various Cancer Cells Using
SAHA and Compound 67 [38]

SAHA 67

Cell

ECs (uM) ECs (pM)
MDA-MB-231 Breast Cancer 1.5 23
Central Nervous
SNB-78 16 9.1
System

HCT116 Colon Cancer 0.58 3.0
NCI-H226 Lung Cancer 2.6 2.6
LOX-IMVI Melanoma 1.3 1.1
SK-OV-3 Ovarian Cancer 25 4.5
RXF-631L Renal Cancer 2.0 24
St-4 Stomach Cancer 52 5.0
DU-145 Prostate Cancer 1.6 4.5
Mean 3.7 3.8

By Western blot analysis, compound 67 was shown to
give rise to elevated and dose-dependent levels of acetylated
histone H4 and p21™*FYC™®! in HCT 116 cells (Fig. 16).
These results suggested that the antiproliferative activity of
compound 67 significantly correlates with the inhibition of
intracellular HDACs.

SAHA compound 67
(-} 5 1 5 25 (M)
B Ac H4
p21

Fig. (16). Western blot analysis of histone hyperacetylation and
p21WATYCE! iy duction in HCT 116 cells produced by compound 67
and by reference compound SAHA. HCT116 cells were incubated
with compound 67 for 8 h at 37°C.

PERSPECTIVE

By rational drug design, several new non-hydroxamate
structures containing thiols were identified. The discovery of
non-hydroxamate inhibitors of HDACs introduced in this
review should provide the basis for the development of ideal
inhibitors free of the problems associated with
hydroxamates.

To date, eleven HDAC isozymes have been identified.
Isozyme-selective HDAC inhibitors are considered to be
useful not only as tools for probing the biology of HDAC
isozymes but as drugs with low toxicity. Interestingly, it has
recently been reported that many non-hydroxamate HDAC
inhibitors are inactive against HDAC6 [32, 54-57],
indicating the significance of the selectivity of non-
hydroxamates. Indeed, compound 9, one of the

Mini-Reviews in Medicinal Chemistry, 2006, Vol. 6, No. 5 525

nonhydroxamates presented in this review, was recently
reported to show selectivity, whereas SAHA, a
representative hydroxamate, did not discriminate well among
the HDAC isozymes [39]. Further study on non-
hydroxamate HDAC inhibitors will offer a basis on which to
better design isozyme-selective inhibitors and to surmount
the problems associated with hydroxamates.
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Abstract—To develop novel PPARa ligands, we designed and synthesized several 3-{3-[2-(nonylpyridin-2-ylamino)ethoxy]phenyl}-
propanoic acid derivatives. Compound 10, the meta isomer of a PPARY agonist 1, has been identified as a PPAR« ligand. The
introduction of methyl and ethyl groups at the C-2 position of the propanoic acid of 10 further improved the PPARa-binding

potency.
© 2006 Elsevier Ltd. All rights reserved.

Peroxisome proliferator-activated receptors (PPARSs)
belong to the nuclear receptor superfamily! and the
PPAR subfamily consists of three members, PPARaq,
PPARY, and PPARS. These receptors act as ligand-acti-
vated transcription factors with other members of the
nuclear receptor family,>* and play a central role in
the storage and catabolism of dietary fats by regulating
the expression of a large number of genes involved in
lipid metabolism and the energy balance.” PPAR« is
highly expressed in metabolically active tissues such as
liver, heart, and muscle, and activation of PPARu«
decreases the serum triglyceride level and increases the
HDL-c level.® Therefore, PPAR« agonists such as clofi-
brate (Fig. 1) are being utilized as hypolipidemic agents.
Meanwhile, PPARY is expressed predominantly in adi-
pose tissues and functions as a regulator of glucose
and lipid homeostasis. The clinically useful thiazolidin-
edione (TZD) class of insulin sensitizers such as rosiglit-
azone’ and pioglitazone® (Fig. 1) are potent PPARy
agonists used in the treatment of Type 2 diabetes. In
addition, recent studies revealed that dual agonists of
PPARa/y decreased the free triglyceride plasma
concentration and increased the plasma HDL
concentration in an insulin resistant animal model.>-!!
Thus, many groups have ongoing research programs

Keywords: Peroxisome proliferator-activated receptor; PPARa ligand;

PPARY ligand; Nuclear receptor.
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to find more potent and less toxic PPARa agonists
and PPARa/y dual agonists.

We previously reported compound 1, which was de-
signed based on the structure of rosiglitazone and 15d-
PGJ,,!%1? as a potent PPARYy ligand.!* To find novel
PPAR« agonists, we chose compound 1 as a lead struc-
ture, because recent reports on selective PPAR ligands
indicated that minor structural modifications can affect
selectivity.!>-!7 In this letter, we report the design, syn-
thesis, and binding affinity of PPAR ligands based on
the structure of compound 1.

In the course of our computational studies on com-
pound 1 and its derivatives using Glide 3.5 software,
we found that compound 10 (Fig. 2), the meta isomer
of 1, likely fits PPAR« protein more tightly than 1.18
An inspection of the simulated PPARw&/1 complex
showed that one of the two oxygen atoms of the carbox-
ylate group forms hydrogen bonds with His 440 and Tyr
464, and that the nonyl group is located in the hydro-
phobic region formed by lle 241, Leu 247, Ala 250,
Leu 254, Ile 272, Val 332, and Ala 333 (Fig. 3, left). In
the simulated PPAR&/10 complex, as well as the hydro-
gen bonds and the hydrophobic interaction found in the
PPARw/1 complex, the existence of added hydrogen
bonds was expected between the other oxygen atom of
the carboxylate and Ser 280, and between the tertiary
nitrogen and Thr 279 (Fig. 3, right). These results
prompted us to evaluate the affinity for PPAR of 10
and its derivatives 2-9 and 11-20 (Fig. 2).
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Figure 1. Structures of rosiglitazone, pioglitazone, 15d-PGJ,, clofibrate, GW7647, GW501516, and compound 1.
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Figure 2. Structures of compounds 2-20.

The compounds prepared for this study are shown in
Figure 2, and the routes used for their synthesis are
illustrated in Schemes 1 and 2. Scheme | shows the
preparation of the 3-{3-[2-(alkylpyridin-2-ylamino)eth-
oxy]phenyl} propanoic acid derivatives 2-16, 18, and 19.
The yield of 2-alkylaminopyridine 22a-k was 69-86%,
using the method of Buchwald:'® treatment of 2-bromo-
pyridine 21 with »-nonylamine (4 equiv), Pdy(DBA)s,
BINAP, and BuONa in toluene under reflux.
m-Hydroxybenzaldehyde 23a and isovaniline 23b were
allowed to react with 1,2-dibromoethane to give ethers
24a and 24b. The Horner-Wadsworth—-Emmons reaction?’

was applied to the conversion of 24a, b into acrylic acid
derivatives 25a-g. The double bond of 25a-g was hydroge-
nated to yield compounds 26a-g. Coupling between 2-
alkylaminopyridine 22a-k and propanoic acid ethyl esters
26a afforded N-(2-pyridinyl)-N-alkylpropanoic acids 27a—
k. Propanoicacid ethyl esters 26b-g were also allowed tore-
act with 2-nonylaminopyridine 22i to afford N-(2-pyridi-
nyl)-N-nonylpropanoic acids 27l-q. The subsequent
hydrolysis of 27a—q gave the desired carboxylic acids
2-16,18,and 19.

The preparation of 3-{4-methoxy-3-[2-(nonylpyridin-2-
ylamino)ethoxylphenyl} propanoic acids 17 and 20, which
have one or two methyl groups at the C-2 position of the
propanoic acid, is outlined in Scheme 2. The aldehyde 24b
was reduced by NaBH, and allowed to react with acetic
anhydride to give acetic acid 3-(2-bromoethoxy)benzyl
ester 29. Compound 29 was treated with 1-methoxy-1-
trimethylsilyloxypropene or dimethylketene methyltrim-
ethylsilyl acetal in the presence of magnesium ]i)erchlorate
in anhydrous CH,Cl, to give esters 30a,b.? Coupling
between 2-nonylaminopyridine 22i and propanoic acid
methyl esters 30a,b afforded N-(2-pyridinyl)-N-nonyl
compounds 31ab and subsequent hydrolysis gave
carboxylic acids 17 and 20.

The binding affinity of the compounds for PPARs was
evaluated with a CoA-BAP System (Microsystems).??
In this system, the alkaline phosphatase (AP) activity
is directly proportional to the affinity of the ligands
for PPARs.
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Figure 3. View of the lowest energy conformations of 1 (left) and 10 (right) docked in PPARa. Residues around compounds and hydrogen bonds are
displayed as wires and dotted lines, respectively. Figures represent distances in angstrom.
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Scheme 1. Reagents and conditions: (a) CH; (CH,),NH;, Pd»(DBA);, BINAP, +-BuOH, toluene, 80 °C, 69-86%; (b) 1,2-dibromoethane, Cs,CO;,
THEF, 65 °C, 40-57%; (c) (EtO),P(O)CH(R?CO,Et, NaH, anhydrous THF, 0 °C to tt, 47-95%; (d) H,, PA/C, EtOH, 79-97%; (e) 22a-k, Et;N, KI,
105 °C, 7-14%; (f) aq NaOH, EtOH-THF, rt, 89-95%.
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