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Abstract—Novel d-lactam-based HDAC inhibitors which have various substituted benzyl, bi-aromatic cap groups were prepared
using ring closure metathesis reaction, and evaluated their HDAC inhibitory activities and anti-proliferative effects. Among pre-
pared analogues, 11m and 11o have very strong HDAC enzymatic inhibition and showed the most potent growth inhibitory activity
to five human tumor cell lines including PC-3, ACHN, NUGC-3, HCT-15, and MBA-MB-231 tumor cell lines. Compounds 11m
and 11o also showed good tumor growth inhibition of MDA-MB-231 cells in in vivo xenograft model. Structure–activity relation-
ship study using docking model explained the significance of hydrophobic aromatic cap groups for their in vitro activities.
� 2007 Elsevier Ltd. All rights reserved.
Histone deacetylase (HDAC) and histone acetyltransfer-
ase (HAT) are involved in chromatin remodeling and epi-
genetic regulation of genes.1 HDAC catalyzes
deacetylation of e-amino group in lysines located near
the N-terminal of core histone proteins. Abnormal
recruitment of HDAC is related to carcinogenesis,2 and
the control of HDAC enzymes has been considered as a
very intriguing target for anti-cancer chemotherapy.3 A
number of natural and synthetic HDAC inhibitors have
been reported (Fig. 1); trichostatin A (TSA, 1),4 apicidin
(4),5 trapoxin B (TPX, 5),6 and FK-228.7 And suberoy-
lanilide hydroxamic acid (SAHA, 2)8 was approved for
the treatment of cutaneous T-cell lymphoma (CTCL).

We reported that design, synthesis, and biological eval-
uation of novel d-lactam core HDAC inhibitors
(5, Fig. 2), which incorporate structural features of
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d-lactam ring in a linker domain between surface recog-
nition cap group and zinc binding hydroxamate region.9

We found that the compounds with two methylene car-
bon units between zinc binding hydroxamates and d-lac-
tam core showed potent HDAC inhibitory activity but
others showed no activity at all. And the length between
d-lactam core and hydrophobic cap groups is tolerable
to the inhibitory activities.

Herein, we report the results of the cap group modifica-
tion approaches of d-lactam-based HDAC inhibitors;
synthesis, HDAC inhibition, and in vitro and in vivo
cancer cell growth inhibition.10

Scheme 1 outlines the preparation of d-lactam ana-
logues.9 Commercial amines 6 were alkylated with
4-bromo-1-butene in SN2 manner and resulted in sec-
ondary amines 7. Compound 7 were reacted with
monoacid 8 to give amides 9. Upon treatment of cat-
alytic 2–3 mol % of Grubb’s catalyst (I), unsaturated
cyclic d-lactams 10 were obtained. These methyl
esters of 10 were converted to hydroxamic acids 11
with KONH2 in MeOH, which have various cap
groups on d-lactam nitrogen.
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Figure 1. The natural and synthetic HDAC inhibitors.
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Figure 2. Structural features of d-lactam-based HDAC inhibitor.
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Scheme 1. Reagents: (a) 4-bromo-1-butene, Hunig base, reflux; (b)

EDC, DMAP; (c) Grubb’s catalyst (I); (d) KONH2.
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4-N-acyl and sulfonylated aryl analogues were prepared
from 4-nitro compound 10i (Scheme 2). Compound 10i
was reduced to amino compound 12 with zinc and 12
was acylated with acyl chloride or tosyl chloride to give
amide 13a and 13b or sulfonamide 13c. The methyl
esters of 13 were converted to hydroxamates 14a, 14b,
and 14c, respectively, in the same conditions as
Scheme 1.

We have evaluated the HDAC inhibitory activities of
the newly prepared analogues on partially purified
HDAC enzyme obtained from HeLa cell lysate
(Table 1).11 Among prepared compounds, the substi-
tuted benzyl analogues 11a–i (n = 1 in Scheme 1), meth-
oxy-substituted analogues (11d–f) are more active than
methyl analogues (11a–c) in the HDAC enzyme assay.
For the position of benzyl group, 4-substituted methoxy
benzyl analogue (11f) showed the best HDAC inhibitory
activity at 0.44 lM of IC50 value among these ana-
logues. 4-Fluoro analogue (11g) and 4-bromo analogue
(11h) showed the same range of activities to 4-methoxy
analogue (11f), and 4-nitro analogue (11i) is better in
inhibitory activities. Surprisingly, 2-naphthyl analogue
(11j) did not show any activity while its chain elongated
analogues (n = 2, 11m; n = 3, 11o)12 showed very strong
inhibitory activity at 37 and 30 nM of IC50, respectively.
1-Naphthyl analogues (11l, 11q) are less active than
2-naphthyl analogues. 4-Biphenyl analogues (11k, 11n,
and 11p) also showed less active inhibitory activities at
0.1–0.2 lM of IC50s. 4-N-Acyl and sulfonylated aryl
analogues (14a–c) showed moderate inhibitory activities
ranging from 0.5 to 0.8 lM of IC50. Among these pre-
pared analogues, 2-naphthyl analogues (11m and 11o)
are the best compounds in HDAC inhibition assay.

Growth inhibitory activities of all the active HDAC
inhibitors (11a–q and 14a–c) were evaluated on five
human tumor cell lines using PC-3 (prostate cancer),
ACHN (renal cancer), NUGC-3 (gastric cancer),
HCT-15 (colon cancer), and MDA-MB-231 (breast can-
cer) cell lines. Cell growth inhibition of the tested ana-
logues was measured by SRB assay13 and the obtained
GI50 values of the types of tumor cell lines compared
with SAHA are summarized in Table 1. Overall growth
inhibitory activities were related to their HDAC inhibi-
tory activities. The most potent analogues 11m and 11o
exhibited very strong growth inhibitory activities to five
human tumor cell lines at 0.28–1.18 lM. For the ana-
logues with comparable HDAC inhibitory activity, 11i,
11n, and 11q showed very comparable growth inhibitory
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Table 1. HDAC enzyme and growth inhibition by d-lactam analogues and SAHA (2)a

Compound IC50 (lM)a HDAC GI50 (lM)a

PC-3 MDA-MB-231 NUGC-3 HCT-15 ACHN

11a 2.97 NA 4.92 NT NA NA

11b 1.90 NA 8.12 NT NA 4.38

11c 2.10 8.10 1.43 NT 8.51 5.00

11d 0.86 NA NA NT NA NA

11e 1.94 NA 3.92 NT 9.03 7.60

11f 0.44 7.08 3.86 NT 6.89 1.67

11g 0.56 NT NT NT 9.96 NT

1h 0.45 3.15 1.63 NT 1.72 2.48

11i 0.23 3.01 0.47 1.11 NA 5.21

11j NA NT NT NT NT NT

11k 0.23 0.53 0.28 1.65 1.00 1.18

11l 0.32 2.58 2.53 3.26 5.43 6.62

11m 0.037 0.61 0.28 0.37 1.16 1.18

11n 0.27 3.23 1.04 3.70 3.19 2.49

11o 0.030 0.30 0.56 0.79 0.53 0.46

11p 0.20 2.95 1.28 4.20 4.56 2.67

11q 0.11 1.69 1.47 2.01 1.67 1.82

14a 0.82 NA NT NT NT NT

14b 0.51 NA 6.03 NA NA NA

14c 0.59 1.80 0.56 NT NA 0.37

2 0.11 2.69 2.00 2.79 2.49 2.22

NA, GI50 > 10 lM; NT, not tested.
a Values are means of a minimum of three independent experiments.
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activities to SAHA but 11k showed very strong anti-pro-
liferative activity comparable to the most potent ana-
logues 11m and 11o. The analogues which have
moderate HDAC inhibitory activity (over 0.5 lM of
IC50) showed poor growth inhibitory activity to five hu-
man tumor cell lines, while some compounds were active
on the PC-3 and MDA-MB-231 cell lines. Thus, these
new analogues showed better sensitivity on the MDA-
MB-231 breast tumor cell line and PC-3 prostate tumor
cell line.

The most promising inhibitor 11m was selected to fur-
ther evaluate in vivo tumor growth inhibitory activity
and the results are summarized in Table 2.14 In this
model, compound 11m and SAHA were administered
daily (ip, 30 mg/kg) to nude mice after the sizes of
MDA-MB-231 human breast xenografts reached 50–
60 mm3. Compound 11m and SAHA inhibited 51%
and 39% in tumor growth, respectively, compared to
the group without treatment. Thus, both compound
11m and SAHA displayed anti-tumor growth activities
and 11m appeared to be better than SAHA in inhibition
of the growth of tumor.

In order to understand the binding mode of these inhib-
itors, we examined a docking model of human HDAC-1
catalytic core based on the crystal structure of a bacte-
rial HDAC homologue (HDLP, PDB code 1C3R) and
docked compound 11m within the site using the pro-
gram Discover (Fig. 3).15 The hydroxamic acid moiety
of 11m chelates to the catalytic Zn2+ ion bound in the
active site and the d-lactam ring was bounded in the
tubular hydrophobic pocket. Furthermore, longer
2-naphthyl hydrophobic cap group gives the extra sta-
bilization energy by hydrophobic interaction. Although
HDLP has a large deletion at entrance to the active site,
the docking data suggest that the chain length between
hydrophobic cap group and d-lactam ring and the size



Table 2. Inhibition of the growth of the MDA-MB-231 human breast

tumor xenograft by compound 11m and SAHA (2)a

Ipb Compound

11m 2

Dose (mg/kg) 30 30

% Inhibition 51* 39**

% Body weight to vehicle 94 100

a Nude mice (six per group) were treated.
b 11m and SAHA (2) were administered (ip) after the size of tumors

reached to 50–60 mm3.
* P < 0.05.
** P < 0.01.

Figure 3. The docked orientations for compounds 11m bound to the

HDAC1 catalytic core of HDLP.
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of cap group are quite important to form the flexible
conformation in binding pocket.

Collectively, we have prepared novel d-lactam-based
HDAC inhibitors which have various substituted
benzyl, bi-aromatic cap groups with 1–4 carbon length
between d-lactam and cap group, and evaluated their
HDAC inhibitory activities and anti-proliferative
effects. The 2-naphthyl analogues (11m and 11o) have
very strong enzymatic and showed the most potent
growth inhibitory activity to five human tumor cell lines.
Further structure–activity relationship study using
docking model explained the significance of hydropho-
bic aromatic cap groups for their in vitro activities.
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