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Dipartimento di Scienze Farmaceutiche, Università di Ferrara, 44100 Ferrara, Italy, ER-GenTech, Dipartimento di Biochimica
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The synthesis and biological activity of hybrids 8-18 prepared combining R-methylene-γ-
butyrolactones and R-bromoacryloylamides have been described and their structure-activity
relationships discussed. All these heterobifunctional compounds demonstrate good antileukemic
activity, significantly superior to that of both alkylating units alone. Using the human leukemia
HL-60 cell line, selected compounds 10, 11, 13, and 17 were found to induce morphological
changes and internucleosomal DNA fragmentation characteristic of apoptotic cell death.

Introduction

Many natural and synthetic anticancer agents with
the ability to interact with DNA have been discovered,
but most of them display low sequence specificity and
often exhibit severe toxicity to normal tissues.1 How-
ever, cytotoxic agents will continue to represent an
essential part of the therapy against tumor cells. This
consideration implies a need for novel cytotoxics, ex-
hibiting greater or broader activity and lower toxicity.

R-Methylene-γ-butyrolactone derivatives have at-
tracted much attention over the years, since the R-me-
thylene-γ-butyrolactone ring is an important functional
structure in a wide range of natural products,2,3 par-
ticularly cytotoxic sesquiterpene lactones such as 1-O-
acetylbritannilactone 1,4 methylenolactocin 2,5 protoli-
chesterinic acid 3,6 and helenalin 4.7 It was soon
determined that the structural requirement for the
biological activities is mainly associated with the exo-
cyclic, conjugated double bond (the OdCdCdCH2 moi-
ety), which acts as an alkylating agent via Michael-type
reaction with biological cellular nucleophiles or cysteine
residues of functional proteins to form covalent bonds.8
Because of the interesting biological activities and their
unique structural features, R-methylene-γ-butyrolac-
tones present an important scientific theme.9

The pyrroloiminoquinone cytotoxic alkaloids discorhab-
din A (5)10 and discorhabdin G (6)11 are characterized
by the presence of an R-bromoacryloyl alkylating moiety
of low chemical reactivity and unusual for cytotoxic

compounds; in fact, R-bromoacrylic acid is not per se
cytotoxic (IC50 on L1210 cells being superior to120 µM).
The reactivity of the R-bromoacryoyl moiety has been
hypothesized to be based on a first-step Michael-type
nucleophilic attack followed by a further reaction of the
no longer vinylic bromo substituent R to the carbonyl,
leading successively to a second nucleophilic substitu-
tion or to â elimination.12 The same moiety is present
in some potent anticancer distamycin-like minor groove
binders, for example, PNU-166196 (brostallicin, 7), an
R-bromoacrylamido derivative of a four-pyrrole dista-
mycin homologue ending with a guanidino moiety,
which is presently undergoing phase II clinical trials.13

On the basis of these considerations, we report here
the preparation and biological evaluation of novel
conjugates 8-18 that have two moieties in their struc-
tures acting as Michael acceptors. One is an R-bro-
moacrylic derivative of benzoheterocyclic rings (19-22),
such as indole, N-methylindole, benzofuran, and ben-
zothiophene, tethered via a flexible ethylenediamino
chain to a pyrazole moiety linked by a methylene unit
to an R-methylidene-γ-methyl/aryl-γ-butyrolactone resi-
due (derivatives 23-26).

To better understand the relationship between the
antiproliferative effects and the structural modifications
of the γ position in the R-methylidene-γ-butyrolactone
residue, we have synthesized analogues of 8, in which
the C(γ)-methyl of the lactone ring was replaced by a
more lipophilic moiety, such as a phenyl (9-12) or a
para-substituted phenyl (13-18). For the latter deriva-
tives, the effects of the presence of electron-donating
(Ph, 13-16) and electron-withdrawing (Cl, 17 and 18)
substituents on the γ-phenyl moiety of the lactone
skeleton were determined.
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Chemistry
The synthetic strategy for the synthesis of hybrid

compounds 8-18 is outlined in Scheme 1, in which the
two parts of each conjugate, 19-2214 and 23-26,15 were
prepared separately before coupling, according to previ-
ously described methods. The R-bromoacryloyl benzo-
heterocyclic carboxylic acid derivatives 19-22, bearing
the R-bromoacryloyl moiety as alkylating moiety, were
transformed into the corresponding acyl chloride by
treatment with refluxing thionyl chloride and then
condensed with N-tert-butoxycarbonyl-1,2-ethanedi-
amine16 in the presence of TEA as base, giving rise to
products 27-30 in good yields. The subsequent acid
hydrolysis with dry HCl in ethyl acetate at room
temperature allowed removal of the N-Boc protecting
group and furnished the unstable chlorhydrate salts of
27-30. The hybrid compounds 8-18 were achieved by
condensation with the pyrazole 5-carboxylic acids 23-
26 bearing the R-methylidene-γ-methyl/aryl-γ-butyro-
lactone. This condensation was performed using an
excess (2 equiv) of 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide hydrochloride (EDCl) as coupling agent in
dry DMF as solvent, in the presence of Hünig’s base, at
room temperature and with identical reaction times (18
h).

Results and Discussion
In Table 1 we have reported the in vitro antiprolif-

erative activity of hybrid compounds 8-18, R-bro-
moacrylamido benzoheterocycles 19-22, and R-meth-
ylene-γ-substituted-γ-butyrolactone pyrazole derivatives
23-26 against mouse L121017 and human K56218

leukaemia cells. For these latter compounds, the nature
of the substituent at the C(γ) position of the lactone
moiety had no effect on the antiproliferative activity,
being active at a concentrations superior to 10 µM on
both cell lines.

As evident from Table 1, the growth inhibitory activity
of each hybrid compound 8-18, obtained by tethering
R-bromoacryloyl derivatives 19-22 and R-methylene-
γ-butyrolactones 23-26, proved to be much greater than
that of the alkylating units tested alone. Derivatives
8-18 showed activity between 50 and 800 nM against
murine L1210 leukaemia cell line, while for the human
K562 leukaemia cell line the IC50 ranged between 80
and 1000 nM. These results indicated that all these
conjugates were consistently more active against murine
with respect to human leukemic cell line.

The greatest potency was shown by 10, consisting of
R-methylene-γ-phenyl-γ-butyrolactone 24 and the R-bro-
moacrylamido-N-methylindole derivative 20, with IC50
of 55 and 82 nM against L1210 and K-562 cell lines,
respectively. The least potent compound of this series
was the conjugate 8, which comprises the R-methylene-
γ-methyl-γ-butyrolactone 23 joined to derivative 19.
This hybrid molecule was found to be more than 10-
fold less active with respect to 10.

A significant increase in antiproliferative activity was
observed when the γ-methyl group of 8 was replaced
with a phenyl group to give 9, which exhibited the same
activity against both cell lines but were 3- and 4-fold

Scheme 1a

a Reagents: (a) SOCl2, 1 h, reflux, then NH2CH2CH2NHBoc,
TEA, DCM, room temp, 24 h; (b) HCl/EtOAc, room temp, 2 h; (c)
23-26, EDCl, Hünig’s base, DMF, room temp, 24 h.

Table 1. In Vitro Activity of Hybrids 8-18 and Alkylating
Units 19-22 and 23-26 against the Proliferation of Murine
L1210 and Human K562 Leukemia Cell Lines

IC50 (µM)a IC50 (µM)a

compd L1210 K562 compd L1210 K562

8 0.84 ( 0.14 1.02 ( 0.09 18 0.55 ( 0.03 0.71 ( 0.09
9 0.29 ( 0.06 0.27 ( 0.04 19 4.50 ( 0.70 5.00 ( 0.14

10 0.05 ( 0.01 0.08 ( 0.00 20 2.07 ( 0.24 3.37 ( 0.17
11 0.31 ( 0.08 0.42 ( 0.17 21 2.95 ( 1.34 7.25 ( 0.35
12 0.85 ( 0.03 0.63 ( 0.08 22 4.30 ( 0.50 5.60 ( 1.32
13 0.29 ( 0.01 0.38 ( 0.01 23 >10 >10
14 0.28 ( 0.01 0.36 ( 0.06 24 >10 >10
15 0.27 ( 0.02 0.41 ( 0.01 25 >10 >10
16 0.36 ( 0.05 0.48 ( 0.03 26 >10 >10
17 0.26 ( 0.01 0.41 ( 0.01

a IC50 ) compound concentration required to inhibit tumor cell
proliferation by 50%. Data are expressed as the mean ( SE from
the dose response curves of at least three independent experi-
ments.
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more active than 8 against L1210 and K 562 cells,
respectively. The good antiproliferative activity of the
latter compound implies that a lipophilic and bulky
substituent at the γ position of the lactone increases the
cytostatic potency.

The cytostatic activity against L-1210 cells was
unmodified when the γ-phenyl group of 9 was substi-
tuted at the para position by an electron-withdrawing
group (chloro, Cl, 17) or electron-donating substituent
(phenyl, Ph, 13), while it was slightly decreased against
K-562 cells, in which 17 bearing the 4′-Cl-phenyl moiety
exhibited a lower potency than its 4′-Ph counterpart 13.

Replacement of benzothiophene with a benzofuran
furnished derivative 11, which exhibited cytostatic
activity comparable with that of 9 against L1210 cells
but was 1.5-fold lower against K-562 cells. The antipro-
liferative activity decreased when benzothiophene was
replaced with an indole, furnishing 12, which was found
to be 3- and 2.5-fold less active than 11 against L1210
and K-562 cells, respectively. Replacement of ben-
zothiophene with an N-methylindole gave 10, which
resulted in a hybrid derivative more active than the
whole series. A 2-fold decrease in cytostatic activity was
observed when the γ-phenyl group of 11 was replaced
by a 4′-chlorophenyl group (18), while the potency
increased when the 4′-chlorophenyl group was replaced
with a 4′-biphenyl moiety (15).

When 13-16, which possess the 4′-biphenyl at the γ
position of the butyrolactone moiety, were compared
with their phenyl counterparts 9-12, the antiprolifera-
tive activity for the benzothiophene 9 and 13 and
benzofuran 11 and 15 derivatives was unmodified when
replacing the γ-phenyl with a γ-4′-biphenyl. For the
N-methylindole derivative 10, its 4′-biphenyl counter-
part 14 was 5-fold less active with respect to both cell
lines. Finally, the 4′-biphenylindole derivative 16 was
2- and 1.5-fold more active than the counterpart 12
against L-1210 and K-562 cells, respectively.

These data do not allow the identification of the
molecular target(s) of these novel antiproliferative
compounds. Preliminary experiments sustain the con-
cept that these molecules retain low ability to alkylate
DNA (data not shown; methodology and conditions used
are reported in the Supporting Information). This is
expected, since brostallicin (7) exhibits low DNA alky-
lating activity.13 On the other hand, R-methylene-γ-
butyrolactones are known to exert their main action
through chemical reactions with cysteine residues of
proteins.8

To better characterize the biological activity of these
compounds, we have tested the effects of a selected
series of derivatives on programmed cell death (apop-
tosis), using the human leukemia cell line HL-60 as the
experimental system.19 As shown in Figure 1A, 10, 11,
13 and 17 (1 µM, 12 h) induced morphological changes
typical of apoptotic cells. Cells exposed to 1 µM com-
pounds for 12 h displayed condensation of chromatin20

and the appearance of apoptotic bodies by fluorescence
microscopy after DNA staining with Hoechst 33258.
From quantitative fluorescence microscopy, the less
potent compound was 13. Meanwhile, 10, 11, and 17
display similar values in the percentage of apoptotic
cells (Figure 1B). We also examined whether these
compounds induced DNA fragmentation, which is con-

sidered the end point of the apoptotic pathway.21 DNA
fragments formed by intranucleosomal hydrolysis of
chromatin were evident after 12 h of treatment with 1
µM 10, 11, 13, and 17 (Figure 1C).

Caspase-3 is one of the key executioners of apoptosis,
being responsible partially or totally for the proteolytic
cleavage of many key proteins, such as the nuclear
enzyme poly(ADP-ribose)polymerase (PARP). This pro-
tein plays an important role in chromatin architecture
and DNA metabolism.22 PARP, which is a 116 kDa DNA
repair enzyme, is cleaved to produce an 85 kDa frag-
ment during apoptosis. By an immunoblot assay, we
have examined whether these compounds also induced
PARP cleavage, indicating activation of caspase. As
expected, the typical apoptotic 85 kDa fragment was
visualized (Figure 2). Etoposide, a cancer chemothera-
peutic drug that induces apoptosis in most cell lines,
was used as positive control (Figure 2, last lane).

We also examined the effect of these compounds on
cytochrome c translocation from the mitochondria into
the cytosol. The representative Western blot analysis
showed that the monoclonal antibody for cytochrome c
produced a single band at the expected size of 15 kDa

Figure 1. Apoptosis induction by 10, 11, 13, and 17 on HL-
60 cells. (A) Shown are photomicrographs of representative
fields of HL-60 cells cultured in the absence (C, control) or
presence of 1 µM of the indicated compounds for 12 h, which
were then stained with Hoechst 33258. (B) Cells were treated
as above, and apoptotic nuclei were quantified by fluorescence
microscopy. Values represent the mean ( standard error of
an experiment run in triplicate; similar results were obtained
in a separate experiment. (C) Cells were treated with 1 µM of
compounds for 12 h. Total cellular DNA was isolated and
stained with ethidium bromide after electrophoresis on a 2%
agarose gel. Internucleosomal DNA fragmentation was visual-
ized under UV light.

Figure 2. Cleavage of PARP. The cells were treated, and
equal amounts of proteins from cell lysates were loaded in each
lane and subjected to SDS-PAGE followed by blotting with
an anti-PARP monoclonal antibody. Etoposide (Eto) was used
as a positive control.
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(Figure 3). Cytochrome c release was observed in the
presence of doses as low as 1 µM 10, 11, 13, and 17.

When considered together, Figures 1-3 consistently
indicate that 10, 11, 13, and 17 are able to induce
apoptosis as demonstrated by fulfilling two criteria: (i)
identification of nuclear changes associated with apo-
ptosis using fluorescence microscopy; (ii) DNA laddering
on agarose gel electrophoresis. All these derivatives
induced extensive PARP hydrolysis, considered to be one
of the major hallmarks of apoptosis.

Selectivity toward cancer cells is an important crite-
rion, as it is for all the agents used or developed for
cancer treatment. We therefore compared the effects of
selected compounds for inducing antiproliferative activ-
ity on cancer cells (HL-60) with those on human
peripheral blood mononuclear cells (PBMCs).

Compounds 10, 11, 13, and 17 were found to inhibit
the growth of human HL-60 myeloid leukemia cells in
a dose-dependent manner as determined by the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) dye-reduction assay. The inhibitory concentra-
tions (IC50) of these compounds were 0.11, 0.27, 0.36,
and 0.29 µM, respectively.

To investigate the antiproliferative activities of 10,
11, 13, and 17 on human PBMCs, the cells were isolated
from anticoagulant-treated blood of healthy human
donors. Growth of cells cultured in the presence or
absence of these compounds for 24 h was measured by
MTT assay. When tested in normal human lymphocytes,
the IC50 values of these compounds were 20 times higher
(Table 2).

Conclusions

The present work demonstrates not only the molec-
ular design and the chemical synthesis of novel hybrid
compounds but also their ability to induce cytostatic
activities and apoptosis. By comparison of the inhibitory
effects on in vitro cell growth of 9-12 and 13-16,
possessing the phenyl and the 4′-diphenyl substituents,

respectively, at the γ position of the lactone, the het-
eroatom present in the benzoheterocyclic ring has a
superior effect on derivatives 9-12 with respect to 13-
16. We have observed that 10, 11, 13, and 17 suppress
proliferation of HL-60 cells by triggering morphological
changes and internucleosomal DNA fragmentation,
which are well-known features of apoptotic cell death.
Finally, our results indicate that the compounds inves-
tigated induce apoptosis via activation of caspase. The
selectivity to inhibit the growth of HL-60 cells is of
interest, compared with normal lymphocytes. Human
HL-60 cells were more sensitive to these compounds
than PBMCs.

Although further investigations are necessary to
determine the detailed pathway of programmed cell
death induced by these derivatives, these derivatives
should be considered as interesting lead compounds for
potential application to human health.

Experimental Section
General Procedure A for the Synthesis of 27-30. A

suspension of the appropriate R-bromoacryloylamido benzo-
heterocycle carboxylic acids 19-22 (2 mmol) in thionyl chloride
(5 mL) and DMF (2 drops) was boiled under reflux for 2 h.
The remaining thionyl chloride was removed under reduced
pressure, and the residue was dissolved in dry CH2Cl2 (5 mL)
and added dropwise to an ice-cooled solution of N-tert-butoxy-
carbonyl-1,2-ethanediamine (2 equiv) and TEA (2 equiv) in dry
CH2Cl2 (10 mL). The resulting mixture was stirred at ambient
temperature for 24 h, then washed with water (5 mL) and
brine (5 mL), dried with Na2SO4, and evaporated at reduced
pressure. The residue purified by flash chromatography on
silica gel (EtOAc/CH2Cl2 4:6 v/v as eluent) gave derivatives
27-30.

General Procedure B for the Synthesis of 8-18.
Compounds 27-30 (1 mmol) were dissolved in 3 N HCl in
EtOAc, and the solution was stirred at room temperature for
2 h. The solvent was removed. The residue was dissolved in
anhydrous DMF under argon atmosphere and then ice-cooled.
Hünig’s base (diisopropylethylamine, 1 equiv), the acids 23-
26 (1.1 equiv), and EDCl (2 equiv) were added sequentially.
The mixture was stirred overnight, was warmed to ambient
temperature, and then evaporated to dryness in a vacuum.
The resulting residue was purified by flash chromatography
and recrystallized (CH3OH/diethyl ether), affording 8-18.

Growth Inhibitory Activity on Murine L1210 and
Human K562 Cells. The murine lymphocytic L1210 leukemia
and the human chronic myelogenous K562 cell lines were
obtained from the American Type Culture Collection (ATCC).
All tested compounds were dissolved in DMSO at 1 mg/mL
immediately before the use and diluted in medium before
addition to the cells. Both cell lines were cultured in RPMI
1640 medium (GIBCO) supplemented with 10% FCS (Flow,
Irvine, U.K.), 2 mM L-glutamine (GIBCO), 10 mM â-mercap-
toethanol, 100 U/mL penicillin, and 100 µg/mL streptomycin.
To determine the effects of the studied compounds on in vitro
cell growth, exponentially growing L1210 and K562 cells were
exposed to increasing concentrations of drugs and the cell
number per milliliter was determined after 48 h using a model
ZBI Coulter counter (Coulter Electronics, Hialeah, FL). Results
were expressed as IC50 (dose causing 50% inhibition of cell
growth in treated cultures relative to untreated controls). All
experiments were repeated at least three times. For each drug
concentration, duplicate cultures were used.
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SAF2004-07928 (to F.E.) and the Instituto Canario de
Investigación del Cáncer (ICIC to J.B.). The authors
thank José Estévez (University Hospital of Gran Ca-
naria) for his collaboration in the Western blot assays

Figure 3. Western blot analysis of cytochrome c release. HL-
60 cells were treated with 1 or 3 µM compounds and harvested
at 12 h. Cytosolic lysates were analyzed by immunoblotting
with an anti-cytochrome c antibody. â-Actin was used as the
loading control.

Table 2. In Vitro Activity of Hybrids 10, 11, 13, and 17
against the Proliferation of Human HL-60 Myeloid Leukaemia
and PBM Cell Lines

IC50 (µM)a

compd HL-60 PBMC

10 0.11 ( 0.02 2.52 ( 0.18
11 0.27 ( 0.03 5.44 ( 0.63
13 0.36 ( 0.03 8.61 ( 0.43
17 0.29 ( 0.02 6.82 ( 0.52

a IC50 ) compound concentration required to inhibit tumor cell
proliferation by 50%. Data are expressed as the mean ( SE from
the dose response curves of at least two independent experiments
with three determinations in each.
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from Eucalyptus occidentalis and identification of a new kaempfer-
ol derivative that induces apoptosis in human myeloid leukemia
cells. J. Nat. Prod. 2004, 67, 527-531.

(22) Tewari, M.; Quan, L. T.; O’Rourke, K.; Desnoyers, S.; Zeng, Z.;
Beidler, D. R.; Poirier, G. G.; Salvesen, G. S.; Dixit, V.M. YAMA/
CPP32-beta, a mammalian homolog of CED-3, is a CRMA-
inhibitable protease that cleaves the death substrate poly (ADP-
ribose) polymerase. Cell 1995, 81, 801-809.

JM058012O

7910 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 24 Brief Articles


