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Synthesis, Cytotoxic Properties and Tubulin Polymerization
Inhibitory Activity of Novel 2-Pyrazoline Derivatives
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A series of novel 1-(3',4',5-trimethoxybenzoyl)-3,5-diarylpyrazoline derivatives were synthesized and
evaluated for their cytotoxic properties on different cancer cell lines and tubulin polymerization
inhibitory activity. Compounds 6d and 6e exhibited remarkable cytotoxic activity against different
cancer cell lines with good tubulin polymerization inhibitory activity. Compound 6d exhibited
moderate selectivity toward renal cancer and breast cancer subpanels with selectivity ratios of
3.06 and 5.11, respectively, at the cytostatic activity (TGI) level. Compounds 6e and 6d achieved
good tubulin polymerization inhibitory activity with ICsy values of 17 and 40 pM, respectively. The
photomicrographs made for compounds 6d and 6e on cellular microtubules indicated that the
cytotoxicity of these compounds can be attributed to their ability to interfere with microtubule
assembly. Molecular modeling studies involving compound 6e with the colchicine binding site of
o,B-tubulin revealed hydrogen-bonding and hydrophobic interactions with several amino acids in the
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colchicine binding site of B-tubulin.
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Introduction

Cancer is a major cause of death around the world. The WHO
projected 12 million deaths by cancer with existing thera-
peutics by 2030. Out of the 27 types of characterized cancers,
only lung, stomach, liver, colon, and breast cancers are
mainly implicated in cancer mortality. Taking into consider-
ation the existing cancer therapies, chemotherapy has
turned out to be one of the most significant treatments in
cancer management [1]. Moreover, cancer chemotherapy has
entered a new era of molecularly targeted therapeutics,
which is highly selective and not associated with the serious
toxicities of conventional cytotoxic drugs [2]. The combreta-
statins are a group of antimitotic agents isolated from the
bark of the South African tree Combretum caffrum [3]. The most
active of these, combretastatin A4 (CA4) (I), is a potent cyto-
toxic agent that strongly inhibits the polymerization of tubu-
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lin by binding to the colchicine-binding site of the B-tubulin
subunit [4]. Tubulin therefore remains an important target
for the design of anticancer agents. Interference with tubu-
lin/microtubule polymerization dynamics has two key anti-
cancer effects: (i) inhibition of cancer cell proliferation
through disturbance of mitotic spindle function, which leads
to cell apoptosis [5], and (ii) disruption of cell signaling path-
ways involved in regulating and maintaining the cytoskele-
ton of endothelial cells in tumor vasculature. It must be
emphasized that the therapeutic effects of these agents such
as CA4 are derived from their vasculature targeting proper-
ties and not antimitotic properties. Because of its structural
simplicity, a wide number of CA4 analogues have been devel-
oped and assessed as potential anticancer agents, some of
which have recently been reviewed [6-16]. Further interest in
combretastatin derivatives was stimulated by the discovery
that CA4 is also able to elicit irreversible vascular shutdown
within solid tumors, leaving normal vasculature intact
[17, 18].In this way tumors are starved of oxygen and nutrients
and their constituent cells die. Agents that act in this manner
have the potential to make a significant impact on the
clinical management of cancer [19]. A prodrug of combreta-
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statin A4, the water-soluble phosphate derivative Zybrestat is
now in phase III clinical trials for the treatment of cancer [20].
Many analogs of CA4 have been designed to study the struc-
ture-activity relationship of the molecule in order to enhance
both the cytotoxic and selective vascular targeting activity
[21-32]. Among synthetic small molecule tubulin inhibitors,
replacement of the olefinic bridge of I with a carbonyl group
furnished a benzophenone-type CA4 analogue named phen-
statin (IIa). This compound demonstrated interesting efficacy
in a variety of tumor models, while retaining the character-
istics of I[33]. The 2-aminobenzophenone derivative (IIb) also
strongly inhibited cancer cell growth and tubulin polymeri-
zation and caused mitotic arrest, the same as in compound
Ila [34]. A series of methoxy substituted 2-3’,4',5"-trimethox-
ybenzoyl)benzo|bjfuran [35], -benzo|b|thiophene (IIla and
IIIb) [36-38] (Chart 1), and indole [39] derivatives were found
to inhibit the growth of different cancer cell lines and tubu-
lin polymerization by binding to the colchicine site of tubu-
lin and caused G2-M phase arrest of the cell cycle. In addition,
pyrazole derivatives are well established in the literature as
important biologically effective heterocyclic compounds.
These derivatives are the subject of many research studies
due to their widespread potential pharmacological activities
such as anti-inflammatory [40], antipyretic [41], antimicrobial
[42], antiviral [43], antitumor [44], anticonvulsant [45], anti-
histaminic [46], and antidepressant [47] activities. Promoted
with the above-mentioned studies and as a continuation of
our research interest in the synthesis and biological activities
of novel pyrazole derivatives [48-50], and in order to further
investigate structural determinants of cytotoxic activity of
this class of compounds, the present work involves a flexible,
concise, and highly convergent protocol for the synthesis of
novel series of 1(3',4',5-trimethoxybenzoyl)-3,5-diaryl-2-pyr-
azoline derivatives having variously substituted 3- and 5-aryl
rings aimed to investigate the effect of introducing
additional aryl unit, keeping in mind the presence of
3,4’ ,5'-trimethoxyphenyl of the 2-benzoyl moiety unchanged
because it is the characteristic structural requirement for

OMe

MeO.
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activity in a numerous inhibitors of tubulin polymerization,
such as colchicine, CA4, and podophyllotoxin [51-54]. The
prepared pyrazoline derivatives that carry three different
aryl groups were evaluated for both in vitro cytotoxic proper-
ties on different cancer cell lines and tubulin polymerization
inhibitory activity. Furthermore, molecular modeling studies
of the most active tubulin inhibitor with the colchicine bind-
ing site of «,B-tubulin was also performed.

Results and discussion

Chemistry

Chalcones (3a-g, Scheme 1) were synthesized by a base cata-
lyzed Claisen-Schmidt condensation reaction of appropri-
ately substituted acetophenones (la-b) and substituted
aromatic aldehydes (2a-f) in the presence of 10% NaOH in
ethanol. Heating at reflux chalcones (3a-g) with hydrazine
monohydrate 95% in absolute ethanol afforded the corre-
sponding pyrazolines (4a-g). '"H NMR spectra recorded for
the prepared compounds clearly supported the proposed
structures, protons of pyrazoline ring in compounds 4a,
4c, 4d, 4e, 4f, and 4g showed a prominent ABX system,
with protons Ha, Hb, and Hx seen as doublets of doublets
atd 2.96-3.30, 3.40-3.54, and 4.82-5.27 ppm (Jga-pp = 16.30-
16.86 Hz, Jijanx = 7.33-9.34 Hz, and Jip, 1x = 9.90-10.62 Hz),
respectively. On the other hand, pyrazoline 4b with substi-
tuted benzaldehyde carrying highly electronegative groups
(2,6-dichloro) made Ha and Hb that appeared to be equival-
ent, so the pattern became AX system. The CH, protons
appeared as doublet at § 3.46 ppm while the CH proton
appeared as triplet at § 5.80 ppm (] = 11.90 Hz). The protons
belonging to the aromatic system and phenyl substituents
were observed at the expected chemical shifts and integral
values. Coupling of pyrazolines (4a—g) with 3,4,5-trimethox-
ybenzoyl chloride 5 in CH,Cl, in the presence of triethyl-
amine afforded the formation of the corresponding 1-3',4,5'-
trimethoxybenzoyl)-3,5-diarylpyrazoline derivatives 6a-g
(Scheme 1). The structure of the prepared compounds was

HO
MeO
MeO
R; = H, Illa
OMe R= OH, IIIb

R; = H, R, = OH, Phenstatin, Ila

Combretastatin A4 (CA4), 1 R; =NH,, R, = H, IIb

Chart 1. Different inhibitors for tubulin polymerization.
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6¢; R =OCH3;, Ar = 2,4-Di-OCH; phenyl
6d; R = OCH3;, Ar = 4-OCHj; phenyl

6e; R =0OCH;, Ar = 4-CN phenyl

6f; R=OCHj;, Ar =3-OH phenyl

6g; R =H, Ar = 3-OH phenyl

Reagents: (a) 10% NaOH, EtOH; (b) NH,NH,.H,0, EtOH; (c) TEA, CH,Cl,.

Scheme 1. Synthesis of novel pyrazoline derivatives 6a—g.

confirmed by the appearance of an additional strong absorp-
tion band of (C=0) stretching at 1570-1585 cm ™' and dis-
appearance of that of NH stretching in IR spectra. The '"H NMR
spectra showed additional peaks each for the CH; protons in
addition to the protons of the phenyl moiety at the expected
aromatic region. The structure of the prepared compounds
was confirmed on the basis of their IR, 'H NMR, '*C NMR,
mass spectra, and elemental analysis.

Biological investigations
Screening of anticancer activity
Compounds 6b, 6¢, 6d, and 6e were selected by the National
Cancer Institute (NCI) according to the protocol of the Drug
Evaluation Branch of the National Cancer Institute, Bethesda,
USA for in vitro anticancer screening. Primary in vitro one dose
anticancer assay was performed in full NCI 60 cell lines
derived from nine tumor subpanels, including leukemia,
melanoma, lung, colon, CNS, ovarian, renal, prostate, and
breast cancer cell lines. The selected compounds were added
at a single concentration (10> M) and the culture was incu-
bated for 48 h. End point determinations were made with a
protein binding dye sulforhodamine B (SRB). Results for each
compound were reported as a mean graph of the percent
growth of the treated cells when compared to the untreated
control cells.

The pyrazoline derivative 6d achieved remarkable cell
growth inhibition activity against most of the tested cell
lines and the results were illustrated in Table 1.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3b; R = OCH3;, Ar = 2,6-Di-Cl phenyl
3¢; R=OCH;, Ar = 2,4-Di-OCH; phenyl
3d; R = OCH3;, Ar = 4-OCHj; phenyl
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OCH;3
R
b \
Ar NN
H
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4a; R = OCHj, Ar = Furyl

4b; R = OCH3, Ar = 2,6-Di-Cl phenyl
4c¢c; R = OCH;, Ar = 2,4-Di-OCHj; phenyl
4d; R = OCHj3, Ar =4-OCHj; phenyl

4e; R = OCHj;, Ar = 4-CN phenyl

4f; R = OCHj;, Ar = 3-OH phenyl

4g; R=H, Ar = 3-OH phenyl

The results in Table 2 indicate that the pyrazoline deriva-
tive 6e exhibited broad spectrum of cell growth inhibition
activity against most of the tested cell lines.

Pyrazoline derivative 6b exhibited moderate cell growth
inhibition activity against leukemia SR, melanoma SK-MEL-5,
and renal cancer UO-31 cell lines. Compound 6c also exhib-
ited broad-spectrum cell growth inhibition activity against
melanoma MDA-MB-435, renal cancer CAKI-1, and breast
cancer MCF7 cell lines. Pyrazoline derivative 6c revealed
moderate cell growth inhibition against melanoma SK-
MEL-5 and renal cancer UO-31 cell lines.

The obtained results indicate that the pyrazoline deriva-
tives 6d and 6e exhibited the highest ability to inhibit the
proliferation of different cancer cell lines (Tables 1 and 2)
compared to pyrazoline derivatives 6b and 6c. A different
aldehyde substituent used in the position 5 of the synthe-
sized pyrazoline derivative might contribute to the activity
of the synthesized compounds; the presence of only one
OCH; group is preferable over the presence of two OCHj
groups (pyrazoline 6d has better anticancer activity against
different cancer cell lines, better than pyrazoline 6c).
Also the presence of an electron withdrawing group (CN)
in pyrazoline 6e has better anticancer activity against differ-
ent cancer cell lines.

In vitro five dose full NCI 60 cell panel assay
The pyrazoline derivatives 6d and 6e were selected for
advanced five dose testing against the full panel of 60 human

www.archpharm.com
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Table 1. One dose mean graph of nine different cancer cell types of compound 6d

Panel Cell line Growth percent Panel Cell line Growth percent
Leukemia CCRF-CEM 24.31 Ovarian cancer IGROV1 31.49
HL-60(TB) 5.49 OVCAR-3 —45.13
K-562 28.31 OVCAR-4 58.83
MOLT-4 47.08 OVCAR-5 66.53
RPMI-8226 50.20 OVCAR-8 34.16
SR 20.62 NCI/ADR-RES 12.99
Non-small cell lung cancer A549/ATCC 27.23 SK-OV-3 30.31
EKVX 48.16 Renal cancer 786-0 26.74
HOP-62 34.76 ACHN 48.71
NCI-H226 51.94 CAKI-1 12.09
NCI-H23 46.60 RXF-393 —21.41
NCI-H322M 37.72 SN12C 41.49
NCI-H460 6.07 TK-10 18.39
NCI-H522 —35.93 UO0-31 21.07
Colon cancer COLO 205 8.03 Prostate cancer PC-3 30.53
HCC-2998 61.11 DU-145 11.62
HCT-116 20.59 Breast cancer MCF7 27.60
HCT-15 32.84 MDA-MB-231/ATCC 12.55
HT29 —-1.10 HS 578T —14.04
KM12 16.15 BT-549 27.57
SW-620 20.86 T-47D 36.39
CNS cancer SF-268 54.74 MDA-MB-468 —32.54
SF-295 4.28
SF-539 —14.46
SNB-19 38.90
U251 26.05
Melanoma LOX IMVI 36.06
MALME-3M 57.74
M14 —11.78
MDA-MB-435 —26.63
SK-MEL-2 12.61
SK-MEL-28 70.51
SK-MEL-5 5.80
UACC-257 66.30
UACC-62 41.88

tumor cell lines. All the 60 cell lines representing nine tumor
subpanels were incubated at five different concentrations
(0.01, 0.1, 1, 10, and 100 pM). The outcomes were used to
create log concentration versus % growth inhibition curves
and three response parameters (Glso, TGI, and LCs,) were
calculated for each cell line. The GIs, value (growth inhibi-
tory activity) corresponds to the concentration of the com-
pound causing 50% decrease in net cell growth, the TGI value
(cytostatic activity) is the concentration of the compound
resulting in total growth inhibition (TGI) and LCs, value
(cytotoxic activity) is the concentration of the compound
causing net 50% loss of initial cells at the end of the incu-
bation period of 48 h. Compound 6d exhibited remarkable
anticancer activity against most of the tested cell lines
representing nine different subpanels. Compound 6d showed
high activity against most of the tested cell lines with Glsq
ranging from 0.19 to >100 uM (Table 3). The criterion
for selectivity of a compound depends upon the ratio
obtained by dividing the full panel MID (the average sensi-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tivity of all cell lines toward the test agent) (uwM) by
their individual subpanel MID (nM). Ratios between 3
and 6 refer to moderate selectivity; ratios >6 indicate high
selectivity toward the corresponding cell line, while
compounds not meeting either of these criteria rated non-
selective [55]. In this context, compound 6d was found to
have broad-spectrum antitumor activity against the nine
tumor subpanels tested with selectivity ratios ranging
between 0.52 and 5.11 at the G5y level. Compound 6d
exhibited moderate selectivity toward the renal cancer
subpanel with selectivity ratio of 3.06 at GIs, level and toward
the breast cancer subpanel with selectivity ratio of 5.11
at Glsq level.

Compound 6e exhibited remarkable anticancer activity
against most of the tested cell lines representing nine differ-
ent subpanels with Glso values between 0.19 and 12.7 puM
(Table 4).

The criterion for selectivity of compound 6e was found to
be broad-spectrum antitumor activity against the nine tumor

www.archpharm.com
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Table 2. One dose mean graph of nine different cancer cell types of compound 6e

Panel Cell line Growth Panel Cell line Growth
percent percent
Leukemia CCRF-CEM 29.95 Ovarian cancer IGROV1 13.42
HL-60(TB) 424 OVCAR-3 —47.81
K-562 20.64 OVCAR-4 62.13
MOLT-4 49.49 OVCAR-5 58.79
RPMI-8226 60.79 OVCAR-8 32.83
SR 28.45 NCI/ADR-RES 2.92
Non-small cell lung cancer A549/ATCC 22.03 SK-OV-3 19.78
EKVX 33.40 Renal cancer 786-0 25.13
HOP-62 36.09 ACHN 44.56
NCI-H226 52.41 CAKI-1 5.45
NCI-H23 43.19 RXF-393 —17.21
NCI-H322M 36.95 SN12C 53.55
NCI-H460 9.81 TK-10 31.92
NCI-H522 —15.98 U0-31 18.21
Colon cancer COLO 205 —9.28 Prostate cancer PC-3 31.38
HCC-2998 35.19 DU-145 5.75
HCT-116 13.56 Breast cancer MCF7 26.96
HCT-15 26.67 MDA-MB-231/ATCC 18.22
HT29 —8.40 HS 578T —18.29
KM12 15.12 BT-549 28.63
SW-620 16.09 T-47D 37.14
CNS cancer SF-268 49.33 MDA-MB-468 —25.76
SE-295 —3.96
SF-539 —13.27
U251 21.54
Melanoma LOX IMVI 33.58
MALME-3M 39.46
M14 —6.86
MDA-MB-435 —40.37
SK-MEL-2 35.64
SK-MEL-28 65.29
SK-MEL-5 17.74
UACC-257 69.25
UACC-62 43.60

subpanels tested with selectivity ratios ranging between 0.70
and 1.69 at the GIs, level. Compound 6e exhibited no selec-
tivity toward the tested cell lines.

Tubulin polymerization inhibitory assay

To investigate whether the cytotoxicity of the synthesized
pyrazoline derivatives were related to the interaction with
tubulin, pyrazolines 6¢, 6d, 6e, and 6f were tested in vitro
for tubulin polymerization inhibitory activity (Fig. 1 and
Table 5). Inhibition of paclitaxel-induced tubulin polymeri-
zation was determined by monitoring DAPI fluorescence as
previously described [56, 57]. Bonne et al. [57] demonstrated
that the DNA-binding dye, 4',6-diamidino-2-phenylindole
(DAPI), binds to tubulin at a site distinct from the three major
drug-binding sites, resulting in enhanced DAPI fluorescence.
The affinity of DAPI for assembled tubulin is greater than
its affinity for unpolymerized tubulin, so tubulin assembly

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

produces a net increase in the emission intensity of DAPIL
The use of the fluorescence method has the following
advantages: rapid, easy to perform, with good accuracy
and reproducibility, lower sample volumes, and concen-
trations can be used in fluorescence spectroscopy. The sol-
ubility of the tested compounds was first determined in the
assay conditions specified under experimental procedures. It
was found that each drug approached its solubility limit at
40 pM concentration in 2% DMSO. The drugs (40 wM) were
then screened for their potential ability to inhibit micro-
tubule formation. In the polymerization experiments; a fixed
concentration of protein (5 wM) was induced to polymerize
in the presence of a fixed concentration of drug (40 uM). If a
test drug is strongly cytotoxic and the effect is mediated
through microtubules, then we expect to see it affect tubulin
assembly under these conditions. If it does not, then a non-
microtubule mechanism for cytotoxicity is more likely.

www.archpharm.com
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Table 3. NCI in vitro testing results of compound 6d at five dose level in uM

Panel Cell line Glso TGI LCso
Conc. per Subpanel Selectivity ratio Conc. per
cell line MIDP (MID*MIDP) cell line
Leukemia CCRF-CEM 4.29 5.23 1.34 >100 >100
HL-60(TB) 3.80 >100 >100
K-562 1.78 >100 >100
MOLT-4 11.10 >100 >100
RPMI-8226 4.27 >100 >100
SR 6.16 >100 >100
Non-small cell lung cancer A549/ATCC 2.88 13.35 0.52 >100 >100
EKVX 7.60 >100 >100
HOP-62 1.67 >100 >100
HOP-92 0.19 0.93 >100
NCI-H226 0.59 >100 >100
NCI-H23 3.08 >100 >100
NCI-H322M >100 >100 >100
NCI-H460 3.71 >100 >100
NCI-H522 0.46 2.29 >100
Colon cancer COLO 205 2.50 2.51 2.79 7.86 >100
HCC-2998 1.85 4.77 >100
HCT-116 2.48 >100 >100
HCT-15 1.32 >100 >100
HT29 3.11 >100 >100
KM12 2.18 39.80 >100
SW-620 4.11 >100 >100
CNS cancer SF-268 5.61 2.56 2.73 >100 >100
SF-295 0.68 >100 >100
SE-539 1.15 4.71 >100
SNB-19 3.82 >100 >100
SNB-75 1.61 >100 >100
U251 2.48 >100 >100
Melanoma LOX IMVI 2.55 19.45 0.36 >100 >100
MALME-3M 83.40 >100 >100
M14 2.40 >100 >100
MDA-MB-435 0.45 2.30 >100
SK-MEL-2 3.05 >100 >100
SK-MEL-28 72.2 >100 >100
SK-MEL-5 0.32 3.21 >100
UACC-257 9.92 >100 >100
UACC-62 0.75 >100 >100
Ovarian cancer IGROV1 4.76 3.85 1.82 >100 >100
OVCAR-3 0.98 291 >100
OVCAR-4 5.66 >100 >100
OVCAR-5 9.27 >100 >100
OVCAR-8 3.62 >100 >100
NCI/ADR-RES 1.04 7.85 >100
SK-OV-3 1.64 >100 >100
Renal cancer 786-0 3.95 2.29 3.06 >100 >100
A498 0.54 nd >100
ACHN 1.06 >100 >100
CAKI-1 0.66 >100 >100
RXF-393 0.34 3.05 >100
SN12C 5.90 >100 >100
TK-10 4.87 >100 >100
U0-31 1.03 >100 >100
Prostate cancer PC-3 2.86 2.43 2.88 >100 >100
DU-145 4.01 >100 >100

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.archpharm.com
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Table 3. (continued)
Panel Cell line Glso TGI LCso
Conc. per Subpanel Selectivity ratio Conc. per
cell line MID" (MID?/MIDP) cell line
Breast cancer MCF7 0.63 1.37 5.11 >100 >100
MDA-MB-231/ATCC 2.84 >100 >100
HS 578T 1.55 >100 >100
BT-549 2.28 21.8 >100
T-47D 0.61 >100 >100
MDA-MB-468 0.33 4.66 >100
MID? 7.00
MID®* = Average sensitivity of all cell lines in wM.
MID® = Average sensitivity of all cell lines of a particular subpanel in wM.
nd, Not determined.
Table 4. NCI in vitro testing results of compound 6e at five dose level in pM.
Panel Cell line Glso TGI LGCso
Conc. per Subpanel Selectivity ratio Conc. per
cell line MID" (MID*MIDP) cell line
Leukemia CCRF-CEM 3.53 2.83 0.70 >100 >100
HL-60(TB) 1.89 5.62 >100
K-562 1.30 >100 >100
MOLT-4 4.43 >100 >100
RPMI-8226 3.53 >100 >100
SR 2.28 >100 >100
Non-small cell lung cancer A549/ATCC 2.32 2.53 0.78 >100 >100
EKVX 4.57 >100 >100
HOP-62 1.53 36.90 >100
HOP-92 0.19 0.99 >100
NCI-H226 0.75 30.6 >100
NCI-H23 2.93 54.8 >100
NCI-H322M 7.97 85.3 >100
NCI-H460 2.34 >100 >100
NCI-H522 0.18 0.49 4.81
Colon cancer COLO 205 1.47 1.58 1.25 4.03 >100
HCC-2998 2.16 6.63 >100
HCT-116 1.76 19.5 >100
HCT-15 1.10 42.1 >100
HT29 2.13 10.3 95.20
KM12 1.03 7.44 >100
SW-620 1.44 >100 >100
CNS cancer SF-268 2.48 1.16 1.69 44.40 >100
SF-295 0.40 7.23 69.90
SE-539 0.58 3.35 >100
SNB-19 1.75 46.50 >100
SNB-75 0.55 11.00 >100
U251 1.21 11.90 78.90
Melanoma LOX IMVI 2.37 2.38 0.83 15.00 >100
MALME-3M 12.7 62.20 >100
M14 2.03 12.40 >100
MDA-MB-435 0.34 1.01 39.60
SK-MEL-2 0.71 412 48.90
SK-MEL-28 1.80 30.20 >100
SK-MEL-5 0.39 5.65 >100
UACC-257 0.70 28.30 >100
UACC-62 0.40 28.20 >100
continued

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 4. (continued)
Panel Cell line Glso TGI LCso
Conc. per Subpanel Selectivity ratio Conc. per
cell line MID" (MID?/MIDP) cell line
Ovarian cancer IGROV1 1.87 1.87 1.05 23.40 >100
OVCAR-3 0.42 1.70 7.03
OVCAR-4 2.09 42.40 >100
OVCAR-5 4.21 >100 >100
OVCAR-8 2.87 18.20 >100
NCI/ADR-RES 0.75 41.50 >100
SK-OV-3 0.89 7.05 >100
Renal cancer 786-0 2.62 1.53 1.29 23.80 >100
A498 0.37 4.34 >100
ACHN 0.65 44.20 >100
CAKI-1 0.43 25.40 >100
RXF-393 0.42 3.03 48.00
SN12C 3.96 >100 >100
TK-10 3.32 20.30 >100
UO-31 0.46 17.80 >100
Prostate cancer PC-3 1.89 2.71 0.73 27.40 >100
DU-145 3.53 15.20 >100
Breast cancer MCEF7 0.48 1.39 1.42 79.00 >100
MDA-MB-231/ATCC 2.27 20.80 >100
HS 578T 0.99 6.74 >100
BT-549 2.09 11.00 >100
T-47D 2.21 95.30 >100
MDA-MB-468 0.30 1.92 >100
MID? 1.97

MID®* = Average sensitivity of all cell lines in wM.

MID® = Average sensitivity of all cell lines of a particular subpanel in wM.
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Figure 1. Effect of compounds 6¢c—f on paclitaxel-induced tubulin
assembly. Bovine brain tubulin (5 wM) in PME buffer; and 0.1 mM
GTP was incubated with 40 wM of various tested compounds for
40 min at room temperature. Microtubule assembly was then
induced by paclitaxel (5 wM) at 37°C. The final concentration of
DMSO in each sample was 2% v/v. Polymerization was monitored
by the change in fluorescence of microtubule-bound DAPI at excita-
tion and emission wavelengths of 360 and 450 nm, respectively. The
curves shown are the control with no ligand (a), and samples con-
taining 40 wM of the tested drug; 6¢ (c), 6d (b), 6e (e), and 6f (d).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 5. Inhibition of tubulin assembly induced by compounds 6¢c—f
(40 pM)

Compound Percent inhibition?
6¢C 11
6d 15
6e 40
6f 11

3 Decrease in assembly relative to a control without added drug.
Data were collected as described in Fig. 1.

Figure 1 shows a typical polymerization profile. The relative
potencies of each compound are expressed as the decrease in
the fluorescence signal at the plateau relative to the control
(Table 5).

These results indicate that there is a positive correlation
between tubulin polymerization and cytoxicity activity of the
tested pyrazoline derivatives. The results indicate that pyr-
azolines 6e and 6d which exhibited good cytotoxic activity
against different cancer cell lines achieved also good tubulin
polymerization inhibitory activity. Compound 6d exhibited
moderate selectivity toward renal cancer subpanel with selec-
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Table 6. 1Csq values for inhibition of tubulin assembly for
compounds 6d and 6e compared to podophyllotoxin

Compound ICs0 (M) £ SEM
6d 40 £ 2

6e 17 £ 2
Podophyllotoxin 1.3 £0.26

tivity ratio of 3.06 at Gls, level and toward breast cancer
subpanel with selectivity ratio of 5.11 at Glsy level. Both
cytotoxicity results and tubulin polymerization inhibitory
activity support the fact that pyrazoline derivatives 6d and 6e
are promising anticancer agents and tubulin polymerization
inhibitory activity may be the expected mechanism of action
of these compounds.

—

10 pm
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IC50 determination

Pyrazolines 6d and 6e were selected for more detailed
analysis. Due to the low solubility of these molecules,
the assay conditions were modified as described under
experimental procedures to obtain the full dose-response
curve for inhibition of tubulin assembly. An ICsq value was
calculated for each molecule from these data. The ICs,
of podophyllotoxin, a potent polymerization inhibitor
that binds to the colchicine site on tubulin [58] was also
determined under identical experimental conditions. The
results are summarized in Table 6.

Confocal microscopy

To establish the effect of compounds 6d and 6e on cellular
microtubules, PC3 cells were treated with or without ligand
for 24 h, then fixed and immunostained for microtubules
(red) and nucleus (blue) (Fig. 2). The cells with 1% DMSO (no

—

10 pm

—

10 pm

Figure 2. Confocal microscopy images of PC3 cells treated with 1% DMSO (A), 20 uM compound 6e in 1% DMSO (B), and 20 uM

compound 6d in 1% DMSO (C) for 24 h.

7\

Figure 3. The structure of compound 6e (S-isomer) docked into the colchicine binding site of tubulin.
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ligand) were uninucleated and exhibited a dense network of
microtubules whereas the cells treated with 20 uM of com-
pound 6d or 6e were multinucleated (indicated by an arrow)
and showed a diffused microtubule network. The photo-
micrographs thus indicate that the cytotoxicity of these
drugs can be attributed to their ability to interfere with
microtubule assembly.

Molecular modeling

Molecular docking studies of pyrazoline 6e to tubulin protein
were performed. The X-ray crystal structure of the DAMA-
colchicine-tubulin complex (PDB code 1SA0) was used as the
tubulin protein template. As shown in Fig. 3 (S-isomer of
compound 6e), the pyrazoline bridge moiety of compound
6e causes the ring-A and ring-B to lie in similar positions to
that of the colchicine. In the ring-A (trimethoxyphenyl)
of compound 6e, the -OCHj; substituted on it can form
hydrogen bonds with Cys241 in B-subunit (3.63, 4.16, or
492 A). The ringB of compound 6e (dimethoyphenyl) the
p-OCHj; on it can support hydrogen bond interactions with
the backbone at Val315 or Lys352 in B-subunit (distances 2.15
or 2.89 A, respectively). The CN group can accept a hydrogen
bond with the Glu183 (distance 3.97 A). Hydrophobic inter-
actions were also observed between different methyl groups
of compound 6e with different amino acids including
Val181, Leu248, and Leu255 in the colchicine binding site
of B-tubulin.

Conclusions

A group of novel 2-pyrazoline derivatives was prepared as
combretastatin A4 analogues and characterized by different
spectroscopic and elemental analysis techniques. The pre-
pared pyrazoline derivatives were evaluated for both anti-
cancer activity on different cancer cells and tubulin
polymerization inhibitory activity. The results revealed
that pyrazoline derivatives 6d and 6e exhibited remarkable
cytotoxic activity against different cancer cell lines. The
results indicate that there is a positive correlation between
tubulin polymerization inhibitory activity and cytoxicity of
the tested pyrazolines 6d and 6e. Compound 6d exhibited
moderate selectivity toward the renal cancer subpanel with
selectivity ratio of 3.06 at Glsq level and toward the breast
cancer subpanel with selectivity ratio of 5.11 at GIs, level. The
ICso value was calculated for compounds 6e and 6d and was
found to be 17 and 40 puM, respectively. The photomicro-
graphs made for compounds 6d and 6e on cellular micro-
tubules indicate that the cytotoxicity of these compounds is
attributed to their ability to interfere with microtubule
assembly. Molecular modeling studies involving compound
6e with the colchicine binding site of a,B-tubulin revealed
hydrogen-bonding and hydrophobic interactions with several
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amino acids in the colchicine binding site of B-tubulin.
Finally, the novel synthesized pyrazoline derivatives 6d
and 6e are promising anticancer agents and tubulin
polymerization inhibitory activity may be the expected
mechanism of action of these compounds.

Experimental

Chemistry
Melting points were determined on Stuart electrothermal melt-
ing point apparatus and were uncorrected. IR spectra were
recorded as KBr disks on a Brukar Vector 22 IR spectropho-
tometer. NMR spectra were carried out on 300 MHz Mercury
300BB NMR spectrophotometer and a Bruker Advance
300 MHz NMR spectrometer, using TMS as internal reference.
Chemical shifts (§ values are given in parts per million (ppm)
relative to CDCl; (7.29 for proton and 76.9 for carbon) or DMSO-dg
(2.50 for proton and 39.50 for carbon) and coupling constants (J)
in Hertz. Splitting patterns are designated as follows: s, singlet; d,
doublet; t, triplet; q, quartet; dd, doublet of doublet; m, multip-
let. Accurate masses were obtained on a Micromass LCT mass
spectrometer and on an Agilent Technologies 1100 LC/MSD ion
trap mass spectrometer equipped with an atmospheric pressure
electrospray. The progress of reactions and the purity of the
prepared compounds were monitored by thin-layer chromatog-
raphy (TLC) using Merck 9385 pre-coated aluminum plate silica
gel (Kieselgel 60) 5 cm x 20 cm plates with a layer thickness of
0.2 mm. The spots were detected by exposure to UV-lamp at
A = 254 nm. Elemental analysis was performed on a Perkin
Elmer 2400 CHN elemental analyzer, and the results were within
+0.4% of the theoretical values.

Chalcones (3a—g) were prepared according to reported pro-
cedure [59].

Compounds (4a-g) were prepared according to reported pro-
cedure [48].

5-(3-Hydroxyphenyl)-4,5-dihydro-3-(4-methoxyphenyi)-
1H-pyrazole (4g)

Yellowish white crystals (ethanol) in (2.00 g, 74.63% yield), mp
179-180°C. IR (KBI) Umax (cm™Y): 3410 (OH), 3322 (NH), 1592
(C=N), and 1575 (C-C). 'H NMR (300 MHz, CDCl;) & (ppm):
3.15 (dd, 1H, ] = 16.76 and 7.40 Hz, CH, of pyrazoline), 3.44
(dd, 1H, ] = 16.76 and 10.30 Hz, CH, of pyrazoline), 3.70 (s,
3H, OCH3;), 4.82 (dd, 1H, ] = 7.40 and 10.30 Hz, CH of pyrazoline),
6.41-6.68 (m, 5H, Ar-H), 6.94 (dd, 2H, J = 8.10 and 2.10 Hz,
Ar-H), 7.17 (s, 1H, NH), 7.25 (d, 1H, J = 1.83 Hz, Ar-H). MS: m/z
(%) 269 (100) [M+1], 268 (100) [M+], 267 (68), 155 (60). Anal. Calcd.
for C;6H,6N,0,: C, 71.62; H, 6.01; N, 10.44. Found: C, 71.73; H, 6.08;
N, 10.44.

General procedure for preparation of compounds (6a—g)

To a stirred solution of pyrazoline derivatives 4a—f (1.0 mmol)
in 20 mL CH,Cl, was added compound 5 (0.63 g; 2.0 mmol)
followed by triethylamine (0.22 g; 2.2 mmol). The mixture was
stirred for 1 h at room temperature; the reaction was quenched
by the addition of 20 mL saturated NaCl and 20 mL EtOAc.
The aqueous layer was extracted with (2 x 20 mL) EtOAc, the
combined EtOAc extracts were washed subsequently with 10 mL
1 N HCI (2 x 10 ml) distilled H,0, 10 mL NaHCO;3 (2 x 10 mL)
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distilled H,0 and 10 mL saturated NaCl, and dried over MgSO,.
After complete evaporation of the organic solvents using a
vacuum pump the crude product was purified by silica gel
column chromatography using ethyl acetate/n-hexane as a
mobile phase to give compounds 6a-g.

5-(2-Furyl)-4,5-dihydro-1-(3,4,5-trimethoxybenzoyl)-3-
(3,4-dimethoxyphenyl)-1H-pyrazole (6a)

The residue was chromatographed with ethyl acetate/n-hexane
(1:4) as eluent to give 6a as a white powder in (0.39 g, 83.69%
yield), mp 180°C. IR (KBr) vmay (cm™'): 1615 (C=N), 1578 (C=0).
'H NMR (300 MHz, CDCl3) 8 (ppm): 3.50 (dd, 1H, ] = 17.40 and
5.10 Hz, CH, of pyrazoline), 3.65 (dd, 1H,] = 17.40 and 11.40 Hz,
CH, of pyrazoline), 3.92 (s, 3H, CHz), 3.94 (s, 9H, 3CHj3), 3.96 (s, 3H,
CHj), 5.94 (dd, 1H,] = 5.10 and 11.40 Hz, CH of pyrazoline), 6.35-
6.37 (m, 1H, Ar-H), 6.44 (d, 1H, J = 3.30 Hz, Ar-H), 6.91 (d, 1H,
J = 8.10 Hz, Ar-H), 7.22 (dd, 1H,] = 8.10 and 1.80 Hz, Ar-H), 7.35
(s, 1H, Ar-H), 7.41 (d, 1H, ] = 1.80 Hz, Ar-H), 7.47 (s, 2H, Ar-H).
13C NMR (75 MHz, CDCl3) § (ppm): 39.53 (CH,), 57.03 (CH3), 57.86
(CH,), 58.01 (CHa), 58.18 (2CHs), 62.84 (CH), 109.24 (CH), 109.50
(CH), 109.90 (CH), 111.94 (CH), 112.09 (CH), 121.91 (CH), 125.32
(CH), 129.98 (C), 141.59 (C), 142.93 (C), 150.09 (C), 152.18 (C),
152.89 (C), 153.11 (C), 155.57 (C), 165.80 (CO). MS (ESI): 467.3
(C35Hz7N,0,, [M+H]™). Anal. Calcd. for C,5H,6N,0,: C, 64.37; H,
5.62; N, 6.01. Found: C, 64.14; H, 5.66; N, 5.97.

5-(2,6-Dichlorophenyl)-4,5-dihydro-1-(3,4,5-trimethoxy-
benzoyl)-3-(3,4-dimethoxyphenyl)-1H-pyrazole (6b)

The residue was chromatographed with ethyl acetate/n-hexane
(1:3) as eluent to give 6b as a white solid in (0.44 g, 80.73% yield),
mp 191-192°C. IR (KBr) vpax (cm™'): 1608 (C=N), 1580 (C=0).
"H NMR (300 MHz, CDCls) § (ppm): 3.41 (dd, 1H, | = 17.40 and
8.70 Hz, CH, of pyrazoline), 3.77 (dd, 1H, ] = 17.40 and 12.60 Hz,
CH, of pyrazoline), 3.92 (s, 3H, CHj3), 3.93 (s, 3H, CH3), 3.94 (s, 6H,
2CH3), 3.96 (s, 3H, CH;), 6.48 (dd, 1H,] = 8.70 and 12.60 Hz, CH of
pyrazoline), 6.92 (d, 1H, J = 8.40 Hz, Ar-H), 7.16 (d, 1H,
] = 7.80 Hz, Ar-H), 7.21 (d, 1H, | = 8.4 Hz, Ar-H), 7.29 (d, 1H,
J = 7.80 Hz, Ar-H), 7.40 (s, 1H, Ar-H), 7.42 (d, 1H, ] = 1.80 Hz,
Ar-H), 7.46 (s, 2H, Ar-H). '*C NMR (75 MHz, CDCl;) § (ppm): 40.23
(CH,), 57.88 (CH;), 58.02 (CHj), 58.15 (2CHj), 60.03 (CH;) 62.83
(CH), 109.58 (CH), 109.93 (CH), 112.14 (CH), 121.73 (CH), 125.29
(CH), 129.69 (CH), 129.74 (CH), 130.19 (C), 131.07 (C), 134.79 (C),
135.97 (C), 137.23 (C), 141.62 (C), 150.12 (C), 152.12 (C), 153.10 (C),
155.15 (C), 165.84 (CO). MS (ESI): 545.2 (C;;H,,Cl,N,06, [M+H] ).
Anal. Calcd. for C,,H,6CI,N,Oq: C, 59.46; H, 4.80; N, 5.14. Found:
C, 59.43; H, 5.04; N, 5.15.

1-(3,4,5-Trimethoxybenzoyl)-4,5-dihydro-5-(2,4-

dimethoxyphenyl)-3-(3,4-dimethoxyphenyl)-1H-pyrazole (6c¢)
The residue was chromatographed with ethyl acetate/n-hexane
(1:4) as eluent to give 6¢ as a yellow crystals in (0.43 g, 80.13%
yield), mp 105°C. IR (KBr) umay (cm™?): 1615 (C=0) and 1585 (C=
0). 'TH NMR (300 MHz, CDCls) § (ppm): 3.11 (dd, 1H,] = 17.40 and
4.80 Hz, CH, of pyrazoline), 3.68-3.74 (m, 1H, CH, of pyrazoline),
3.79 (s, 3H, CHj), 3.80 (s, 3H, CH;), 3.88 (s, 3H, CHs), 3.93 (s, 3H,
CH,), 3.94 (s, 3H, CHs), 3.95 (s, 6H, 2CH,), 5.98-6.03 (m, 1H, CH of
pyrazoline), 6.45 (dd, 1H, ] = 8.40 and 2.40 Hz, Ar-H), 6.51 (s, 1H,
Ar-H), 6.89 (d, 1H, ] = 8.40 Hz, Ar-H), 7.10 (d, 1H, ] = 8.40 Hz,
Ar-H), 719 (dd, 1H, ] = 8.40 and 1.80 Hz, Ar-H), 7.41 (s, 1H,
Ar-H), 7.53 (s, 2H, Ar-H). *C NMR (75 MHz, CDCl;) § (ppm):
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42,65 (CH,), 57.37 (CHy), 57.55 (CHs), 57.86 (CHs), 57.98 (CHa),
58.17 (2CHa), 59.29 (CH), 62.83 (CH), 100.56 (CH), 105.69 (CH),
109.90 (CH), 112.06 (CH), 121.81 (CH), 123.05 (CH), 125.78 (CH),
127.93 (C), 130.50 (C), 141.41 (C), 150.01 (C), 151.97 (C), 153.11 (C),
156.41 (C), 157.97 (C), 161.07 (C), 165.36 (CO). MS (ESI): 537.3
(C29H33N208, [M+H]+) Anal. Calcd. for C,oH3,N,04: C, 64.91; H,
6.01; N, 5.22. Found: C, 64.66; H, 5.97; N, 5.12.

1-(3,4,5-Trimethoxybenzoyl)-4,5-dihydro-5-(4-

methoxyphenyl)-3-(3,4-dimethoxyphenyl)-1H-pyrazole (6d)
The residue was chromatographed with ethyl acetate/n-hexane
(1:3) as eluent to give 6d as a yellow powder in (0.41 g, 80.93%
yield), mp 93-94°C. IR (KBT) Upax (cm™1): 1612 (C=N) and 1583 (C=
0). 'TH NMR (300 MHz, CDCly) § (ppm): 3.23 (dd, 1H, ] = 17.40 and
5.20 Hz, CH, of pyrazoline), 3.70-3.74 (m, 1H, CH, of pyrazoline),
3.81 (s, 3H, CHs), 3.90 (s, 3H, CHj;) 3.94 (s, 6H, 2CHj), 3.95 (s, 6H,
2CHj;), 5.76-5.81 (m, 1H, CH of pyrazoline), 6.85-6.91 (m, 3H,
Ar-H), 7.17-7.22 (m, 1H, Ar-H), 7.21-7.28 (m, 2H, Ar-H), 7.44 (s,
1H, Ar-H), and 7.49 (s, 2H, Ar-H). *C NMR (75 MHz, CDCl;) §
(ppm): 43.53 (CH,), 57.29 (CHs), 57.87 (CHs), 58.01 (CHj), 58.18
(CH;), 60.36 (CHj3), 62.84 (CH;) 63.19 (CH), 109.52 (CH), 109.90
(CH), 112.10 (CH), 115.59 (CH), 121.91 (CH), 125.45 (CH), 128.16
(C), 130.21 (C), 135.19 (C), 141.51 (C), 150.01 (C), 152.15 (C), 153.11
(C), 155.74 (C), 159.80 (C), 165.53 (CO). MS (ESI): 507.3
(C28H31N207, [M+H]+) Anal. Calcd. for CygH39N,0,: C, 66.39;
H, 5.97; N, 5.53. Found: C, 66.25; H, 6.23; N, 5.25.

5-(4-Cyanophenyl)-4,5-dihydro-1-(3,4,5-trimethoxy-
benzoyl)-3-(3,4-dimethoxyphenyl)-1H-pyrazole (6e)

The residue was chromatographed with ethyl acetate/n-hexane
(1:3) as eluent to give 6e as a white powder in (0.41 g, 81.74%
yield), mp 188-189°C. IR (KBr) Upayx (cm ™ 1): 2240 (CN), 1610 (C=N),
1578 (C=0). "H NMR (300 MHz, CDCl;) § (ppm): 3.18 (dd, 1H,
J =17.70 and 5.10 Hz, CH, of pyrazoline), 3.82-3.89 (m, 1H, CH,
of pyrazoline), 3.94 (s, 3H, CH3), 3.95 (s, 6H, 2CHj3), 3.96 (s, 6H,
2CH3), 5.85(dd, 1H,] = 5.10 and 11.70 Hz, CH of pyrazoline), 6.91
(d, 1H, J = 8.10 Hz, Ar-H), 7.19 (dd, 1H, J = 8.1, 1.8 Hz, Ar-H),
7.41-7.48 (m, 3H, Ar-H), 7.51 (s, 2H, Ar-H), 7.65-7.68 (m, 2H,
Ar-H). "*CNMR (75 MHz, CDCl5) 3 (ppm): 43.20 (CH,), 57.88 (CH3),
58.04 (CHs), 58.21 (2CHy), 62.87 (CH;), 63.43 (CH), 109.55 (CH),
109.87 (CH), 112.15 (CH), 112.96 (CH), 119.80 (CN), 122.02 (CH),
124.87 (CH), 127.73 (C), 129.42 (C), 133.95 (C), 141.89 (C),
147.95 (C), 150.20 (C), 152.45 (C), 153.21 (C), 155.52 (C), 165.59
(CO). MS (ESI): 5023 (CysH,sN306, [M+H]'). Anal. Calcd.
for C,sH,7N306: C, 67.05; H, 5.43; N, 8.38. Found: C, 66.91; H,
5.59; N, 8.37.

5-(3-Hydroxyphenyl)-4,5-dihydro-1-(3,4,5-trimethoxy-
benzoyl)-3-(3,4-dimethoxyphenyl)-1H-pyrazole (6f)

The residue was chromatographed with ethyl acetate/n-hexane
(1:2) as eluent to give 6f as a white powder in (0.40 g, 81.30%
yield), mp 118-119°C. IR (KBI) Upax (cm™1): 3250 (OH), 1609 (C=N),
and 1570 (C=0). "H NMR (300 MHz, CDCl) § (ppm): 3.14 (dd, 1H,
J =17.40 and 4.50 Hz, CH, of pyrazoline), 3.77-3.80 (m, 1H,
CH, of pyrazoline), 3.81 (s, 3H, CH3), 3.82 (s, 3H, CHj3), 3.84 (s,
3H, CH3;), 3.87 (s, 6H, 2CH3), 5.66 (dd, 1H, ] = 4.50 and 11.70 Hz,
CH of pyrazoline), 6.63-6.71 (m, 3H, Ar-H), 6.93 (d, 1H,
] = 8.40 Hz, Ar-H), 7.09 (t, 1H, ] = 7.8 Hz, Ar-H), 7.21 (dd, 1H,
J =78, 2.10 Hz, Ar-H), 7.32 (d, 1H, J = 1.80 Hz, Ar-H), 7.41
(s, 2H, Ar-H), 8.04 (s, 1H, OH). *C NMR (75 MHz, CDCls;)

www.archpharm.com



546 M. Abdel-Aziz et al.

(ppm): 43.51 (CH,), 62.42 (CHs), 62.67 (CHs), 62.93 (2 CH), 67.21
5), 68.06 (CH), 114.22 (CH), 115.18 (CH), 115.23 (CH), 117.56
, 118.44 (CH), 120.63 (CH), 122.26 (CH), 126.80 (CH), 130.04
),135.22 (C), 135.72 (C), 146.06 (C), 149.68 (C), 154.76 (C), 156.86
). 157.85 (C), 160.90 (C), 163.52 (C), 169.46 (CO). MS (ESI): 493.3
27H29N207 [M+H]+) Anal. Calcd. for C27H28N207 C, 65.84; H,
5.73; N, 5.69. Found: C, 65.55; H, 5.82; N, 5.57.

8
(CH
(CH)
(@
(C
(@

5-(3-Hydroxyphenyl)-4,5-dihydro-1-(3,4,5-trimethoxy-
benzoyl)-3-(4-methoxyphenyl)-1H-pyrazole (6g)

The residue was chromatographed with ethyl acetate/n-hexane
(1:2) as eluent to give 6g as a white powder in (0.37 g, 89% yield),
mp 189-191°C. IR (KBT) vpay (cm™1): 3380 (OH), 1610 (C=N), and
1580 (C=0). '"H NMR (300 MHz, CDCl;) § (ppm): 3.14 (dd, 1H,
J = 17.40 and 4.50 Hz, CH, of pyrazoline), 3.71 (dd, 1H, ] = 17.40
and 11.40 Hz, CH, of pyrazoline), 3.86 (s, 3H, CHz), 3.91 (s, 3H,
CH3), 3.95 (s, 6H, 2CH5), 5.70 (dd, 1H,] = 4.50 and 11.40 Hz, CH of
pyrazoline), 6.66 (dd, 1H, ] = 7.80 and 1.50 Hz, Ar-H), 6.76-6.80
(m, 2H, Ar-H), 6.93 (d, 2H, J = 8.7 Hz, Ar-H), 7.12 (t, 1H,
J = 7.8 Hz, Ar-H), 7.48 (s, 2H, Ar-H), 7.67 (d, 2H, ] = 8.7 Hz,
Ar-H), 8.10 (s, 1H, OH). '*C NMR (75 MHz, CDCl;) § (ppm):
43.73 (CH,), 57.43 (CHs), 58.23 (CHs), 62.42 (CHs), 62.84 (CHs),
63.64 (CH), 109.56 (CH), 114.47 (CH), 115.55 (CH), 116.33 (CH),
117.54 (CH), 124.92 (CH), 129.51 (CH), 129.92 (C), 131.27 (C),
141.62 (C), 143.98 (C), 153.15 (C), 156.68 (C), 157.82 (C), 162.32
(C), 166.20 (CO). MS (ESI): 463.3 (Cy6H,;N,06, [M+H]"). Anal.
Calcd. for C26H26N205: C, 67.52; H, 5.67; N, 6.06. Found: C,
67.42; H, 5.87; N, 6.01.

Biolgical evaluation

Anticancer activity

The methodology of the NCI anticancer screening has been
described in detail elsewhere (http://www.dtp.nci.nih.gov).
Briefly, the primary anticancer assay was performed at approxi-
mately 60 human tumor cell lines panel derived from nine
neoplastic diseases, in accordance with the protocol of the
Drug Evaluation Branch, National Cancer Institute, Bethesda.
Tested compounds were added to the culture at a single concen-
tration (10> M) and the cultures were incubated for 48 h. End
point determinations were made with a protein binding dye,
SRB. Results for each tested compound were reported as the
percent of growth of the treated cells when compared to the
untreated control cells. The percentage growth was evaluated
spectrophotometrically versus controls not treated with test
agents. The cytotoxic and/or growth inhibitory effects of the
most active selected compound were tested in vitro against
the full panel of about 60 human tumor cell lines at 10-fold
dilutions of five concentrations ranging from 10™* to 107% M. A
48-h continuous drug exposure protocol was followed and an
SRB protein assay was used to estimate cell viability or growth.
Using the seven absorbance measurements [time zero (T,), con-
trol growth in the absence of drug (C), and test growth in the
presence of drug at the five concentration levels (T)], the per-
centage growth was calculated at each of the drug concen-
trations levels. Percentage growth inhibition was calculated
as: [Ty — T,)/(C — T,)] x 100 for concentrations for which
T; > T,, and [(Ti — T,)/T,] x 100 for concentrations for which
T; < T,. Three dose-response parameters were calculated for
each compound. Growth inhibition of 50% (Gls) was calculated
from [(T; — T,)/(C — T,)] x 100 = 50, which is the drug concen-
tration resulting in a 50% lower net protein increase in the
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treated cells (measured by SRB staining) as compared to the
net protein increase seen in the control cells. The drug concen-
tration resulting in TGI was calculated from T; = T,. The LCsg
(concentration of drug resulting in a 50% reduction in the
measured protein at the end of the drug treatment as compared
to that at the beginning) indicating a net loss of cells following
treatment was calculated from [(T; — T,)/T,] x 100 = —50. Values
were calculated for each of these three parameters if the level of
activity is reached; however, if the effect was not reached or was
exceeded, the value for that parameter was expressed as more or
less than the maximum or minimum concentration tested. The
log Glsg, log TGI, and log LCs, were then determined, defined as
the mean of the logs of the individual Glsy, TGI, and LCs, values.
The lowest values are obtained with the most sensitive
cell lines. Compound having logGls, values —4 and <—4 was
declared to be active.

Assay of microtubule assembly

Solubility of the tested compounds

A stock solution of each compound was prepared in DMSO. Each
compound stock was diluted in PME buffer {100 mM PIPES,
1mM MgSO,, 2 mM ethylene glycol bis[B-aminoethyl
ether|N,N'-tetraacetic acid (EGTA), pH 6.90 at 25°C} to yield con-
centrations up to 80 uM and a final DMSO concentration of
2-8%. Samples of identical concentrations were also prepared
in 100% DMSO. Absorbance spectra of these samples were
obtained using a HP 8453 UV-Vis spectrophotometer. The
compound’s aqueous solubility was assessed by the overlaid
absorbance spectra of the 2-8% and 100% DMSO samples for
the same concentration. Significant changes in light scattering
of the 2-8% DMSO sample compared to the 100% DMSO sample
suggested insolubility of the compound under experimental
conditions.

Screening for tubulin polymerization inhibition [60]

DMSO or 40 uM of the ligand in DMSO was added to bovine brain
tubulin (final concentration of 5 uM) in PME buffer and incu-
bated for 40 min at room temperature in a 96-well plate. GTP and
DAPI were added to obtain final concentrations of 0.1 mM and
10 puM, respectively. The samples were equilibrated to 37°C in
the SynergyMx microplate reader for 5 min and the fluorescence
was recorded to establish a baseline. The excitation and emission
wavelengths were 360 and 450 nm, respectively. Paclitaxel in
DMSO was added to a final concentration of 5 uM to induce
microtubule assembly. The total concentration of DMSO was
limited to 4% v/v; ligand and paclitaxel were each added in
2% DMSO of the final volume. The extent of polymerization
was monitored over time by an increase in fluorescence at
450 nm.

IC5p determination

Bovine brain tubulin (8 wM), GTP (1 mM), and DAPI (10 uM) in
PME buffer were equilibrated to 37°C in the 96-well plates. The
excitation and emission wavelengths were set at 360 and
450 nm, respectively, and the fluorescence was recorded to
obtain a baseline. Varying concentration of the ligand in
DMSO was added and the increase in fluorescence was monitored
over time. The control contained tubulin, GTP, DAPI, and DMSO
but no ligand. The final concentration of DMSO was 8% v/v in all
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samples. The extent of polymerization versus the log of ligand
concentration was plotted, and the ICsq value was calculated
from the sigmoidal fit of the dose-response curve.

Confocal microscopy

PC3 cells were grown on Lab-Tek II chambered cover glass slips
for 24 h and then treated with 1% DMSO or 20 pM ligand in 1%
DMSO for 24 h. Cells were washed three times with PBS (10 mM
sodium phosphate, pH 7.2, 0.9% sodium chloride w/v) and then
treated with methanol/acetone (1:1 v/v) for 10 min at 4°C. The
cells were washed again three times with PBS and incubated with
5% bovine serum albumin (BSA) in PBST (PBS with 0.1% Tween)
for 30 min. The cells were then incubated with mouse mono-
clonal anti-o tubulin antibody (Zymed Technologies) for 1 h and
with Alexafluor 647 goat anti-mouse IgG (Molecular probes) for
45 min at room temperature. The nucleus was stained with DAPI
(0.1 pg/mL) and Gel/Mount (Biomedia Corp.) was added before
imaging. In between each step, the cells were washed with PBS
thrice. Photomicrographs were obtained using a Zeiss LSM 510
META confocal scanning laser microscope.

Molecular docking

All the molecular modeling studies were carried out on an Intel
Core™ i3 processor, 3 GB memory with Windows 7 operating
system using Molecular Operating Environment (MOE 2008,
Chemical Computing Group, Canada) as the computational soft-
ware. All the minimizations were performed with MOE until a
RMSD gradient of 0.05 kcal mol~* A~ with MMFF94X force-field
and the partial charges were automatically calculated.

The X-ray crystallographic structure of tublin complexed with
DAMA-colchicine (PDB ID: 1SA0) was obtained from the protein
data bank. The enzyme was prepared for docking studies where:
(i) Ligand molecule was removed from the enzyme active site. (ii)
Hydrogen atoms were added to the structure with their standard
geometry. (iii) MOE Alpha Site Finder was used for the active sites
search in the enzyme structure and dummy atoms were created
from the obtained alpha spheres. (iv) The obtained model was
then used in predicting the ligand-enzyme interactions at the
active site.
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