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A series of new anilino substituted pyrimidine linked pyrrolo[2,1-c][1,4]benzodiazepine (PBD) conjugates
were prepared and evaluated for their anticancer activity. The effects of four promising PBD conjugates
on cell cycle of cancerous cell line A375 were investigated. These compounds showed the characteristic
features of apoptosis like enhancement in the levels of p53, release of cytochrome c, and cleavage of

© 2010 Elsevier Ltd. All rights reserved.

The pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) are a group of
naturally occurring DNA-interactive antitumour antibiotics, exam-
ples of which include anthramycin, tomamycin, sibiromycin, chica-
mycin, prothracarin, DC-81 (3) and dextochrysin.!”? The covalent
bond formation in the minor groove of DNA by nucleophilic attack
of 2-amino group of guanine base to form an amino linkage to C-11
is mainly responsible for the biological activities of PBDs.>* Re-
cently a series of C2-fluorinated PBDs have been synthesized and
evaluated for anticancer activity against a number of cancer cell
lines,® in which fluorine substitution plays an important role for
their biological activity. In the past few years, several hybrid com-
pounds, in which known antitumour agents tethered to PBD moi-
ety, have been designed, synthesized and evaluated for their
biological activity.®” Moreover, we have been involved in the
development of new synthetic strategies®!° for the preparation
of PBD ring system and also in the design of structurally modified
PBDs and their hybrids for the development of more potent anti-
cancer agents.'!14

An anilino substituted pyrimidine moiety present in the struc-
tures of agents like STI571 (Imatinib mesylate, gleevec (1)), nicoti-
nib (2) (Fig. 1) is considered responsible for the potent antitumor
properties.'>16
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Many chemotherapeutics are known to induce apoptosis, which
is a promising strategy for cancer drug discovery. Among the dif-
ferent approaches available to promote apoptosis, the develop-
ment of conjugates is one of the main strategies. From the
previous studies it is known that anilino primidines are reported
to possess apoptosis inducing ability,'”"'® similarly some of the
PBD conjugates are also known to induce apoptosis.'®2° Therefore,
in continuation of our efforts in the development of apoptosis
inducers as potential anticancer agents, it has been considered of
interest to synthesize these PBD conjugates with a view to increase
the efficacy of the compounds, that is, additive or synergistic effect
in comparison to both the precursors. Therefore in continuation of
these efforts, we herein report the synthesis and biological evalua-
tion of some new hybrids wherein anilino substituted pyrimidine
moieties were linked to the PBD ring system.

Synthesis of pyrimidine intermediates 13a,b and 15 was carried
out from the compounds 11a,b which were prepared by the liter-
ature method.?! Compounds 11a,b were coupled to 5-bromo vale-
ryl chloride (12) to provide compounds 13a,b whereas this 11a
was treated with 4-(bromomethyl)benzoyl chloride (14) to obtain
compound 15 as shown in Scheme 1.

Synthesis of C8-linked anilino substituted pyrimidine—PBD
conjugates (4a-c and 5a,b) was carried out by employing the
hydroxy nitrothioacetal compounds 16a,b as the starting material,
which was prepared by previously reported methods.!'"'* These
upon etherification with the intermediates 13a,b, and 15 using
K,CO3 in acetone provided the corresponding nitro thioacetals
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Figure 1. Chemical structures of biologically important imatinib mesylate or gleevec (1), nilotinib (2), DC-81 (3), and PBD conjugates (4a-c and 5a,b).
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Scheme 1. Reagents and conditions: (i) H,NCN, HNOs;, EtOH, reflux, 24 h, 58%; (ii) DMF-DMA, toluene, reflux, 24 h, 75%; (iii) NaOH, n-butanol, reflux, 48 h, 60%; (iv

SnCl,-2H,0, HCl, 1t, 2 h, 80%; (v) K,COs, dry DMF, rt, 6 h, 85%.

(17a-c and 18a,b). Further, reduction of these nitro compounds by
using SnCl,-2H,0 in MeOH followed by deprotective cyclization
employing HgCl,/CaCOs afford the desired PBD conjugates (4a-c
and 5a,b) as shown in Scheme 2.22

DNA-binding ability of these PBD conjugates (4a-c and 5a,b)
was investigated by thermal denaturation studies using calf thy-
mus (CT) DNA. The increase in the helix melting temperature
(AT,,) for each compound was examined at 0 and 18 h incubation
at 37 °C. Interestingly, all the compounds 4a-c and 5a,b elevated
the helix melting temperature of CT-DNA in the range of
1.2-7.1 °C. Compounds 5a,b have shown highest AT, ranges from
5.0 to 5.8 °C at 0 h and increased up to 6.8—7.1 °C after 18 h incu-
bation. Moreover, the naturally occurring PBD, that is, DC-81 (3)
exhibits a AT, of 0.7 °C under similar experimental conditions as
illustrated in Table 1.

A quantitative restriction enzyme digestion (RED100) assay was
previously developed in which the inhibition of DNA cleavage by
BamHI is used to probe the DNA binding capability of PBD com-

15: R = 3-Pyridyl

)

pounds. Further, from the previous studies it was reported that,
PBD prefers G-rich sequences (5-G'GATCC-3’) in DNA binding
which could be due to the affinity of PBDs in covalent interaction
with the free amino group attached to the N2 of guanine in the
DNA.?3 Therefore, in order to investigate the binding capability of
these compounds to DNA at G-rich regions, restriction endonucle-
ase BamHI assay was performed. The pBR322 vector DNA was incu-
bated with these compounds 4a,b and 5a,b at 4 and 8 uM
concentrations and digested with BamHI enzyme. The results
showed that PBD conjugates could not inhibit DNA digestion at
4 uM concentration. However, compounds 5a,b inhibited DNA
digestion at 8 1M concentration as shown in Supplementary Figure
1. Further, it was observed from Figure 2 that one of the promising
compounds 5b was found to inhibit the restriction digestion at
8 UM concentration, whereas DC-81 showed similar effects at a
higher concentration of 16 uM. These results showed an enhanced
DNA binding ability for the compound 5b compared to the natu-
rally occurring DC-81(3).
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Table 1
Thermal denaturation data for PBD conjugates 4a—c and 5a,b with calf thymus (CT)-
DNA

Compound [PBD]/[DNA] ATy, (°C)? after incubation at 37 °C for
i b
molar ratio oh 18h
4a 1:5 2.0 2.1
4b 1:5 15 2.5
4c 1:5 1.2 14
5a 1:5 5.0 6.8
5b 1:5 5.8 7.1
DC-81 (3) 1:5 0.3 0.7

@ For CT-DNA alone at pH 7.00 + 0.01, AT, = 68.5 °C £ 0.01 (mean value from 10
separate determinations), all ATy, values are + 0.1-0.2 °C.

b For a 1:5 molar ratio of [PBD]/[DNA], where CT-DNA concentration = 100 pM
and ligand concentration =20 pM in aqueous sodium phosphate buffer [10 mM
sodium phosphate + 1 mM EDTA, pH 7.00 £ 0.01].

Compounds 4a-c and 5a,b were also evaluated for their cyto-
toxicity in selected human cancer cell lines of breast, oral, ovary,
colon, lung, prostate, and cervix by using sulforhodamine B (SRB)
method. The compounds exhibiting Glso <10~> M (10 pM) are con-
sidered to be active on the respective cell lines. Table 2 reveals that
these compounds exhibited broad-spectrum activity in all the cell
lines employed and the activity of the compounds ranged from
Gls <0.1-2.7 uM. Adriamycin was employed as the positive con-
trol that demonstrated Glso values in the range of <0.1 to 2.1 uM,
whereas DC-81 showed Glso values in the range of 0.11 to
2.37 uM. Overall, significant cytotoxicity was observed for these
new PBD conjugates.

MTT assay was also carried out to identify the cytotoxic effect of
the four promising PBD conjugates (4a,b and 5a,b) on A375 cell
lines. ICso values were found to be 5.5, 5.6, 1.1, and 0.16 uM for
4a,b and 5a,b, respectively. Further, the cell viability of A375 cells
was determined and the values found to be 72% (4a), 64.9% (4b),
48% (5a), and 33.7% (5b), respectively, at 4 p{M concentration as
shown in Supplementary Figures 2 and 3. The data clearly indi-

Figure 2. RED 100 assay: The figure in the top panel depicts the Red assay using
DC-81 (3) and figure in the bottom panel depicts the compound 5b. C, the Cut vector
DNA with BamHI enzyme in the absence of compound and UC, the uncut vector
DNA. The numbers 2, 4, 8, 16, and 32 depicts the concentration in micro molar of
the compound used in the RED assay.

cated that compound 5b to be the most effective among all the
compounds studied. Further, to confirm the synergistic effect of
the promising conjugates (5a,b), they were compared to both the
precursors 3 (DC-81) and 15 (leftside conjugate partner). As shown
in Supplementary Figure 4, both the conjugates (5a,b) exhibited an
increase in the cytotoxicity in relation to 3 (DC-81) and 15 in A375
cells.

In order to study the effect of these conjugates on cell cycle pro-
gression, human melanoma cell lines (A375) were treated with
compounds 4a,b, and 5a,b and analyzed using fluorescence acti-
vated cell sorter (FACS shown in Supplementary Fig. 5). Treatment
of cells with these compounds at 4 pM concentration for 24 h in-
duced apoptotic effects up to 41.59%, 36.15%, 49.70%, and 83.86%
compared to 5.61% of control cells. Increased cells in sub G1 phase,
decrease of G1 and G2/M phase cells clearly showed that all the
compounds are effective in causing apoptosis as shown in Figure
3. Further, to evaluate the additive effect in the apoptosis inducing
ability, conjugate (5b) was compared to both the precursors 3
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Table 2
Glsp values® (in uM) for compounds 4a-c and 5a,b in selected human cancer cell lines

Cell lines 4a 4b 4c 5a 5b DC-81(3) ADR!
MCEF7° 0.17 £0.010 0.16 +£ 0.007 2.0£0.159 0.14 £ 0.007 <0.1 £ 0.008 0.17 £0.016 <0.1£0.012
A2780° 2.4+0.250 0.18 £0.011 0.18+0.141 0.13 £ 0.009 0.13 £ 0.003 0.14 £ 0.006 <0.1 £ 0.005
KB 0.18£0.012 0.17 £ 0.002 0.17 £ 0.005 0.14 + 0.003 0.12 £ 0.006 0.17 £ 0.006 0.11+0.01
PC3¢ 2.03 +£0.067 0.17 £0.012 1.8+0.028 0.15 £ 0.005 0.14 £ 0.004 0.20+£0.014 0.17 £ 0.005
SiHaf 22+0.116 1.8 +0.069 1.8 +0.050 0.17 £ 0.006 0.12 £ 0.005 0.17 £ 0.008 2.1+£0.118
GURAV <0.1 £ 0.007 0.15 +0.003 2.0+0.073 <0.1+0.012 0.13 £ 0.008 0.16 £ 0.003 0.12 £ 0.007
DWD¢ 2.5+0.089 0.18 £ 0.008 1.8 +0.026 0.13 £ 0.003 0.14 £ 0.003 1.49 £ 0.038 <0.1 £ 0.006
Colo205® 2.3+0.086 2.1+£0.038 2.3+0.108 0.12 +0.003 <0.1 £ 0.001 0.11 £0.001 <0.1 £ 0.004
HOPG2" 0.16 + 0.008 0.12 £ 0.001 2.4+0.141 0.17 £0.022 0.15+0.008 0.15+0.029 0.14 £ 0.008
Zr-75-1° 0.17 £ 0.007 2.7+0.186 2.6 £0.205 0.16+0.016 0.15 £ 0.008 2.37+0.122 0.13 £ 0.005
A549" 2.3+0.016 2.5+0.073 2.3 +£0.053 0.14 £ 0.001 0.16 £ 0.002 0.16 £ 0.001 0.15 £ 0.001

¢ 50% growth inhibition and the values are mean of three determinations and are reported as mean #* standard error of the mean.

b Breast cancer.

¢ Ovarian cancer.

94 Oral cancer.

e

Prostate cancer.
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Figure 3. FACS analysis of cell cycle distribution of A375 cells after treatment with
PBD conjugates (4ab and 5ab) at 4 uM for 24 h.

(DC-81) and 15 (leftside conjugate partner). As shown in Supple-
mentary Figure 6a and b, conjugate (5b) exhibited 99.58% of apop-
tosis in GO/G1 phase in comparison to 3 (86.73%) and 15 (68%) in
A375 cells.

Increased levels of p53 are found to be important in drug-in-
duced apoptosis.>* To investigate whether these PBD conjugates
are acting in p53 dependent apoptotic pathway, the expression
levels of p53 protein were checked by treating the cells with these
compounds and western blot analysis was carried out using p53
antibody. It is observed that p53 levels were up regulated in all
the compounds tested and it was more prominent in case of 4b
and 5b indicating a p53 dependent pathway as shown in Figure 4.

An important consequence of intrinsic apoptotic pathway is the
mitochondrial dysfunction and cytochrome c release. Cytosolic
cytochrome c is known to cause activation of caspase-3.2°> To inves-
tigate the effect on cytochrome c A375 cells were treated with PBD
conjugates at 4 uM concentration for 24 h and we observed that
there is an increase in the cytochrome c protein levels. However,
the enhancement in cytochrome c level was more pronounced in
case of compound 5b as shown in Figure 4. The data clearly shows
that PBD conjugates act through the involvement of mitochondria
in apoptotic pathway.

C C+D 43 4b 5a 5b

—— - ..-. pa3
NR— .~ Cytochrome ¢
— e ——— [}-3Ctin

Figure 4. Activation of tumor suppressor gene p53 and release of cytochrome c
from mitochondria. A375 cells were treated with 4 uM concentration of PBD
conjugates for 24 h. C: control (untreated) C+D: control (untreated)+ DMSO. B-
Actin was used as internal loading control.

C 4a 4b Sa Sb
A — PARP

—— —  — — |5-tubUlin

Figure 5. PBD conjugates induced levels of cleaved PARP. A375 cells were treated
with 4 uM concentration of PBD conjugates for 24 h. f-Tubulin was used as loading
control. C: control (untreated) cells.

During apoptotic event, Procaspase-3 is degraded to active cas-
pase-3 and cleaves PARP.?® As we observed an increase in the lev-
els of cytochrome-c there could be an increase in the levels of
cleaved PARP. As expected the levels of cleaved PARP were more
prominent in the case of 5b as shown in Figure 5.

In the present study, a new series of anilino substituted pyrim-
idine linked pyrrolobenzodiazepine conjugates were prepared. The
thermal denaturation studies showed that these conjugates have
better DNA binding ability compared to DC-81. Moreover, these
binding studies were further validated by restriction endonuclease
BamHI digestion. Further, these PBD conjugates (4a-c and 5a,b)
showed good cytotoxicity against 11 human cancer cell lines. The
MTT proliferation assay for the four promising compounds in
A375 cells showed potent cytotoxicity at 4 M. The FACS analysis
showed more population in sub-G1 phase indicating that all these
PBD conjugates have apoptosis inducing ability. It was observed
from the results that the p53 levels were enhanced. Pronounced in-
crease in the levels of cytosolic cytochrome c and cleaved PARP was
observed particularly, it was more pronounced in case of 5b.
Hence, these PBD conjugates induce apoptosis by acting through
the mitochondrial mediated pathway. Further, these results indi-
cated that the PBD conjugate (5b) is an effective cytotoxic agent
compared to DC-81 (3), with increased accumulation of cells in
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sub G1 phase of A375 cells. Further, it can be concluded that this
conjugate shows synergistic effect in comparison to the conjugate
partners. Finally, it suggests that one of the PBD conjugate like 5b
would be a potential lead for its development as a new anticancer
agent.
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