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Introduction

Most anticancer agents used in the chemotherapy of cancer
lack selectivity towards tumor cells, leading to severe side ef-
fects and dose limitation. The selectivity of traditional cytotoxic
agents is mainly based on the difference in proliferation rate
between malignant and normal cells. Therefore, the develop-
ment of anticancer agents with improved selectivity towards
cancerous tissues is one of the most important challenges of
modern drug design. Chemists have long been seeking a che-
motherapeutic agent for the treatment of cancer that would
selectively kill cancerous cells without causing any side effects.
A practical approach would be to selectively deliver the avail-
able cytotoxic agents in and around the tumor cells, maximiz-
ing its concentration around the tumors while at the same
time minimizing its concentration in healthy tissues.

In recent years tumor targeted prodrug therapy has been in-
vestigated extensively to enhance the selectivity of the cyto-
toxic agents. In such a strategy, the cytotoxic agent is adminis-
tered in the form of its prodrug that is considered to be rela-
tively less toxic to normal cells, but is selectively activated by a
biochemical process resulting in specific cytotoxicity in tumor
tissues. Several strategies have been explored in this direction,
including the activation by enzymes, which are tissue specific
or could be delivered to the tumor cells through antibody and
gene delivery approaches. Antibody directed enzyme prodrug
therapy (ADEPT)[1–12] is an approach where a monoclonal anti-
body is employed to selectively deliver an enzyme, to the
tumor cells, which subsequently activates a less toxic prodrug
to drug. Whereas, prodrug monotherapy (PMT)[13–16] is another
strategy where the selectivity is achieved by the confined pres-
ence of an enzyme in and around the tumor cells which acti-
vates the prodrug. The human cytosolic b-glycosidase[17,18] is

reported to possess both, b-d-galactosidase and b-d-glucosi-
dase activity. The expression of b-galactosidase in normal liver
tissues is much lower compared to the hepatocellular carcino-
ma cell line (Hep G2).[19,20] The X-Gal assay[21] to assess the
quantity of intracellular b-galactosidase in Hep G2 cells con-
firmed the presence of this enzyme in optimum quantities
(Figure 1). Therefore Hep G2 cells were studied, as potential
targets for selective therapy by PMT strategy. These findings
prompted us to explore the possibility of exploiting the en-
dogenous b-galactosidase of human liver cancer cells for the
targeted delivery of the b-galactoside prodrugs to human hep-
atocellular carcinoma, Hep G2 cells, using the PMT strategy.

There has been considerable interest in DNA binding mole-
cules because of their involvement in carcinogenesis and their
potential use as antitumor agents as well as probes of DNA
structure.[22,23] The pyrrolo ACHTUNGTRENNUNG[2,1-c] ACHTUNGTRENNUNG[1,4]benzodiazepines (PBDs)[24]

such as tomamycin, anthramycin, and DC-81 are a class of nat-
urally occurring tricyclic antitumor antibiotics that bind to

The pyrroloACHTUNGTRENNUNG[2,1-c] ACHTUNGTRENNUNG[1,4]benzodiazepines (PBDs) are a class of well-
studied DNA-interactive agents with a potential for use in the
treatment of cancer. The clinical utility of these molecules is limit-
ed because of the lack of selectivity for tumor tissues, high reac-
tivity of the pharmacophoric imine functionality, low water solu-
bility, and stability. To address the shortcomings, especially the
lack of selectivity, associated with the molecules, two new b-gal-
actoside prodrugs of PBDs have been synthesized and evaluated
for their potential use in selective therapy of solid tumors by
ADEPT and PMT protocols. The preliminary studies reveal the pro-

drugs to be much less toxic compared to the parent moieties.
These prodrugs are activated by E. coli b-galactosidase (EC
3.2.1.23) to form the active cytotoxic moiety signifying their utility
in ADEPT of cancer. One of the significant outcomes of the pres-
ent study is the toxification of the prodrug 1 a by the endogenous
b-galactosidase of human liver cancer cells (Hep G2) to form the
cytotoxic moiety, enabling selective therapy of hepatocellular car-
cinoma. Another important property of these molecules is their
enhanced water solubility and stability, which are essential for a
molecule to be an effective drug.
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minor groove DNA sites spanning three base pairs, through a
covalent bond to the exocyclic C2-N2 of the central guanine.[25]

A synthetic dimer[26,27] of DC-81, DSB-120 exhibited a better in
vitro cytotoxicity, enhanced DNA binding affinity, and se-
quence specificity compared to the natural product DC-81. Fur-
ther studies have led to the design and synthesis of another
PBD dimer,[28] SJG-136, containing C2/C2’ exomethylene func-
tionalities. This molecule shows significant in vivo potency and
has been selected for clinical studies.[29,30] However in vivo
studies with DSB-120 in the murine ADJ/PC6 plasmacytoma
model were not encouraging and the low therapeutic index
observed was considered to be partly due to the reaction of
the molecule with cellular thiol containing molecules[31] prior
to reaching the tumor site. The other reason could be low
water solubility leading to poor bioavailability. Apart from the
development of new pyrrolobenzodiazepine molecules[32–36]

with enhanced anticancer activi-
ty, we have been interested in
the overall development of this
class of molecules leading to
their improved efficacy as anti-
cancer agents. Thurston and co-
workers[37,38] have recently re-
ported pyrrolobenzodiazepine
prodrugs for the selective thera-
py of cancer by ADEPT and
gene-directed enzyme prodrug
therapy (GDEPT) strategies, by
employing carboxypeptidase G2

(CPG2) and nitroreductase enzymes. The PBDs have been de-
scribed to be better suited molecules for ADEPT strategy com-
pared to mustards, the prodrugs which were studied exten-
sively.[39]

To address the limitations associated with this class of com-
pounds along with improvement of selectivity towards cancer
tissues, the development of their glycoside prodrugs has been
initiated in this laboratory. This work is also influenced by the
recent results achieved by gylcosidic prodrugs[40] of anticancer
agents for use in ADEPT. The present study is primarily intend-
ed to improve the selectivity of PBDs towards cancer tissues,
through b-galactosidase[21,41–50] based ADEPT and PMT strat-
egies. In this regard we have designed, synthesized, and evalu-
ated two new b-galactoside prodrugs 1a and 1b, based on the
pyrrolobenzodiazepine ring system for selective therapy of
solid tumors and to improve the efficacy in a wide-ranging

Figure 1. Endogenous b-galactosidase activity in human hepatocarcinoma Hep G2 and melanoma A375. The enzyme activity and pattern of expression were
determined by X-gal staining. A375 and Hep G2 cells were cultured with DMSO and stained and incubated with X-gal for 48 h. The majority of Hep G2 cells
turned blue after staining because of the presence of endogenous b-galactosidase whereas A375 cells stained negative with X-gal thus indicating no enzyme
activity. Further A375, cultured with exogenous b-galactosidase and stained with X-gal, also did not exhibit a positive staining.
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manner, such as improving water solubility and stability. As
predicted, these new prodrugs fulfill the criteria of selective ac-
tivation with the selectivity or activation factor (QIC50) ranging
from 100–400-fold, and the activity approaching that of the
parent drug, when exposed to the enzyme b-galactosidase.
Significantly enhanced stability and water solubility in compari-
son to the parent moiety are the other important features of
these prodrugs.

Results and Discussion

Chemistry

The synthesis of PBD precursors[51–53] [(2-amino-4-benzyloxy-5-
methoxy-1,4-phenylene)carbonyl](2S)-pyrrolidine-2-carboxalde-
hyde diethylthioacetal (2a) and 1,1’-[[(propane-1,3-diyl)dioxy]-
bis[(2-amino-5-methoxy-1,4-phenylene) carbonyl]]-bis[(2S)-pyr-
rolidine-2-carboxaldehyde diethylthioacetal (2b) was carried
out employing vanillin as the starting material. Vanillin on oxi-
dation followed by esterification, benzylation, and nitration
was hydrolyzed to give nitro acid which was coupled with pro-
line ester and reduced to obtain the aldehyde which was pro-
tected as carboxaldehyde diethylthioacetal, followed by reduc-
tion of the nitro group to provide the amine precursor 2a. The
nitro thioacetal intermediate was debenzylated and dimerized
using 1,3-dibromopropane in acetonitrile to give the nitro thio-
acetal dimer that was reduced to yield 2b (Scheme 1). The syn-
thesis of b-galactoside promoiety[54] (5) was carried out starting
from d-galactose which was peracetylated followed by anome-
ric bromination and coupling with 4-hydroxy-3-nitrobenzalde-
hyde. The coupled moiety was reduced to afford the required
b-galactoside self immolative moiety (Scheme 2).

As shown in Scheme 3, the PBD-b-galactoside prodrugs
were synthesized by coupling PBD intermediates 2a–b with
the b-galactoside promoiety (5). The coupling was carried out
via isocyanates of PBD-amine intermediates, using triphosgene,
triethylamine, and a catalytic amount of dibutyltin dilaurate to
obtain the carbamates 3a–b. Deprotection of the diethylthioa-
cetal group using mercuric chloride and calcium carbonate
provides the carbinolamine carbamates 4a–b upon cyclization.
Finally the deacetylation of the acetates using NaOMe at 0-5 8C
affords the desired target compounds 1a–b.

Stability and Activation

The galactoside prodrugs 1a and 1b were found to be stable
when incubated at a pH of 7.4 and 37 8C, and tested by sub-
jecting aliquots of the mixture to HPLC analysis. The prodrugs
were stable for longer than the time needed for activation by
the enzyme b-galactosidase. The prodrugs were found to be
good substrates for E. coli b-galactosidase enzyme and were
self immolative after the cleavage of the b-galactoside bond

Scheme 1. Preparation of PBD precursors. Reagents and conditions:
a) NH2SO3H, NaClO2, H2O, 1 h; b) H2SO4, MeOH, 15 h; c) BnBr, K2CO3, acetone,
reflux, 12 h; d) HNO3-H2SO4, SnCl4, CH2Cl2, �25 8C, 5 min; e) 2n LiOH, THF,
MeOH, H2O (3:1:1), RT, 12 h; f) C6H6, SOCl2, l-prolinemethyl ester hydrochlo-
ride, THF/H2O, Et3N, 0 8C; g) DIBAL-H, CH2Cl2, �78 8C, 45 min; h) EtSH-TMSCl,
CHCl3, RT, 16–18 h; i) BF3.OEt-EtSH, CH2Cl2, 12 h; j) SnCl2·2H2O, MeOH, reflux,
4 h ; k) 1, 3-dibromopropane, K2CO3, acetonitrile, reflux, 12 h.

Scheme 2. Preparation of b-galactoside promoiety. Reagents and conditions:
a) Ac2O, CH3COONa, reflux, 2 h; b) CH2Cl2, HBr-CH3COOH, 3 h; c) CH3CN,
Ag2O, 4-hydroxy-3-nitro benzaldehyde, 3 h; d) CHCl3, (CH3)2CHOH, NaBH4,
3 h.

796 www.chemmedchem.org A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemMedChem 2008, 3, 794 – 802

MED A. Kamal, U. Bhadra, et al.

www.chemmedchem.org


leading to the complete conversion to their parent moieties
(Scheme 4), in 75 and 90 min respectively (Figures 2 and 3).

Biology: Selective Anticancer Activity

The two prodrugs 1a and 1b were evaluated for their antipro-
liferative activity by using 5,6-carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) assay.[55] Two different cell lines, A375
(Table 1) and Hep G2 (Table 2) were selected to probe the acti-
vation ability of the prodrugs by ADEPT and PMT strategies re-
spectively. The two prodrugs 1a and 1b exhibited a highly re-
duced cytotoxicity, compared to the parent imines 6a and 6b
respectively, against the A375 tumor cell line. In the experi-
ments directed to investigate the antiproliferative nature of
the prodrugs in the presence of the enzyme b-galactosidase
against A375 cell lines, the prodrug 1a was found to be non-
toxic (IC50=422 mmol) (Figure 4a), whereas in the presence of
E. coli b-galactosidase enzyme (ADEPT) the prodrug inhibited
cell growth efficiently and the IC50 value was found to be
1.2 mmol, with an activation factor (QIC50) of 350 (Figure 4b).
Likewise the prodrug 1b was also found to be relatively less
toxic (IC50=9.74 mmol) (Figure 4c). In the presence of the
enzyme b-galactosidase 1b showed an IC50 value of 0.09 mmol,
with the activity approaching that of the active parent moiety
(0.06 mmol) and an activation factor (QIC50) of more than 100
(Figure 4d).

In the Hep G2 cell lines the activation factor (QIC50) of the
prodrug 1a was found to be very low (2.5), contrary to that
observed in A375 cell lines (350). The prodrug 1a was found

to show an IC50 value of 14.5 mmol, close to the IC50 value of
the prodrug when activated with b-galactosidase (5.52 mmol),
whereas the parent imine 6a, was found to possess an IC50

value of 8.56 mmol (Figure 4e). A drastic decrease in the activa-
tion factor (QIC50) of the prodrug from the A375 to the Hep G2
cell line indicates the activation of the prodrug by the endoge-

Scheme 3. Synthesis of PBD b-galactoside prodrugs. Reagents and condi-
tions: a) Et3N, CO ACHTUNGTRENNUNG(COCl3)2, 25 min, RT, b) 5, dibutyltin dilaurate, RT, 6–8 h,
yields 3a : 78%, 3b : 67%; b) HgCl2, CaCO3, CH3CN/H2O, 4:1, 12 h, RT, yields
4a : 75%, 4b : 76%; c) MeOH, NaOMe, 30 min, 0–5 8C, yields 1a : 85%, 1b :
50%.

Scheme 4. Pyrrolobenzodiazepine b-galactoside prodrug activation. Repre-
sentation of enzymatic toxification of the PBD-glycoside prodrugs: a) b-gal-
actosidase catalyzed hydrolysis of the glycoside moiety; b) 1, 6-elimination
of the self-immolative spacer to form the cytotoxic drug.

Figure 2. A graph showing a decrease in the percentage peak area of the
prodrug 1a, with an increase in the area of parent moiety 6a and self-im-
molative spacer with respect to time in the presence of E. coli b-galactosi-
dase enzyme (2 Ummol�1).
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nous b-galactosidase (PMT). In Hep G2 cells, contrary to 1a the
prodrug 1b was observed to be less toxic even at a concentra-
tion beyond 200 mmol, whereas in the presence of b-galactosi-
dase its IC50 value was 0.87 mmol, equivalent to that of the
parent imine (0.94 mmol) (Figure 4 f and g). The high-hydrophil-
ic/low-lipophilic nature of the molecule arising from two sugar
moieties is anticipated to be the reason; preventing the trans-
port of the molecule across the lipoprotein cell membrane,
and thereby preventing the interaction of the prodrug with
the endogenous enzyme.

The pharmacophoric N10-C11 imine functionality of PBD
molecules is essential for its reaction with DNA to form cova-
lent adduct with N2 of guanine, leading to cytotoxicity. The
imine functionality was found to be reactive towards thioalco-

hol containing molecules present in the cells, forming adducts
before it interacts with DNA, making them less effective. In the
prodrug molecules the imine functionality is protected as car-
binolamine carbamate averting its reaction with DNA to form a
covalent bond. The prodrugs get converted into active cyto-
toxic imine or carbinolamine moiety by the enzyme b-galacto-
sidase, enabling them to interact with DNA to form the cova-
lent bond. The delivery of PBD molecules as prodrugs not only
serves the purpose of selective delivery but also as an ap-
proach to prevent their interaction with nontarget molecules
to a great extent. The experimental results clearly indicate that
both the N10 carbamate galactoside prodrugs of PBDs, 1a and
1b, as latent forms of imine functionality that have also result-
ed in molecules with a potential for use in selective therapy of
solid tumors by ADEPT and the prodrug 1a was found to be
suitable for PMT of hepatocellular carcinoma. The molecules
were also found to possess enhanced aqueous solubility and
stability.

Conclusions

In summary, the two new PBD galactoside prodrugs 1a and
1b, that were synthesized by masking the pharmacophoric
N10-C11 imine functionality were found to be good substrates
for b-galactosidase and significantly less cytotoxic than the
parent compounds. The prodrugs demonstrated a very good
aptitude for their use in targeted therapy of solid tumors, by
ADEPT protocol, with the best activation factor (QIC50) reported
so far by PBD prodrugs. In addition, 1a was also found to be
suitable for use in PMT of hepatocellular carcinoma, demon-
strating that PBD monomers and conjugates are good candi-
dates for targeted delivery by PMT. Furthermore, these mole-
cules were found to possess enhanced water solubility and sta-
bility compared to the parent moieties improving their pros-
pects enormously, as new drugs for cancer treatment. Based
on the interesting results that have been achieved in this in-
vestigation, it is considered that compound 1b shall be taken
up for detailed investigations, including the in vivo studies.

Experimental Section

General: Chemicals were procured from Alfa Aesar (Lancaster
Chemicals Ltd) and Sigma Aldrich Chemical Co. Enzyme E. coli b-
galactosidase was obtained from Sigma Aldrich Chemical Co. Reac-
tion progress was monitored by thin layer chromatography (TLC)
using GF254 silica gel with fluorescent indicator on glass plates.
Visualization was achieved with UV light and iodine vapor unless
otherwise stated. Chromatography was performed using Acme
silica gel (100–200 mesh). 1H NMR spectra were recorded on an
Inova 500 MHz, Bruker FT 300 MHz, and Unity 400 MHz spectrome-
ter. Spin multiplicities are described as s (singlet), br s (broad sin-
glet), d (doublet), and m (multiplet). Coupling constants are report-
ed in Hertz (Hz). ESI spectra were recorded on Agilent 1100 series
mass spectrometer in ESI mode positive ion trap detector. High-
resolution mass spectra (HRMS) were recorded on high resolution
QSTAR XL Hybrid MS/MS mass spectrometer. IR spectra were re-
corded on Thermo Nicolet Nexus 670 spectrometer. Specific rota-
tion was recorded on Horiba Sepa-300 polarimeter. The green fluo-

Figure 3. A graph showing a decrease in the percentage peak area of the
prodrug 1b, and an increase in the area of parent moiety 6b and self-immo-
lative spacer with respect to time in the presence of E. coli b-galactosidase
enzyme (4 Ummol�1).

Table 1. Cytotoxicity of the prodrugs in A375 cell line.

Prodrug IC50
[a] IC50

[a] in the
presence
of b-galactosi-
dase

Activation factor
QIC50

IC50
[a] of the parent

PBD

1a 422.9 1.2 352.4 0.37
1b 9.74 0.09 108.2 0.06

[a] IC50 values given as [mmol]

Table 2. Cytotoxicity of the prodrugs in Hep G2 cell line.

Prodrug IC50
[a] IC50

[a] in the
presence
of b-galactosi-
dase

Activation factor
QIC50

IC50
[a] of the

parent PBD

1a 14.11 5.52 2.5 8.56
1b >200 0.87 >100 0.94

[a] IC50 values given as [mmol]

798 www.chemmedchem.org A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemMedChem 2008, 3, 794 – 802

MED A. Kamal, U. Bhadra, et al.

www.chemmedchem.org


rescence of CFSE was excited at
488 nm, FACS Calibur, Becton
Dickinson, Heidelberg, Germany.
{[2-Amino-N-(4-b-d-2,3,4,6-tetra-
O-acetylgalactopyranosyloxy-3-
nitrophenyl) methoxycarbonyl-4-
benzyloxy-5-methoxy-1,4-phe-
nylene]carbonyl}(2S)-pyrrolidine-
2-carboxaldehyde diethylthio-
acetal (3a)
Triethylamine (0.6 mL, 4.29 mmol)
and triphosgene (0.19 g,
0.64 mmol) were added to com-
pound 2a (0.9 g, 1.95 mmol)
taken in dry CH2Cl2 (25 mL), and
stirred. After 25 min CH2Cl2 was
evaporated under reduced pres-
sure and the reaction mixture was
dissolved in tetrahydrofuran
(30 mL), and filtered through a
sintered funnel leaving behind a
white crystalline solid. The tetra-
hydrofuran from the filtrate was
evaporated and the residue was
redissolved in CH2Cl2 (25 mL). To
this solution, 5 (0.97 g 1.95 mmol)
and a catalytic amount of dibutyl-
tin dilaurate were added and
stirred for 6–8 h. The reaction mix-
ture was washed with brine, dried
over anhydrous Na2SO4, and puri-
fied by column chromatography
to get 3a (yield 1.49 g,
1.51 mmol, 78%). mp 85–86 8C;
a½ �25D =+25.0 (c=0.55, CHCl3) ;
1H NMR (300 MHz, CDCl3): d=
1.36–1.77 (m, 6H), 1.86–2.33 (m,
16H), 2.59–2.80 (m, 4H), 3.54–3.61
(m, 2H), 3.83 (s, 3H), 4.04–4.28 (m,
3H), 4.62–4.75 (m, 2H), 5.04–5.21
(m, 6H), 5.45–5.59 (m, 2H), 6.92 (s,
1H), 7.29–7.60 (m, 7H), 7.84 (d,
J=2.26 Hz, 1H), 7.93–7.98 (m,
1H), 9.15 ppm (br s, 1H); ESI-MS:
m/z 1008 [M+Na]+ ; HRMS (ESI):
[M+Na]+ calcd for
C46H55N3O17NaS2 m/z 1008.2865,
found m/z 1008.2906; IR: ñ=
3296, 2925, 1751,1622, 1596,
1533, 1452, 1369, 1226, 1168,
1065 cm�1. Anal. Calcd for C46 H55

N3 O17 S2: C, 56.03; H, 5.62; N,
4.26%. Found: C, 56.38; H, 5.33;
N, 4.39%.
1,1’-{[(Propane-1,3-diyl)dioxy]-
bis[(2-amino-N-(4-b-d-2,3,4,6-
tetra-O-acetylgalacto pyranosyl-
oxy-3-nitrophenyl)methoxycar-
bonyl-5-methoxy-1,4-phenyl-
ene)carbonyl]}-bis[(2S)-pyrroli-
dine-2-carboxaldehyde diethyl-
thioacetal] (3b)
Compound 3b was synthesized
following the protocol for 3a

Figure 4. Antiproliferative activity of 1a, 1a + b-gal, 6a, and 1b, 1b + b-gal, 6b were studied in A375 cells with
an intracellular label CFSE, which upon cell division, is divided equally between daughter cells, with sequential
halving of fluorescence intensity. Flow cytometry was used to assess the MFI of the drug treated and vehicle treat-
ed control cells. The maximal and minimal fluorescence were scaled to a percentage level and 50% inhibition was
calculated by plotting a graph of the serial dilutions of the drug concentrations. 1a (422 mm) and 1b (9.74 mm)
showed minimal inhibition in A375 (graphs a and c respectively) proving to be nontoxic, whereas in the presence
of enzyme exhibited IC50 values of 1.2 mm and 0.09 mm respectively (graphs b and d). In Hep G2 cells, 1a in the
presence of endogenous enzyme (although the activity range is much below the pH of culture medium 7.2)
showed an effective inhibitory concentration of 14.5 mm. In the presence of the exogenous enzyme the IC 50
value was 5.52 mm (graph e). The IC50 value of 1b in the presence of enzyme was 0.87 mm, (graph f) although in
its absence 1b was not able to inhibit much (graph g). Each data point represents the mean of triplicate cultures
from two representative experiments.
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using 2b (1.3 g, 1.66 mmol), triethylamine (1.02 mL, 7.30 mmol), tri-
phosgene (0.32 g, 1.09 mmol), 5 (1.65 g, 3.32 mmol), and a catalytic
amount of dibutyltin dilaurate, to get 3b (yield 2.36 g, 1.11 mmol,
67%). mp 80–81 8C; a½ �25D =+2.7 (c=0.55, CHCl3) ;

1H NMR (CDCl3,
400 MHz): d=1.20–1.35 (m, 12H), 1.55–2.44 (m, 34H), 2.59–2.79
(m, 8H), 3.53–3.60 (m, 4H), 3.81 (s, 6H), 4.04–4.35 (m, 10H), 4.63–
4.73 (m, 4H), 5.04–5.18 (m, 8H), 5.45–5.58 (m, 4H), 6.90 (s, 2H),
7.34–7.39 (m, 2H), 7.54–7.59 (m, 2H), 7.82–7.90 (m, 4H), 9.18 ppm
(br.s, 2H, NH); ESI-MS: m/z 1853 [M+Na]+ ; HRMS (ESI): [M+Na]+

calcd for C81H102N6O34NaS4 m/z 1853.5217, found m/z 1853.5270; IR:
ñ=3337, 2925, 2855, 1753, 1621, 1530, 1372, 1225, 1075 cm�1.
Anal. Calcd for C81 H102 N6 O34 S4: C, 53.11; H, 5.61; N, 4.59%.
Found: C, 52.85; H, 5.42; N, 4.74%.

ACHTUNGTRENNUNG(11S)-10-(4-b-d-2,3,4,6-tetra-O-acetylgalactopyranosyloxy-3-ni-
trophenyl methoxycarbonyl-11-hydroxy-7-methoxy-
1,2,3,10,11,11a-hexahydro-5H-pyrroloACHTUNGTRENNUNG[2,1-c]ACHTUNGTRENNUNG[1,4]-benzodiazepin-
5-one (4a)

Compound 3a (1.4 g, 1.42 mmol) was taken in CH3CN-H2O as a 3:1
mixture (15 mL) to which CaCO3 (0.35 g, 3.55 mmol) and HgCl2
(0.84 g, 3.12 mmol) were added and stirred for 12 h. After the com-
pletion of the reaction, the mixture was filtered through a celite
bed. Acetonitrile was evaporated from the filtrate and extracted
with ethyl acetate and water. The ethyl acetate extract was dried
with anhydrous Na2SO4 and the solvent was evaporated. The com-
pound was purified by column chromatography to get 4a (yield
0.94 g, 1.07 mmol, 75%). mp 110–111 8C; a½ �25D =+96.9 (c=0.65,
CHCl3) ;

1H NMR (CDCl3, 300 MHz): d=1.55–2.20 (m, 16H), 3.43–3.75
(m, 3H), 3.93 (s, 3H), 4.10–4.23 (m, 3H), 4.90–5.16 (m, 6H), 5.41–
5.56 (m, 2H), 5.59 (d, J=9.82 Hz, 1H), 6.63 (s, 1H), 7.23–7.42 (m,
8H), 7.57 ppm (s, 1H); ESI-MS: m/z 902 [M+Na]+ ; HRMS (ESI):
[M+Na]+ calcd for C42H45N3O18Na m/z 902.2590, found m/z
902.2604; IR: ñ=3441, 2922, 2852, 1752, 1623, 1534, 1461, 1374,
1227, 1050 cm�1. Anal. Calcd for C42 H45 N3 O18 : C, 57.34; H, 5.16; N,
4.78%. Found: C, 56.98; H, 5.31; N, 5.08%.

1,1’-{[(Propane-1,3-diyl)dioxy]-bis ACHTUNGTRENNUNG(11S,11aS)-10-(4-b-d-2,3,4,6-
tetra-O-acetylgalactopyranosyloxy-3-nitrophenyl)methoxycar-
bonyl-11-hydroxy-7-methoxy-1,2,3,10,11,11a-hexahydro-5H-
pyrroloACHTUNGTRENNUNG[2,1-c]ACHTUNGTRENNUNG[1,4]-benzodiazepin-5-one} (4b)

Compound 4b was synthesized following the protocol for 4a
using 3b (2 g, 1.09 mmol), CaCO3 (0.54 g, 5.45 mmol), and HgCl2
(1.33 g, 4.90 mmol) to get 4b (yield 1.33 g, 0.822 mmol, 76%). mp
132–133 8C; a½ �25D =+123.75 (c=0.8, CHCl3);

1H NMR (CDCl3,
500 MHz): d=1.95–3.35 (m, 34H), 3.37–4.33 (m, 22H), 4.84 (d, J=
12.84 Hz, 2H), 4.97–5.15 (m, 4H), 5.30 (d, J=13.56, 2H), 5.46 (d, J=
3.02 Hz, 2H), 5.52–5.66 (m, 2H), 5.72 (d, J=9.82 Hz, 2H), 6.86 (s,
2H), 7.12–7.44 (m, 6H), 7.52 ppm (s, 2H); ESI-MS: m/z 1641
[M+Na]+ ; HRMS (ESI): [M+Na]+ calcd for C73H82N6O36Na m/z
1641.4667, found m/z 1641.4672; IR: ñ=3448, 2929, 1755, 1626,
1538, 1435, 1373, 1233, 1068 cm�1. Anal. Calcd for C73 H82 N6 O36: C,
54.14; H, 5.10; N, 5.19%. Found: C, 54.45; H, 5.32; N, 5.42%.

General procedure for the preparation of 1a and 1b

Carbinolamine carbamates (0.9 g, 1.02 mmol 4a or 1 g, 0.61 mmol
4b) were dissolved in methanol (15 mL) and catalytic amount of
NaOMe was added at 0 8C and stirred for 30 min to obtain the final
compounds. Compound 1a was purified by column chromatogra-
phy using methanol/chloroform (1:9) as eluent, followed by reverse
phase preparative HPLC purification using a (4:6) methanol-water
system. Compound 1b was purified by reverse phase preparative
HPLC, using C-18 reverse phase column and, methanol/water (1:1)
as mobile phase.

ACHTUNGTRENNUNG(11S)-10-(4-b-d-galactopyranosyloxy-3-nitrophenyl)methoxycar-
bonyl-11-hydroxy-7-methoxy-1,2,3,10,11,11a-hexahydro-5H-
pyrroloACHTUNGTRENNUNG[2,1-c]ACHTUNGTRENNUNG[1,4]-benzodiazepin-5-one (1a)

Yield 0.61 g; (85%); mp 137–139 8C; a½ �25D =+36.6 (c=0.6, CH3OH);
1H NMR (CD3OD, 500 MHz): d=1.97–2.17 (m, 4H), 3.39–3.84 (m,
9H), 3.89 (s, 3H), 4.91–5.17 (m, 5H), 5.66 (d, J=9.73 Hz, 1H), 6.87
(s, 1H), 7.24–7.47 (m, 8H), 7.57 ppm (m, 1H); ESI-MS: m/z 734 [M+
Na] + ; HRMS (ESI): [M+Na]+ calcd for C34H37N3O14Na m/z 734.2173,
found m/z 734.2158; IR: ñ=3369, 2926, 1712, 1623, 1532, 1460,
1382, 1277, 1069 cm�1. Anal. Calcd for C34 H37 N3 O14: C, 57.38; H,
5.24; N, 5.90%. Found: C, 57.02; H, 5.50; N, 6.24%.
1,1’-{[(Propane-1,3-diyl)dioxy]-bis ACHTUNGTRENNUNG(11S,11aS)-10-(4-b-d-galacto-
pyranosyloxy-3-nitrophenyl)methoxycarbonyl-11-hydroxy-7-me-
thoxy-1,2,3,10,11,11a-hexahydro-5H-pyrroloACHTUNGTRENNUNG[2,1-c]-
ACHTUNGTRENNUNG[1,4]benzodiazepin-5-one} (1b)
Yield 0.39 g; (50%); mp 102–103 8C; a½ �25D =+65.0 (c=0.3 , CH3OH);
1H NMR (CD3OD, 500 MHz): d=1.99–2.20 (m, 8H), 2.23–2.30 (m,
2H), 3.42–3.54 (m, 4H), 3.58–3.66 (m, 4H), 3.71–3.78 (s, 6H), 3.82–
3.90 (m, 8H), 3.92–3.96 (m, 2H), 4.03–4.29 (m, 4H), 4.91–5.07 (m,
4H), 5.22 (d, J=11.73 Hz, 2H), 5.70 (d, J=8.97 Hz, 2H), 6.96 (s, 2H),
7.21 (s, 2H), 7.32–7.72 ppm (m, 6H); ESI-MS: m/z 1305 [M+Na]+ ;
HRMS (ESI): [M+Na]+ calcd for C57H66N6O28Na m/z 1305.3822, found
m/z 1305.3802; IR: ñ=3413, 2954, 1622, 1534, 1464, 1435, 1318,
1273, 1072 cm�1. Anal. Calcd for C57 H66 N6 O28 : C, 53.35; H, 5.18; N,
6.55%. Found: C, 53.02; H, 5.42; N, 6.83%.
Determination of purity of the prodrugs by HPLC : Purity of the
prodrugs 1a and 1b was determined by applying (25 mL) the sam-
ples to a prepacked reverse phase column (Luna 5 mm, 250N
4.60 mm, C18 (2), Phenomenex), using Shimadzu LC-10AT vp HPLC
system equipped with a SPD-10 A vp UV visible detector, at
254 nm absorbance, with a flow rate of 1 mLmin�1 at room tem-
perature. A mixture of acetonitrile/water (3:7) for 1a and (4:6) for
1b, was used as mobile phase. The samples were prepared by dis-
solving (1 mmol) the prodrugs in (3 mL) mobile phase.
Stability of prodrugs in the absence and presence of E. coli b-
galactosidase: The enzyme was purchased from Sigma Chemical
Co. , and used as received. The prodrugs 1a and 1b (1 mmol) were
incubated in (3 mL) 0.05m phosphate buffer of pH 7.4 at 37 8C.
Samples of the incubated compounds (25 mL) were analyzed, and
were found to be stable. The prodrugs 1a and 1b under similar
conditions were treated with E. coli b-galactosidase enzyme (2
units for 1a and 4 units for 1b) and incubated at 37 8C. Aliquots
(25 mL) of the reaction mixture were analyzed, immediately after
the addition of the enzyme and at time intervals of every 15 min
by HPLC. In addition to the prodrug compounds, progressively in-
creasing peaks of the reaction products were also present in all the
chromatograms. The peak corresponding to prodrug 1a with a re-
tention time of 5.30 min decreased, with the progressive increase
of peaks at retention times of 2.40 and 7.86 min, corresponding to
the spacer and the parent PBD moiety 6a, respectively. Similarly,
the peak corresponding to prodrug 1b with a retention time of
4.15 min was observed to decrease, with a progressive increase of
the peak at a retention time of 2.60 min, corresponding to the
spacer, and a peak with a retention time of 3.39 min that corre-
sponds to the parent PBD moiety 6b. Prodrug 1a is activated
within a period of 75 min whereas 1b takes 90 min to activate
completely. Reverse phase HPLC with a flow rate of 1 mLmin�1, a
prepacked reverse phase column (Luna 5 mm, 250N4.60 mm, C18
(2), Phenomenex), and Shimadzu LC-10AT vp HPLC system
equipped with a SPD-10 A vp UV visible detector were used, at
254 nm absorbance.
X-Gal assay: Cells were grown in 30 mm petriplates till they reach
appropriate confluency. The cells were then fixed with 0.05% glu-
taraldehyde for 5 min at room temperature. Cells were then
washed with 1X PBS twice and incubated in PBS for 10 min to
remove all traces of fixative. To the fixed cells X-Gal solution
(1 mgmL�1 X-Gal in 5 mmolK4Fe(CN)6·3H2O, 5 mmol K3Fe(CN)6, 1m
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MgCl2, 1XPBS) was added and incubated at 37 8C for 24 h at slight-
ly acidic pH. The color change in substrate in Hep G2 cells was ob-
served with an Axiovert Live Cell Microscope and captured in RGB
mode to record the change in color. The A375 cells, which showed
no blue color were also captured as negative controls.
Anticancer activity of the compounds (CFSE proliferation assay):
Stocks of 5 mm CFSE (Sigma Chemicals) were prepared with
DMSO. The cells were resuspended in prewarmed PBS/0.1% BSA at
a final concentration of 1N106 cells/mL and 2 mL of 5 mm stock
CFSE solution was added per milliliter of cells for a final working
concentration of 10 mm. The cells were incubated with the dye at
37 8C for 10 min. The staining was quenched by the addition of
five volumes of ice-cold culture media to the cells. The cell suspen-
sion was incubated for 5 min on ice. The cells were pelleted by
centrifugation and washed by resuspending in the fresh media for
a total of three washes. In vitro cell cultures were set up with fresh
medium. After the cells attach and spread well, they are subjected
to treatment of increasing concentrations of the drugs and en-
zymes. Compounds 1a, 6a were administered in 0.035–14 mm con-
centration range, whereas 1b, 6b were administered in 0.025–
3.2 mm concentrations. Enzyme b-galactosidase, 2 Umm

�1 for 1a
and 4 Umm

�1 for 1b, was added for activation. After 36 h of incu-
bation, allowing sufficient time for at least one round of cell divi-
sion, cells were harvested and analyzed with a flow cytometer to
estimate mean fluorescence intensity. Proliferation analysis had to
be performed within a certain maximum permissible time as death
was initiated in cells incubated with drug for a longer time period.
Moreover the initiation of death lowers the pH of the media
(below 6.8) that quenches the fluorescence of CFSE. The green
fluorescence of CFSE was excited at 488 nm (FACS Calibur, Becton
Dickinson, Heidelberg, Germany). At least ten thousand cells were
analyzed per sample and each staining experiment was repeated
four times. Data analysis was performed on fluorescence intensities
that excluded cell autofluorescence and cell debris. CELLQuest
analysis software was used for fluorescence determination and was
used to generate the histogram overlays.
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