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Bizelesin is a promising novel anticancer agent which is known to alkylate N3 of adenine to
induce DNA interstrand cross-links (ISC) within 5'-TAATTA and 5'-TAAAAAA. We have in-
vestigated the base specificity for DNA ISC induced by bizelesin using oligomers containing
the cross-linkable sequence 5'-TAATTN, in which "N" was either A, C, G, or T. An analysis of
denaturing polyacrylamide gel showed that bizelesin is able to induce DNA ISC in the duplex
oligomer containing sequences 5'-TAATTA and 5'-TAATTG. The formation of interstrand cross-
linking did not occur in the sequences 5'-TAATTC and 5'-TAATTT. DNA strand cleavage as-
say to determine the cross-linking site within 5'-TAATTG sequence showed that bizelesin
alkylates guanine. These results demonstrate that bizelesin is able to induce DNA ISC at guan-
ine but not at cytosine or thymine. In addition, guanine adducts have been found to be sus-
ceptible to DNA strand cleavage by exposure to hot piperidine. The extent of DNA strand
cleavage, however, was not 100% efficient in either neutral pH buffer or hot piperidine.
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INTRODUCTION sequence contains two 5'-TTA sequence within 5'-
TAATTA* (where asterisk indicates the site of alky-

Bizelesin (Fig. 1), an analogs of the antitumor an- Tation and underline T indicates the location of aden-

tibiotic CC-1065, is a synthetic DNA interstrand cross-
linker that consists of two DNA-reactive cy-
clopropylpyrroloindole moieties linked by a rigid bis
(indolecarboxylic acid) linker (Mitchell et al, 1991;
Hanka et al., 1978; Hurley et al., 1984). Bizelesin dis-
plays promising antitumor efficacy both /n vitro and
in vivo, and it does not show delayed toxicity as-
sociated with CC-1065 (Mitchell et al, 1991; Lee
and Gibson, 1991; McGovren et al,, 1984). Bizelesin
is currently being developed for clinical trials by the
U.S. National Cancer Institute in conjunction with
The Upjohn Co.

Like monofunctional DNA alkylating agent CC-
1065, bizelesin reacts with the N3 position of aden-
ine to induce monofunctional adducts (MA) or DNA
interstrand cross-links (ISC) (Lee and Gibson, 1993a;
Ding and Hurley, 1992). Using oligonucleotides of
defined sequence bizelesin was found to induces two
distinct types of DNA ISC. One DNA ISC spans 6-nu-
cleotides and mimics the sequence selectivity of CC-
1065-induced DNA MA, where the preferred target
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ine alkylation on the opposite strand). The second
DNA ISC spans 7-nucleotides and is found to prefer
intrinsically bent adenine tracts (Lee and Gibson,
1993a). Bizelesin has been found to react with guan-
ine and cytosine in addition to adenine using oli-
gomers containing 5'-TTTTTN, in which "N" was eith-
er A, G, C, or T (Sun and Hurley, 1993; Sun et a/,
1993). Recently, the intracellular alkylation sites of
bizelesin have been mapped in single copy genes in

Inon
N\C N [e]
I H
o
ADOZELESIN
/CI M H Cl
N o N
éig 7 R e
HN o o} NH
OH OH
BIZELESIN

Fig. 1. Structures of CC-1065 and bizelesin
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human carcinoma cell lines by means of ligation-
mediated polymerase chain reaction (Lee ef al., 1994).
It has been found that the alkylation pattern of
bizelesin in human cellular DNA are similar to that
observed in purified cell-free DNA, but non-adenine
bases were not observed as alkylation sites for
bizelesin.

In this study, we have determined the ability of
bizelesin to form DNA ISC at nonadenine bases using
21-bp duplex oligomers containing a defined cross-
linkable sequence 5'-TAATTN*, in which "N" was
either A, G, C or T. The results have shown that
bizelesin induces DNA alkylation only at guanine
among nonadenine bases. In addition, guanine ad-
ducts were found to be less susceptible to heat-in-
duced DNA strand cleavage than adenine adducts.

MATERIALS AND METHODS

Chemicals and reagents

Bizelesin was generously supplied by The Upjohn
Company, Kalamazoo, MI, U.S.A. Drug was dis-
solved in dimethyl sulfoxide, and the concentration
was determined using the extinction coefficient E; =
35000. [y-’PJATP was purchased from Amersham. T4
polynucleotide kinase was from Promega and Spin X
centrifuge filter units (0.22 m nitrocellulose) was from
Costar. A series of oligonucleotides (Fig. 2) were syn-
thesized on an automated DNA synthesizer and fully
deprotected with hydroxyl groups on both the 5'- and
3'-ends.

Purification of 5' end-labeled oligonucleotides

Each oligonucleotide was 5'-end-labeled with 7 un-
its of T4 polynucleotide kinase and 40 uCi of [y-*P]
ATP. After removal of unincorporated [y-"PJATP by

NAME SEQUENCES (5" to 3"}

A GGTCTGACGTAATTACGTCAG
GACTGCATTAATGCAGTCCCA

G GGTCTGACGCAATTACGTCAG
GACTGCGTTAATGCAGTCCCA

C GGTCTGACGGAATTACGTCAG
GACTGCCTTAATGCAGTCCCA

T GGTCTGACGAAATTACGTCAG

GACTGCTTTAATGCAGTCCCA

Fig. 2. Sequences of duplex oligonucleotides used in this
study. Potential cross-linking sequences are shown in bold
and potential cross-linking bases were underlined on the
bottom strand of duplexes.
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ethanol precipitation, DNA was purified by running a
20% denaturing polyacrylamide gel until the xylene
cyanol marker had migrated 10 cm. After the gel was
exposed to X-ray film, labeled DNA was excised,
crushed, soaked, filtered through Spin X centrifuge filt-
er unit, and precipitated with ethanol and sodium ace-
tate.

Identification of the DNA ISC formation induced by
bizelesin

An equal amount of complementary strand was
added to 5'-end-labeled oligonucleotide. The mixture
was put in 70°C water and then cooled to room tem-
perature to form annealed duplex in 30 ul of 60 mM
NaCl, 6 mM Tris-HCI, pH 8.0. Half of a microliter of
1 mM bizelesin was added to annealed duplex and
incubated at 37°C overnight. After ethanol pre-
cipitation of drug-treated DNA, sample was
resuspended in 15 pl of tracking dye containing 80%
formamide and T mM EDTA and then subjected to a
20% denaturing polyacrylamide gel electrophoresis.
The DNA ISC formation was visualized by au-
toradiograpy and purified using the "crush and soak"
procedure described above.

Determination of base involved in the DNA ISC for-
mation

Aliquots of purified DNA ISC were heated in 40 pl
of 10 mM phosphate buffer, pH 7.0, at 92°C for 20
min. A subsequent B-elimination reaction, which hy-
drolyze the phosphate backbone, was achieved by
adding 4.4 pl of 10 M piperidine and then heating
the mixture at 92°C for additional 20 min. Some of
the aliquots were heated in 40 pl of 1 M piperidine
at 92°C for 20 min to determine the susceptibility of
DNA strand breaks to hot piperidine.

Purine-specific Maxam-Gilbert sequencing reaction

Thirty ul of 88% formic acid was added to 20 pl of
purified single-stranded DNA in distilled water and
the mixtures were incubated at 37°C for 20 min. The
formic acid reaction was terminated with ethanol pre-
cipitation. The chemically modified DNA duplex was
resuspended in 40 pl of 1 M piperidine, heated at
92°C for 30 min, and then lyophilized overnight.

Sequencing gel electrophoresis

Samples were lyophilized and resuspended in 10 pl
of tracking dye containing 80% formamide, 1 mM
EDTA, and xylene cyanol. After heating to 90°C for 2
min and quick cooling in an ice-water bath, an equal
amounts of DNA samples were loaded onto a 20%
denaturing polyacrylamide gel (mono :bis acrylamide
ratio=29:1, 8 M urea). Electrophoresis was per-
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formed at 50°C and 2800 V until the xylene cyanol
had migrated 8 cm. Drug alkylation site was iden-
tified by reference to Maxam-Gilbert purine-specific
chemical reactions on unmodified single-stranded
DNA.

RESULTS AND DISCUSSION

Determination of the bizelesin-induced DNA ISC for-
mation within 5'-TAATTN* sequences by a dena-
turing gel electrophoresis

Since the preferred sites of interstrand cross-linking
by bizelesin was found to occur within 5'-TAATTA*
sequence, we have synthesized four kinds of 21-bp
duplex oligomers containing a defined cross-linkable
sequence 5'-TAATTN*, in which "N" was either T, C,
G, or A (Lee and Gibson, 1993a). A 21-bp oligomer
was labeled either on the top strand or the bottom
strand and duplex oligomers were reacted with
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Fig. 3. Autoradiogram of a 20% denaturing acrylamide gel
showing that DNA interstrand cross-links induced by
bizelesin are formed in oligomers A and G. The upper
panel of autoradiogram is obtained from the top strand la-
beled oligomers and the lower panel is obtained from the
bottom strand labeled oligomers.
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bizelesin overnight. The reaction was terminated by
ethanol precipitation and product mixtures were
analyzed using a 20% denaturing polyacrylamide gel
electrophoresis. DNA ISC are not able to denature
and migrate with reduced electrophoretic mobility,
thus DNA ISC can be separated from DNA MA as
shown in Fig. 3.

When the top duplex strand was end-labeled
{(upper panel of Fig. 3), we observed the formation of
DNA ISC in the oligomers containing the sequences
5'-TAATTA (lane A) and 5'-TAATTG (lane G). By con-
trast, the oligomers containing the sequence 5'-
TAATTC (lane C) and 5'-TAATTT (lane T) did not al-
low the formation of DNA ISC but did allow the for-
mation of DNA MA. To confirm this result, we have
used the bottom strand labeled DNA and analyzed
the DNA ISC formation. As shown in the lower panel
of Fig. 3, identical results have been observed in that
DNA ISC was formed in oligonucleotides containing
the sequences 5'-TAATTA (lane A) and 5'-TAATTG
(lane Q). Thus, it can be concluded that bizelesin is
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Fig. 4. Determination of cross-linking site in duplex G con-
taining the sequence 5'-TAATTG. Gel-purified DNA ISC
were heated at 92°C for 20 min in the presence of 1 M pi-
peridine (lane 2), 10 mM phosphate buffer, pH 7.0 (lane 3)
and 10 mM phosphate buffer, pH 7.0 and subsequent 1T M
piperidine (lane 4) as described in materials and methods.
Lane 1, control DNA; Pu, purine-specific sequencing reac-
tion



194

able to induce DNA ISC within the sequence 5'-
TAATTG in addition to 5'-TAATTA.

Determination of the base involved in the DNA ISC
formation within 5'-TAATTG sequence

To determine whether guanine is the site of alky-
lation involved in the DNA ISC formation within se-
quence 5'-TAATTG, the bottom strand labeled DNA
ISC were subjected to three different strand cleavage
assays. The resulting DNA fragments products were
then resolved on a 20% sequencing gel in parallel
with the Maxam-Gilbert sequencing reaction (Fig. 4).

Lane 1 is the drug unmodified control DNA. Lane 2
is the heat treatment of the sample in 1 M piperidine
solution, which showed the band that comigrates
with the products of a guanine-specific reaction as de-
fined by the Maxam-Gilbert sequencing reaction (sce
arrow). It is interesting to note that guanine adducts
are susceptible to DNA strand cleavage while aden-
ine adducts undergo a reaction which eliminates the
DNA adducts and does not cause DNA strand
cleavage in the presence of 1 M piperidine (Lee and
Gibson, 1993b; Warpehoski et al, 1992). Lane 3 is
the heat treatment of the samples in neutral pH buffer,
showing the band that migrates more slowly than a
guanine-specific reaction in addition to the band of a
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guanine-specific reaction. This suggests that strand
cleavage occurs to the 3'-side of the guanine cross-
linking site (Maxam and Gilbert, 1980; Reynolds ef
al., 1985). The subsequent 1 M piperidine treatment
of samples shown in lane 3, which induces the
second B-elimination reaction at apurinic sites, was
able to convert these products into a band cor-
responding to the guanine-specific reaction (lane 4).
These results observed in lanes 2, 3, and 4 de-
monstrate that bizelesin is able to alkylate guanine in
the sequence 5'-TAATTG (see arrow in Fig. 4).

Although guanine alkylation has been observed in
DNA treated with bifunctional agent bizelesin, the ex-
act alkylation site of guanine is not known. The N3
position of guanine, however, might be the potential
alkylation site since bizelesin is known to alkylate the
N3 adenine in the minor groove of the opposite
strand of DNA. This thought is supported by the fact
that duocarmycin A, a structural analogue of CC-
1065, alkylates the guanine N3 position (Sugiyama et
al., 1993; Mitchell et al., 1993).

Time-dependent DNA strand cleavage at the guanine
cross-linking site

Since DNA ISC was not completely converted into
DNA strand cleavage (Fig. 4), we have performed

B C
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Fig. 5. Time-dependent DNA strand cleavage assay showing that DNA strand cleavage at guanine site is not complete. Gel-
purified DNA ISC were treated at 92°C for 0 min {(lane 1), 5 min (lane 2), 10 min (lane 3), 20 min (lane 4), 40 min (lane 5)
and 60 min (lane 6) in the presence of 1 M piperidine (A}, 10 mM phosphate buffer, pH 7.0 (B), Part C was obtained by
heat treatment at 92°C for 20 min in the presence of 10 mM phosphate buffer, pH 7.0, and subsequent 1 M piperidine at
92°C for 0 min (Jlane 1), 5 min (lane 2), 10 min (Jane 3), 20 min (lane 4), 40 min (lane 5) and 60 min (lane 6).
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time-dependent DNA strand cleavage assay. As
shown in Fig. 5, cross-linked DNA was heated at
92°C for 0 min (lane 1), 5 min (lane 2), 10 min (lane
3), 20 min (lane 4), 40 min (lane 5), and 60 min
(lane 6) in the presence of 1 M piperidine (part A), or
neutral pH buffer (part B). Samples which were heat
treated at 92°C for 20 min and then exposed to 1 M
piperidine treatment at 92°C for various times are
shown in part C of Fig. 5. The results suggest that the
extent of DNA strand cleavage (see arow) is directly
proportional to the time of incubation. The guanine
cross-linking sites, however, were not completely con-
verted to DNA strand breaks under either reaction
condition. This low susceptibility of guanine adducts
to heat-induced DNA strand cleavage is in contrast to
the complete DNA strand cleavage at the CC-1065
site of adenine N3 alkylation or the nitrogen mustard
or aziridimylbenzoquinone sites of guanine N7 alky-
lation (Lee et al., 1991; Mattes et a/, 1986).

Recent mapping of bizelesin alkylation sites in hu-
man cellular DNA did not show alkylations at guan-
ine sites (Lee et al, 1994). This might be explained
by the fact that the sites of guanine alkylation were
not converted into DNA strand breaks by the con-
ditions used. It is also possible that the frequency of
guanine adducts in human cellular DNA is extremely
low to detect in comparison with that of adenine ad-
ducts. In conclusion, this work suggests that bizelesin
can alkylate and cross-link DNA at adenine or guan-
ine position but not at cytosine or thymine.
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