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The cytotoxicities and DNA sequence selectivity for guanine-N7 alkylation of 22 mono- and
disubstituted 2,5-diaziridinyl-1,4-benzoquinones have been investigated. Several quinones
produced patterns of alkylation following reduction with a selectivity for 5'-TGC-3' sequences.
This sequence selectivity appeared to be dependent only on the presence of a hydrogen in
position-6 of the quinone. A computer model, based on published crystallographic data, was
used to explain this selectivity. The sequence selective quinones were generally more cytotoxic

than the quinones which reacted randomly.

Introduction

Several aziridinylbenzoquinones have undergone clini-
cal trials as potential antitumour drugs.1=3 These types
of compounds can be activated toward alkylation as a
result of bioreduction by one-electron or two-electron
reducing enzymes.*=% In the case of diaziridinylbenzo-
quinones, these reactions result in the production of
activated aziridine groups which cross-link DNA
strands.”®°

The recent attempts at developing new aziridinyl
quinones have tended to focus on the ability of the
quinone to act as substrates for the reducing en-
zymes.5%10 However, our previous studies have indi-
cated that the sequence specificity and structure of the
resulting quinone—DNA cross-link may be equally
important in determining the cytotoxicity.

It has previously been shown that the clinically
relevant diaziridinyl quinones, AZQ (2,5-diaziridinyl-
3,6-bis(ethoxycarbonyl)amino)-1,4-benzoquinone (13))
and BZQ (2,5-diaziridinyl-3,6-bis(bis(2-hydroxyethyl)-
amino)-1,4-benzoquinone (12)), react with all guanine-
N7 positions in DNA with a sequence selectivity similar
to other chemotherapeutic alkylating agents such as the
nitrogen mustards.811 Nonreduced DZQ (2,5-diaziridi-
nyl-1,4-benzoquinone (1)) showed similar alkylating
selectivity whereas reduced DZQ selectively alkylated
DNA at 5'-GC-3' sequences and in particular at 5'-TGC-
3' sites.® Interstrand cross-linking occurred in this 5'-
TGC sequence spanning two base pairs.® In contrast,
MeDZzZQ (2,5-diaziridinyl-3,6-dimethyl-1,4-benzoquinone
(9)), which is an excellent substrate for the two-electron
reducing enzyme, DT-diaphorase,'© reacts at 5'-GNC-
3’ sequences after reduction.®

We have recently shown that some reduced methyl-
ated monoaziridinyl benzoquinones can also cross-link
DNA via the formation of a quinone methide, and in
each of these compounds, the TGC sequence selectivity
is necessary for the cross-linking.12

The results from these previous studies on sequence
selectivity also suggested that a simple hydrogen in the
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Table 1. Quinones Used in This Study

substituent

no. 2 3 5 6
1 Az2 H Az H
2 Az Az Az H
3 Az Cl Az H
4 Az Br Az H
5 Az | Az H
6 Az Ph Az H
7 Az CeH4CH3 Az H
8 Az CGH4OCGH5 Az H
9 Az Me Az Me
10 Az F Az F
11 Az F F Az
12 Az NHC;H,OH Az NHC;H,OH
13 Az NHCOEt Az NHCOEt
14 Az Me Az Cl
15 Az Cl Az Cl
16 Az Br Az Br
17 Az Ph Az Ph
18 Az | Az |
19 Az Az Az Az
20 Az H Me H
21 Az Me Me H
22 Me Me Az H

a Az, aziridinyl.

6-position on the benzoquinone is important in order to
maintain the TGC sequence selectivity. The present
work essentially confirms the necessity of the hydrogen
and also shows that even when relatively bulky groups
are in the 3-position, the sequence selectivity is main-
tained. We have also now investigated the relevance
of the selectivity on the cytotoxicity of the quinones.

Results
Chemistry. The quinones used in this study are
shown in Table 1.

Guanine-N7 Alkylation by Aziridinyl Quinones.
The guanine-N7 position is the most reactive site on

© 1997 American Chemical Society
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Figure 1. Sequence selectivity of guanine-N7 alkylation by
several aziridinylbenzoquinones. Drug reactions were for 1 h
at 20 °C at either pH 7 (lanes 2,3) or pH 4 (lanes 4—11): (a)
control unalkylated DNA, (b) 100 «M melphalan, (c) 100 uM
1, (d) 1 uM 1 + 2 mM ascorbic acid, () 100 uM 11 + 2 mM
ascorbic acid, (f) 100 M 10 + 2 mM ascorbic acid, (g) 50 uM
20 + 2 mM ascorbic acid, (h) 50 uM 22 + 2 mM ascorbic acid,
(i) 50 uM 3 + 2 mM ascorbic acid, (j) 50 uM 2 + 2 mM ascorbic
acid, and (k) 100 M 19 + 2 mM ascorbic acid. The positions
of the 5'-TGC sequences are indicated with arrows, and the
sequence position in pBR322 is given.

DNA for many chemotherapeutic agents. The DNA
sequence selectivity for guanine-N7 alkylation by the
aziridinylbenzoquinones was examined as previously
described.812 A portion of a typical gel for several
quinones is shown in Figure 1. The patterns of alky-
lation produced were compared at doses that gave at
most 1 alkylation per DNA molecule.

For quinone 1, the pattern of guanine-N7 alkylation
without reduction (Figure 1, lane c) was similar to
melphalan (lane b) with alkylation at all guanine sites,
with a general preference for runs of guanines. Fol-
lowing reduction (lane d), 1 produced an altered pattern
with the reactions occurring almost exclusively at 5'-
GC sites with a strong preference for 5'-TGC sequences
(indicated by the arrows in Figure 1). All of the
qguinones produced an increase in DNA alkylation after
reduction. For some quinones, the pattern of alkylation
was unchanged following reduction, e.g. 10 (lane f), 11
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Table 2. In Vitro Cytotoxicity against Human Chronic
Leukemia K562 Cells and Sequence Selectivity of Compound
for 5'-TGC Sites following Reduction

quinone 1Cs0/NM2 5'-TGC selectivity

1 8.3 +
2 2.9 +
3 5.3 +
4 7.3 +
5 12.6 +
6 3.1 +
7 4.8 +
8 170 +
9 1.8

10 10

11 39

12 158

13 63

14 76

15 46

16 42

17 67

18 50

19 5.8

20 216 +

21 476 +

22 239 +

a Errors within +£15%.

(lane e), and 19 (lane k). For other quinones, the
alkylation pattern on reduction was altered to produce
the 5'-TGC selectivity, e.g. 20 (lane g), 22 (lane h), 3
(lane i), and 2 (lane j). All of the quinones that produce
this 5'-TGC selectivity are indicated in Table 2. It is
clear that the requirement for this selectivity is a
hydrogen in position 6 of the quinone and that this
selectivity is maintained even with relatively bulky
groups in position 3.

In Vitro Cytotoxicities. The cytotoxicities for the
qguinones 1—22 after a continuous challenge are shown
in Table 2. The K562 cell line was chosen as it has been
shown to be sensitive to the redox reactions of diaziri-
dinyl quinones, and the levels of the main reducing
enzymes have been determined.”13

Discussion

The results, summarized in Table 2, clearly show that
all of the hydroquinones with a hydrogen in position 6
are capable of reacting selectively at 5'-TGC sequences.
Essentially this is because only a hydrogen is small
enough to fit in between the bases. A simulation
showing the association between the GC bases is shown
in Figure 2. It should be noted that this diagram is
different than that reported previously® as it is now
based on a true crystal structure of an oligonucleotide!”
as opposed to a computer-generated model. This struc-
ture now clearly shows that the hydroquinones can fit
into the major groove. The associations involving
hydrogen bonds between the OH groups of the hydro-
qguinones and the O-2 and C4-NH; of the cytosine are
still maintained as in the previously derived structure.®

The 5'-GC as opposed to 5'-CG sequence selectivity
of these compounds can now be explained using the
results of Dickerson and colleagues!®1° who have stud-
ied the local geometry of several B-DNA oligonucle-
otides. Essentially, it has been shown that the GC step
in oligonucleotides has a “high twist profile”. This
means that the sequence has a high twist, a low rise, a
positive cup, and a negative roll. The positive cup
ensures that there is more room in the center space



Alkylation of DNA by Aziridinyl Quinones

Figure 2. Computer simulation for the cross-linking of
reduced diaziridinylhydroquinones in the GC step in TGCC
sequences. The OH groups of the hydroquinone are associated
at the O2 and C4-NH; groups of cytosine and the protonated
aziridine associates with the N7 of guanine on the same
strand.
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Figure 3. Schematic representation of the TGC sequence and
its interactions with a reduced diaziridinylquinone showing
the cup and roll of the GC step. The three-center hydrogen
bond between the N6-H of the adenine and the O4 of the
thymine and N4 of the cytosine is indicated by the dashed line.
The hydrogen bonding of the hydroquinone is as in Figure 2.

between the base pairs and the negative roll means that
these bases are tilted open toward the major groove.
Thus the GC step is a more open site of attack. The
CG step on the other hand has a low twist profile with
a negative cup and a positive roll and thus is more
compact. The extension of the sequence to 5'-TGC, and
thus 5'-GCA on the complementary strand, can be
explained by the occurrence of three center hydrogen
bonds between adjacent base pairs in the major groove.
These were found to frequently occur at CA steps.18 In
our sequences, these hydrogen bonds could cause the
middle cytosine to be pulled further up, causing the
space between the GC step to be even larger. A
schematic diagram showing consequences of the high
twist profile and a three centre hydrogen bond involving
the T, A, and C bases in the TGC sequence is shown in
Figure 3.

Quinones can be cytotoxic due to a variety of reasons
which include redox cycling and the production of
superoxide and other reactive oxygen radicals, reactions
with thiols and amines, drug-uptake, and DNA alkyla-
tions of the type described herein.’415 It is therefore

Journal of Medicinal Chemistry, 1997, Vol. 40, No. 3 359

difficult to isolate any one factor that will determine the
cytotoxicities within a series of different quinones.

However, apart from a few exceptions, the results in
Table 2 show that the quinones with a hydrogen in
position 6 are generally more cytotoxic than the corre-
sponding di-substituted quinones (compare the mono-
halides 3—5 with the dihalides 15, 16, and 18, the
monomethyl monochloro quinone 14 with 3, and the
monophenyl 6 with the diphenyl 17). This can be
explained by the ability of the hydroquinones of the
monosubstituted compounds to alkylate at TGC se-
guences. If the reduced quinones can locate specifically
between G and C bases within DNA (Figure 2), then
the aziridines are in a favorable position to form a cross-
link. The hydroquinones which cannot associate in
these positions are expected to react randomly at
guanines and form less cytotoxic monalkylations. Simi-
larly, consistent with our previous results,'2 although
we have shown that the methylmonoaziridine com-
pounds, 20, 21, and 22 can alkylate at TGC sequences,
they are significantly less toxic than the diaziridinyl
guinones which also react at this sequence.

There are a few exceptions to the correlation between
sequence selectivity and cytotoxicity. MeDzQ (9) and
the tetraaziridinyl quinone 19 are very cytotoxic but do
not have a hydrogen in position-6. However, MeDZQ
is an excellent substrate for DT-diaphorase,° and it has
been previously shown that it efficiently cross-links at
GNC positions in DNA after reduction.® MeDZQ may
therefore be abnormally cytotoxic due to the efficient
bioreduction in the K562 cell line.'® Our previous
studies on quinone methides!? and the similar reductive
capability of methyl and aziridinylquinones!* would
suggest that 19 could react in a similar manner as
MeDZQ.

The ether-substituted quinone, 8, has a hydrogen in
position 6 but is not very cytotoxic whereas the phenyl
(6) and tolylquinones (7) are more than 30 times more
toxic. We have previously shown?? that 6 is an excellent
substrate for DT-diaphorase and the one-electron reduc-
ing enzymes. However, 8 is also an excellent substrate
for the enzyme (data not shown), and hence the reduced
cytotoxicity of this quinone cannot be explained simply
by the bioreductive step. Our computer modeling of the
hydroquinone of 8 into the TGC sequences of DNA
shows that whereas the hydroquinone can be initially
inserted between the G and C bases as in Figure 2, the
rotation of the phenyl group around the ether oxygen
is severely restricted by the phosphate backbone of the
DNA, particularly between the GC bases. This hindered
rotation dramatically increases the energy minimisa-
tion. Hence, it would appear that this compound should
not readily react at TGC sequences. Analysis of the
pattern of alkylation by 8 following reduction revealed
that although alkylation at TGC was observed, the
overall extent of alkylation was much less than that of
6 or 7 at equimolar doses (data not shown).

Nonetheless, further computer modeling of the qui-
nones with a hydrogen in position 6 have shown that if
long-chain aliphatic groups are placed at position 3, the
sequence selectivity can still be maintained. Indeed, if
other sequence selective groups are incorporated at the
end of these aliphatic groups, then extended sequence
selectivity could be formed. Studies of this type will be
the subject of future work.
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Experimental Section

Chemicals. The quinones used in the study are shown in
Table 1. Phenyl-1,4-benzoquinone was obtained from Aldrich
Chemical Co. (4-Methylphenyl)-1,4-benzoquinone and 2,6-
dibromo-1,4-benzoquinone were made from the oxidation of (4-
methylphenyl)hydroquinone (TCI) and 2,6-dibromohydroqui-
none (Apin) using silver(l) oxide (Aldrich).

Aziridine (ethylenimine) was prepared according to the flash
distillation method of Reeves et al.?°

Initial quinone stock solutions for sequence selectivity
experiments were made up in DMSO at 10 mM. Electro-
phoresis-grade acrylamide and bis(acrylamide) were purchased
from Sigma, ultrapure urea and agarose were purchased from
BRL, and piperidine and ascorbic acid were purchased from
BDH. [y-*?P]JATP (5000 Ci/mmol) was from Amersham and
pBR322 plasmid DNA from Northumbria Biologicals.

The following quinones were prepared according to previous
methods: 2,5-Diaziridinyl-1,4-benzoquinone (1), 2,5-diaziridin-
yl-3-chloro-1,4-benzoquinone (3), 2,5-diaziridinyl-3,6-dichloro-
1,4-benzoquinone (15), 2,5-diaziridinyl-3,6-dibromo-1,4-ben-
zoquinone (16), 2-aziridinyl-5-methyl-1,4-benzoquinone (20),
and 5-aziridinyl-2,3-dimethyl-1,4-benzoquinone (22);?* 2,3,5-
triaziridinyl-1,4-benzoquinone (2);?? 2,5-diaziridinyl-3-phenyl-
1,4-benzoquinone (6);1° 2,5-diaziridinyl-3,6-dimethyl-1,4-ben-
zoquinone (9);% 2,5-diaziridinyl-3,6-bis[bis(2-hydroxyethyl)-
amino]-1,4-benzoquinone (BZQ, 12) and 2,5-diaziridinyl-3,6-
difluoro-1,4-benzoquinone (10);?* 2,6-Diaziridinyl-3,5-diflouro-
1,4-benzoquinone (11);% 2,5-diaziridinyl-3,6-bis[(ethoxycarbonyl)-
amino]-1,4-benzoquinone (AZQ, 13);% 2,5-diaziridinyl-3-chloro-
6-methyl-1,4-benzoquinone (14), and 2,5-diaziridinyl-3,6-
diphenyl-1,4-benzoquinone (17);?¢ 2,3,5,6-tetraaziridinyl-1,4-
benzoquinone (19);?” and 2-aziridinyl-3,5-dimethyl-1,4-benzo-
quinone (21).*2 HREIMS were measured on a VG-ZAB-E
instrument at the EPSRC National Mass Spectrometry Service
Centre, Swansea, U.K.

2,5-Diaziridinyl-3-bromo-1,4-benzoquinone (4). To a
stirred solution of 2,6-dibromo-1,4-benzoquinone (0.5 g, 1.8
mmol) at 0 °C under N in the dry methanol (30 mL) was added
a solution of aziridine (0.6 mL, 11.5 mmol) in dry methanol (1
mL). After 1 h the resulting precipitate was filtered, washed
with cold dry methanol, and then crystallized from ethanol to
yield orange needles (160 mg, 32%): mp 181 °C dec; TLC Rs¢
(petroleum ether (40:60)/EtOAc, 1:1) 0.33; *H NMR (300 MHz,
CDCls) 6 5.95 (1H, s, CH), 2.58 (4H, s, Az), 2.30 (4H, s, Az);
MS El m/z 268, 270 (M™), 68, 67; Amax (EtOH) 214, 336, 466
nm; vmax (film) 1662, 1564, 1380, 1257, 1222, 1159 cm™%;
HREIMS found 267.9847, C10HoN,O,Br requires 267.9847.

2,5-Diaziridinyl-3-iodo-1,4-benzoquinone (5). To a stirred
solution of 2,6-diiodo-1,4-benzoquinone (0.25 g, 0.69 mmol) in
dry methanol (25 mL) at 0 °C under N, was added aziridine
(0.23 mL, 4.4 mmol). After 2 h the solvent was removed in
vacuo, the resulting solid was chromatographed on silica (ethyl
acetate/petroleum ether 40/60 (1:1)), and the second band was
collected and yielded a dark red solid (15 mg, 4.9%): mp 139—
40 °C; TLC R¢ (petroleum ether (40:60)/EtOAc, 1:1) 0.3; 'H
NMR (200 MHz, CDCl3) 6 6.22 (1H, s, CH), 2.53 (4H, s, Az),
2.22 (4H, s, Az); MS El m/z 316 (M™), 133, 105, 67; Amax (EtOH)
222,342, 486 nm; vmax (film) 1675, 1621, 1552, 1342, 1253 cm™;
HREIMS found 315.9717, C10HgN2O:I requires 315.9711.

2,5-Diaziridinyl-3-(4-methylphenyl)-1,4-benzoqui-
none (7). To a stirred solution of (4'-methylphenyl)-1,4-
benzoquinone (0.5 g, 2.2 mmol) at 0 °C under N in dry ethanol
(30 mL) was added a solution of aziridine (0.4 mL, 7.7 mmol)
in dry ethanol (1 mL). After 2 h the resulting precipitate was
filtered, washed with cold dry ethanol, and crystallized from
methanol to yield purple crystals (51 mg, 7.2%): mp 185—-6
°C; TLC R¢ (petroleum ether (40:60)/EtOAc, 1:1) 0.35; *H NMR
(300 MHz,CDCls3) 6 7.28 (4H, m, Ph), 6.02 (1H, s, H), 2.44 (3H,
s, CH3), 2.27 (4H, s, Az), 2.03 (4H, s, Az); MS EI m/z 280(M™),
265, 251, 224, 129; Amax (EtOH) 218, 328, 466 NM; vimax (film)
1645, 1562, 1376, 1283, 1147, 1122 cm~1. Anal. Found: C,
72.86; H, 5.66; N, 9.83. C17H16N20O; requires: C, 72.84; H, 5.75;
N, 9.99%.

2-(4'-Phenoxyphenyl))-1,4-benzoquinone. 2-(4'-Phenox-
yphenyl)-1,4-benzoquinone was prepared as an intermediate
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according to the method of Kvalnes from 4-phenoxyaniline:2®
TLC R¢ (petroleum ether (40:60)/EtOAc, 1:1) 0.63; 'H NMR
(300 MHZ, acetone-dg) 6 7.74—7.14 (9H, m, PhOPh), 6.97—
7.02 (3H, m, C=CH); MS El m/z 276 (M"), 194, 183, 165, 77.

2,5-Diaziridinyl-3-(4'-phenoxyphenyl)-1,4-benzoqui-
none (8). To a stirred solution of 2-(4'-phenoxyphenyl)-1,4-
benzoquinone (310 mg, 1.12 mmol) in dry methanol (15 mL)
at 0 °C under N; was added aziridine (0.12 mL, 2.32 mmol).
After 1 h the solution was the concentrated in vacuo to ~5
mL and cooled on ice, and the resulting precipitate was
collected and chromatographed on silica (petroleum ether (40:
60)/EtOAc, 1:1) to yield a purple solid (41 mg, 10.2%): mp
168—9 °C; TLC Rs (petroleum ether (40:60)/EtOAc, 1:1) 0.43;
H NMR (300 MHz, acetone-dg) 6 7.56—7.13 (9H, m, PhOPh),
6.07 (1H, s, C=CH), 2.32 (4H, s, Az), 2.07 (4H, s, Az); MS EI
m/z 359 (M), 329, 302, 265, 114, 77; imax (EtOH) 214, 327,
477 nm; vmax(film) 1649, 1566, 1489, 1371, 1286, 1236 cm™1;
HREIMS found 358.1319, C1:H11N20,ClI requires 358.1317.

2,5-Diaziridinyl-3,6-diiodo-1,4-benzoquinone (18). To
a solution of iodanil (0.5 g, 0.82 mmol) at 0 °C under N in dry
ethanol (15 mL) was added aziridine (0.27 mL, 4.92 mmol).
The resulting solution was stirred for 2 h, and the brown
precipitate was collected and crystallized from THF as purple
needles (115 mg, 32%): mp 163 °C dec; TLC Rs (CHCIl3/MeOH,
9:1) 0.71; *H NMR (60 MHz,CDCl3) 6 2.58 (s); MS El m/z 442
(M*), 274, 231, 193, 179, 165, 127, 94; Amax (MeCN) 198, 220,
242, 364 nm; vmax (film) 1653, 1552, 1363, 1227, 1165, 734 cm™.
Anal. (CmHgNzOzlz) C, H, N.

2,5-Diaziridinyl-3-fluoro-1,4-benzoquinone could not be syn-
thesized. This was because, despite several attempts, the
synthesis of the precursor, 2,6-difluoro-1,4-benzoquinone,®
could not be repeated with any significant yield.

Enzymes. Restriction enzymes Hindlll and BamH1, T4
polynucleotide kinase (PNK), and bacterial alkaline phos-
phatase (BAP) were obtained from BRL.

Buffers. TEA is 25 mM triethanolamine, 1 mM EDTA, pH
7.2. TBE electrophoresis buffer is 90 mM Tris, 90 mM boric
acid, 2 mM EDTA, pH 8.3. Alkylation stop solution is 0.6 M
sodium acetate, 20 mM EDTA, 100 mg/mL tRNA. BAP buffer
is 10 mM Tris-HCI and 120 mM NacCl, pH 8. PNK buffer is
60 mM Tris-HCI, 15 mM 2-mercaptoethanol, 10 mM MgCl,,
35 mM ATP, pH 7.8.

Preparation of End-labeled DNA. pBR322 DNA was
linearized by reaction with Hindlll (2 units/mg, 37 °C, 1 h),
dephosphorylated with BAP (3 units/mg, 65 °C, 1 h), and
purified by standard phenol/chloroform extraction and ethanol
precipitation reactions.>® The DNA was labeled at the 5’ ends
with T4 PNK as described by Maxam and Gilbert.3* For
measurement of guanine N7-alkylation the DNA was further
cut with BamH1 (2 units/mg, 37 °C, 1 h), and the 375 base
fragment was purified from an agarose gel by electroelution.

Determination of Sites of Guanine-N7 Alkylation.
Singly labeled and end-labeled DNA (~50 000 cpm/sample)
was incubated with drug in TEA buffer in a total volume of
50 uL for 60 min at 20 °C. The reaction was terminated by
the addition of 50 uL of cold alkylation stop solution and DNA
recovered by precipitation with three volumes of 95% ethanol.
The DNA was resuspended in 0.3 M sodium acetate and 1 mM
EDTA, ethanol was precipitated again, and the pellet was
washed with cold ethanol prior to vacuum-drying.

The salt-free DNA pellet was resuspended in freshly diluted
1 M piperidine and incubated at 90 °C for 15 min to convert
guantitatively sites of guanine-N7 alkylation into strand
breaks.®® Samples were lyophilized, resuspended in forma-
mide loading buffer, heated at 90 °C for 1 min, and chilled in
an ice bath prior to loading onto the gel. Electrophoresis was
achieved in 0.4 mm x 80 cm x 20 cm 6% polyacrylamide gels
containing 8 M urea. Running time was approximately 3 h
at 3000V, 55 °C. Gels were dried and autoradiographed and
relative band intensities determined by microdensitometry as
described above.

Toxicity Testing. Human chronic myeloid leukaemic
K562 cells were maintained in log phase growth in suspension
in complete RPMI 1640 medium supplemented with 10% horse
serum (GIBCO BRL) at 37 °C, 5% CO,. Continuous challenge
cytotoxicity studies were carried out on these cells (600 per
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well) in 96-well plates using the MTT method.3* After 5 days,
the absorbances were read on a multiscan plate reader at 540
and 640nm. Plots were then drawn for inhibition of cell
growth as a function concentration. Each compound was
tested in triplicate at each concentration. This method differs
from that used in our previous study which involved 2-h
challenges.'? The continuous challenge method was used here
to reduce variations in cytotoxicity due to differences in drug
uptake.

Molecular Modeling. Molecular modeling was carried out
on a Silicon Graphics Iris 4D/310GTX work station using
QUANTA 4.0 software (including CHARMmM 22.2) working
under IRIS 4.0.5. The 5'-TGCG double strand structure was
taken from the work of Edwards et al.1” using the coordinates
deposited at the Protein Data Bank, Upton, NY.

Acknowledgment. This work was supported by
grants from the Cancer Research Campaign, U.K., and
the Medical Research Council (R.H.J.H). We are grate-
ful to John Hadfield and Dee Whittaker for advice and
technical assistance.

References

(1) Schold, S. C.; Friedman, H. S.; Bjornsson, T. D.; Falleta, J. M.
Treatment of patients with recurrent primary brain tumours
with AZQ. Neurology 1984, 34, 615—619.

(2) Bender, J. F.; Grillo-Lopez, A.; Posada, J. G. Diaziquone. Invest.
New Drugs 1983, 1, 71—84.

(3) Obe, G.; Beek, B. Trenimon: Biochemical, physiological and
genetic effects on cells and organisms. Mutation Res. 1979, 65,
21-70.

(4) Szmigiero, L.; Kohn, K. W. Mechanisms of DNA strand breakage
and interstrand cross-linking by diaziridinylbenzoguinone (Di-
aziquone) in isolated nuclei from human cells. Cancer Res. 1984,
44, 4453—4457.

(5) Siegel, D.; Gibson, N. W.; Preusch, P. C.; Ross, D. Metabolism
of diaziquone by NAD(P)H:(quinone acceptor) oxireductase (DT-
diaphorase); role in diaziquone-induced DNA damage and cy-
totoxicity in human colon carcinoma cells. Cancer Res. 1990, 50,
7293—7300.

(6) Butler, J.; Dzielendziak, A.; Lea, J. S.; Ward, T. H.; Hoey, B. M.
Contrasting cytotoxic mechanisms of similar antitumour diaziri-
dinybenzoquinones. Free Rad. Res. Commun. 1990, 8, 231—239.

(7) Dzielendziak, A.; Butler, J.; Hoey, B. M,; Lea, J. S.; Ward, T. H.
A comparison of the structural and cytotoxic activity of novel
AZQ analogues. Cancer Res. 1990, 5, 2003—2007.

(8) Hartley, J. A.; Berardini, M.; Ponti, M.; Gibson, N. W.; Thomp-
son, A. S.; Thurston, D. E.; Hoey, B. M.; Butler, J. DNA cross-
linking and sequence selectivity of aziridinylbenzoguinones: A
unique reaction at 5'-GC-3' sequences with 2,5-diaziridinyl-1,4-
benzoquinone upon reduction. Biochemistry 1991, 30, 11719—
11724.

(9) Berardini, M. D.; Souhami, R. L.; Lee, C-S.; Gibson, N. W.;
Butler, J.; Hartley, J. A.; Two structurally related diaziridinyl-
benzoquinones preferentially cross-link DNA at different sites
upon reduction with DT-Diaphorase. Biochemistry 1993, 32,
3306—3312.

(10) Beall, H. D.; Murphy, A. M.; Siegel, D.; Hargreaves, R. H. J;
Butler, J.; Ross, D. Nicotinamide adenine dinucleotide (phos-
phate): Quinone oxireductase (DT-diaphorase) as a target for
bioreductive antitumor quinones: Quinone cytotoxicity and
selectivity in human lung and breast cancer cell lines. Mol.
Pharmacol. 1995, 48, 499—504.

(11) Alley, S. C.; Hopkins, P. B. DNA-DNA interstrand cross-linking
by 2,5-bis(1-aziridinyl)-3,6-bis(carboethoxyamino)-1,4benzoqui-
none: Covalent structure of the dG-to-dG cross-links in calf
thymus DNA and synthetic DNA duplex. Chem. Res. Toxicol.
1994, 7, 666—672.

Journal of Medicinal Chemistry, 1997, Vol. 40, No. 3 361

(12) Mayalarp, S. P.; Hargreaves, R. H. J.; Butler, J.; O'Hare, C. C.;
Hartley, J. Cross-linking and sequence specific alkylation of
DNA by diaziridinylquinones. 1. Quinone Methides. J. Med.
Chem. 1996, 39, 531-537.

(13) Ward, T. H.; Haran, M. S.; Whittaker, D.; Watson, A. J.; Howard,
T. D.; Butler, J. Cross resistance studies on two K562 sublines
resistant to diaziridinyl- benzoquinones. Biochem. Pharmacol.
1995, 50, 459—464.

(14) Butler, J.; Hoey, B. M. Redox Cycling drugs and DNA damage.
In DNA and Free Radicals; Halliwell, B., Aruoma, O. I., Eds.;
Ellis Horwood: London, 1993; pp 243—265.

(15) Powis, G. Free radical formation by antitumour quinones. Free
Rad. Biol. Med. 1989, 6, 63—101.

(16) Butler, J.; Hoey, B. M. Diaziridinylbenzoquinones. Trombay
Symposium on Radiation and Photochemistry Vol 1; Atomic
Energy of India: Trombay, India, 1994; pp 149—154.

(17) Edwards, K. J.; Brown, D. G.; Spink, N.; Skelly, J. V.; Neidle,
S. Molecular structure of the f-DNA dodecamer d(CGCAAA-
TTTGCG),: An Examination of propeller twist and minor-groove
water structure at 2.2 Angstrom resolution. J. Mol. Biol. 1992,
226, 1161-1173.

(18) Yanagi, K.; Privé, G. G.; Dickerson, R. E. Analysis of local
geometry in three B-DNA decamers and eight dodecamers. J.
Mol. Biol. 1991, 217, 201—-214.

(19) Dickerson, R. E. DNA structure from A to Z. Methods Enzymol.
1992, 211, 67—-111.

(20) Reeves, W. A.; Drake, G. L.; Hoffpauir, C. L. Ethylenimine by
flash distillation. 3. Am. Chem. Soc. 1951, 73, 3522.

(21) Petersen, S.; Gauss, W.; Urbschat, E. Synthesis of simple
quinone derivatives with fungicidal, bacteriostatic and cytostatic
properties. Angew. Chem. 1955, 67, 217—231.

(22) Gauss, W. Uber die umsetzung einiger alkoxy-p-benzochinone
mit athylenimine. Chem. Ber. 1958, 91, 2216—2222.

(23) Cameron, D. W.; Giles, R. G. F. Photochemical formation of
benzoxazoline derivatives from aminated quinones. J. Chem.
Soc. C 1968, 1461—1464.

(24) Chou, F.; Khan, A. H.; Driscoll, J. S. Potential central nervous
system antitumor agents. Aziridinylquinones. 2. J. Med. Chem.
1976, 19, 1302—1308.

(25) Dzielendziak, A.; Butler, J. 1,4-Benzoquinones: Improved meth-
ods of synthesis and new Diaziridinyl analogues. Synthesis 1989,
643—643.

(26) Nakao, H.; Arakawa, M.; Nakamura, T.; Fukushima, M. Anti-
leukemic agents Il. New 2,5—Bis(1-Aziridinyl)-p-benzoquinone
derivatives. Chem. Pharm. Bull. 1972, 20, 1968—1979.

(27) Wallenfels, K.; Draber, W. Stellaquinones, a new class of dark
coloured compounds. Angew. Chem. 1958, 70, 318.

(28) Kvalnes, D. E. An optical method for the study of reversible
organic oxidation-reduction systems. IV. Arylquinones. J. Am.
Chem. Soc. 1934, 56, 2478—2481.

(29) Hudlicky, M.; Bell, H. M. Chemistry of fluorinated quinones. Part
I1. Proton and fluorine NMR spectra. J. Fluorine Chem. 1975,
6, 201—-212.

(30) Maniatis, T.; Fritsch, E. F.; Sambrook, J. Molecular Cloning. A
Laboratory Manual; Cold Spring Harbor Laboratory: Cold
Spring Harbor, NY, 1982.

(31) Maxam, A. M.; Gilbert, W. Sequencing end-labelled DNA with
base specific chemical cleavages. Methods Enzymol. 1980, 65,
499-560.

(32) Martynov, V. S.; Makarova, A. N.; Ya Berlin, A. 2,6-Difluoro-
3,5-diethylenimino-1,4-benzoquinone. J. Gen. Chem. USSR (Engl.
Transl.) 1964, 34, 2833.

(33) Mattes, W. B.; Hartley, J. A.; Kohn, K. W. Mechanism of DNA
strand breakage by piperidine at sites of N7-alkyl guanine.
Biochim. Biophys. Acta 1986, 868, 71—76.

(34) Carmichael, J.; DeGraff, W. G.; Gazdar, A. F.; Minna, J. D;
Michael, J. B. Evaluation of tetrazolium- based semiautomatic
colorimetric assay; assessment of chemosensitivity testing.
Cancer Res. 1987, 47, 936—942.

JM960492J



