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ABSTRACT

Eight analogues of 2,5-bis(carboethoxyamino)-3,6-diaziridinyl-l,4-
benzoquinone have been synthesized and tested for cytotoxicity against
four different leukemic and lymphomic cell lines. For K562 and BSM
cells, the toxicity could be correlated with the ease of reduction of the
compounds as determined by the one-electron reduction potentials and
the electron spin resonance detection of the reduced compounds produced
by the cells. The cell toxicity could also be correlated with the efficiency
of the compounds to form cross-links in DNA. However, no such corre
lations could be observed for the LI 210 and Raji cells, although the
activity of the NADPII dependent reducing enzymes in these cells was
similar to that in the others. It is believed that for the I I 2111and Raji
cells, the influx/efflux of the different compounds may be more important
to the cytotoxicity than their reduction or alkylation.

INTRODUCTION

Bioreductive activation is a process in which compounds are
reduced by cellular enzymes to produce more active forms.
Several antitumor quiÃ±onesincluding Adriamycin, mitomycin
C, and aziridinyl benzoquinones have the potential to be acti
vated by this process (e.g., Refs. 1 and 2). However, despite
hundreds of publications, it has been difficult to prove the role
of bioactivation in the antitumor activity of these quiÃ±onesor
in the production of toxic side effects.

AZQ2 (D2 in Fig. 1), has undergone Phase I, II, and III trials

and shows activity in progressive glioma of the central nervous
system as well as variable activity in other central nervous
system tumors (3, 4). It was originally developed in an effort to
find a drug which can cross the blood-brain barrier and which
also has the ability to undergo alkylation reactions via activation
of the aziridine moieties. This drug has been studied extensively
from the point of view of bioreductive activation inasmuch as
the quinone moiety is readily reduced to relatively stable semi-
quinone/hydroquinone species (5, 6). Recent results from our
laboratory have shown that although AZQ is taken up slowly
into certain cells, it readily forms semiquinone free radicals
which appear in the medium, presumably by a controlled influx/
efflux mechanism (7).

It is surprising that even though several diaziridinyl benzo
quinones have been tested in vitro (e.g., Ref. 8), AZQ is the
only carbamoyl ester analogue that has undergone cell toxicity
testing. We have recently synthesized several AZQ analogues
using novel techniques (9). This work has now been extended
to increase this range and to report on the cytotoxicities of all
of these compounds and their uses in studying bioreductive
activation.
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MATERIALS AND METHODS

The analogues D, to D,, D,, and D6 were synthesized according to
our previously described methods (9). D4 and D7 to D9 were also
synthesized and the procedures used are given in the following section.
All compounds were checked for purity using melting point, 'H-NMR,

IR, and mass spectral data. The quinone solutions were made up by
first wetting the samples with DMSO (<0.05% total volume). All other
reagents were of the highest purity commercially available.

Melting points were measured using a Gallenkamp melting points
apparatus. IR spectra were recorded using a Pye Unicam SP4000
spectrophotometer and a Hitachi Perkin-Elmer R-600 was used to
record the 'H-NMR. Mass spectra were obtained using a Kratos MS25
spectrometer. Fluorescence was measured using a Shimadzu RF-540
spectrofluorophotometer. ESR results were obtained using a Varian
E-9 spectrometer, signal averaged using a Nicolet 1170 signal averager,
and stored on disc. Cell toxicities were estimated using a Multiscan
T.C. (Flowlabs) plate reader.

Synthesis

Essentially the two methods described (9) rely on the synthesis of
the corresponding 2,5-dichloro-3,6-bis(alkoxycarbonylamino)-l,4-ben-
zoquinones and the reaction of these compounds with aziridine. The
methyl (D, in Fig. 1) and the ethyl (AZQ; D2 in Fig. 1) analogues were
prepared from the reactions of the corresponding alkyl chloroformate
with the dichlorodiamino-p-hydroquinone. The other analogues (D3-
D7 in Fig. I) were prepared from the transesterification of 2,5-dichloro-
3,6-bis(methoxycarbonylamino)-l,4-benzoquinone in a large excess of
the corresponding alcohol. The synthesis and properties of D4, D7, Dg,
and D9 have as yet not been reported.

D4. A solution of 2,5-dichloro-3,6-bis(methoxycarbonylyamino)-l,4-
benzoquinone (1.615 g, 5 mmol) in isopropyl alcohol (500 ml) and
concentrated sulfuric acid (2 ml) was rcfluxed until the starting material
and the secondary intermediate were undetected by thin layer chroma-
tography (about 14 h). The isopropyl alcohol was then evaporated down
to about 45 ml, and 50 ml of ice cold water were added slowly. After
further cooling, the resulting crystalline material was filtered, washed
with ethanol, and then dried. The precipitate (yield, 92%) was recrys-
tallized from ethanol to yield yellow crystals, m.p. 224-226Â°C (with
decomposition). 'H-NMR (DMSO-CDCI,, TMS): b 1.27 (d, 12H, J =
9 Hz), 4.80 (m, 2H); IR (KBr): i>m,1675, 1735, 2980, 3260 cnr1; MS
(70 eV) ml2 379 (M+, 0.3), 43 (100).

CuH16Cl2N2O6 (379.2)

Calculated: C 44.34; H 4.25; N 7.39; CI 18.7
Found: C 43.7; H 4.1; N 7.6; Cl 19.4

The final diaziridinylquinone was prepared using the reported
method (9) of reacting the above with aziridine in dry tetrahydrofuran
and recrystallization from ethanol to give red-brown crystals, m.p.
>205"C (with decomposition). Yield, 80%. 'H-NMR (DMSO/TMS):

Ã 1̈.23 (d, 12H, J = 10 Hz), 2.21 (s, 8H), 4.83 (m, 2H), 8.37 (s, 2H);
IR (KBr) i<mâ€ž1670, 1705, 2990, 3240 (br) cnT1; MS (70 eV) m/z 392
(M+, 8), 43(100).

C18H24N406(392.4)

Calculated: C 55.09; H 6.16; N 14.28
Found: C 54.1; H 6.1; N 13.9

D7. This compound was synthesized as above using jec-butyl alcohol
instead of isopropyl alcohol, m.p. 178-179Â°C. Yield, 93%. 'H-NMR
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Fig. 1. Structure of the novel compounds D, to D,. R, = RÂ¡for D, to D7. D,
= methyl, DÂ¡= ethyl, D3 = n-propyl, D4 = isopropyl, D, = n-butyl, D6 = isobutyl,
and D7 = jÂ«'-bulyl.For D,, R, = methyl and R2 = n-propyl. For DÂ»,R, = methyl
and Rj = n-butyl.

(DMSO-CDCU TMS): 6 0.94 (t, 6H, J = 10 Hz), 1.25 (d, 6H, J = 10
Hz), 1.56 (m, 4H), 4.70 (m, 2H); IR (KBr) i-max1670. 1720, 2995, 3270
(br) cm-'; MS (70 eV) m/z 407 (M+, 26), 57 (100).

C16HMC12N206(407.2)

Calculated: C 47.19; H 4.95; N 6.88; Cl 17.41
Found: C 47.55; H 5.05; N 7.3; Cl 18.0

The final diaziridinylquinone recrystallized from ethanol gave red-
brown crystals, m.p. 207-209Â°C(with decomposition). V'ield, 72%. 'H-

NMR (DMSO/TMS): 6 0.89 (t, 6H, J = 10 Hz), 1.17 (d, 6H, J = 10
Hz), 1.50 (m, 4H), 2.20 (s, 8H), 4.65 (m, 2H), 8.38 (s, 2H); IR (KBr)
Vnuu1665, 1730, 2990, 3280 (br) cm-'; MS (70 eV) m/z 420 (M*, 2),

29(100).

C20H28N406(420.5)

Calculated: C 57.13; H 6.71; N 13.22
Found: C 57.1; H 6.7; N 12.94

DÂ».This asymmetrical compound was prepared by the partial trans-
esterification of 2,5-dichloro-3,6-bis(methoxycarbonylamino)-1.4-ben-
zoquinone; 1.615 g (5 mmol) of this starting material was refiuxed in
500 ml of n-propyl alcohol containing 2 ml of sulfuric acid for 7-10 h.
The alcohol was partially evaporated down to 35 ml. Water (30 ml)
was then added and after cooling, the resulting precipitate was filtered
off, washed with aqueous ethanol, and dried. The crude compound was
purified by the aid of preparative thin layer chromatography plates
made from Kieselgel 60. Toluene:ethyl acetate:acetic acid (32:8:1) was
used as eluent. Yellow crystals were obtained after recrystallization
from ethanol, m.p. 161-162'C. Yield, 18%. 'H-NMR (DMSO-CDCI,,

TMS): &0.98 (t, 3H, J = 10 Hz). 1.70 (m, 2H), 3.72 (s, 3H), 4.10
(t, 2H, J = 10 Hz).

The diaziridinylquinone was prepared as above. Recrystallization
from ethanol gave red-brown crystals with decomposition >206Â°C.
Yield, 84%. 'H-NMR (DMSO/TMS): 6 0.99 (t, 3H, J = 10 Hz), 1.72
(m, 2H), 2.20 (s, 8H), 3.72 (s, 3H), 4.12 (t, 2H, J = 10 Hz), 8.42
(s, IH), 8.46 (s, 1H).

D9. This compound was prepared as above using n-butyl alcohol in
place of n-propyl alcohol. The dichloro compound was obtained as
yellow crystals, m.p. 155-156Â°C. Yield, 26%. 'H-NMR (DMSO-

CDCIj, TMS): 0 0.99 (t, 3H, J = 9 Hz), 1.55 (m, 4H), 3.74 (s, 3H),
4.14 (t, 2H, J = 9 Hz). The final diaziridinylquinone gave red-brown
crystals from ethanol, m.p. 189Â°C(with decomposition). Yield, 80%.
'H-NMR (DMSO/TMS): 6 0.98 (t, 3H, J = 9 Hz), 1.59 (m, 4H), 2.22
(s, 8H), 3.75 (s, 3H), 4.15 (t, 2H, J = 9 Hz), 8.38 (s, IH), 8.48 (s, 1H).

Cell Toxicity Studies

Cells were routinely maintained in RPMI 1640 (Gibco), supple
mented with 2 mM L-glutamine and 10% donor horse serum and were
checked for the absence of Mycoplasma ( 10) and found to be free from
contamination. Cytotoxicity assays were performed using a modifica
tion of the published method (11). Briefly, cells were diluted to 500
cells/ml in 15-ml test tubes and different concentrations of the individ
ual drugs were added, dissolved in a small volume of DMSO. Control
samples contained DMSO alone. Samples of 200 n\ of the suspensions
were then put into 3 wells of a 96-well microtiter plate and then
incubated at 37Â°Cin an atmosphere of 95% air/5% CO2 for 5 to 7

days. The plates were then removed and 50 ÃŸ\of a 3-mg/ml solution

of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide in
phosphate buffered saline was added to each well and then incubated
for 3 h. The medium from each well was then aspirated and 200 p\ of
DMSO were added. The plates were agitated and then read on the
multiscan using a wavelength of 540 nm. Growth inhibition curves
were constructed using the mean and standard deviation of the triplicate
values. From these curves, the concentration of drug necessary to inhibit
cell growth to 50% of the control was determined for each drug.

One-Electron Reduction Potentials

The one-electron reduction potentials of the drugs at pH 7 were
measured using the pulse radiolysis apparatus at the Paterson Institute.
The system consisted of a tungsten analyzing lamp and a Kratos UV/
VIS monochromator. Microcells with an absorbance path length of 2.5
cm were used throughout. The method of measuring one-electron
reduction potentials is similar to that previously reported (5). Essen
tially the drug radicals, which are rapidly generated by the pulse
technique, are allowed to come into equilibrium with compounds of
known reduction potentials. The equilibrium constant is measured
before the decay of the radicals and from these values, the reduction
potential can be determined.

DNA Cross-Linking Assay

The fluorescence assay used to determine DNA cross-linking was
similar to that reported previously (12, 13) with some slight modifica
tions. This assay relies on the fact that heat denatured DNA shows a
loss in fluorescence due to the release of ethidium bromide from the
double strands. However, if a drug covalenti)' cross-links the DNA

strands, then heat denaturation is prevented. The investigation of the
cross-linking was determined at pH 4 because it has been shown that
the reaction of reduced AZQ with DNA is pH dependent (7). The
interactions at more neutral pH values are extremely weak and are
barely detectable by this method. The incubation mixture consisted of
200 n\\ drug, 200 mM potassium phosphate buffer (pH 4.0), 2 mM
ascorbic acid, and 100 ^g DNA (calf thymus; Sigma) in a total volume
of 3.0 ml. This mixture was incubated for 40 min in a sealed tube at 37
Â±PC. This incubation time was chosen as a result of previous experi
ments and represents the time when the interaction between reduced
AZQ and DNA is at a maximum while there Â¡sminimal contribution
from acid assisted ring opening (7). On completion of the incubation
time, the pH was adjusted to 7.0 with phosphate buffer (200 mM, pH
9). DNA (5 Â¿ig)was removed and added to a solution containing
ethidium bromide (0.5 ^g/ml). tripotassium phosphate (20 mM, pH
11.8), and EDTA (0.5 mM). The difference in the fluorescence readings
before and after heating were then determined as described previously
(13) using an excitation wavelength of 525 nm and an emission wave
length of 600 nm.

NADPH-requiring Enzymes

The relative activities of the reducing enzyme systems which require
NADPH in the different cell lines were determined using a modification
to the previous method (14). The cells were washed/resuspended in
phosphate buffer and then sonicated using an MSE ultrasonicator for
three periods of 10 s. Cellular protein was measured using the Bio-Rad
assay. The extracts (40 ^g protein/ml) were then incubated at 37Â°C

with 1 mM NADPH and 35 Â¿IMacetylated ferricytochrome c in a total
volume of 3.0 ml (50 mM potassium phosphate buffer, pH 7.5). The
rate of reduction of the acetylated cytochrome c was determined by the
increase in absorption at 550 nm. The results from the different cell
lines are summarized in Table 2.

ESR

Spectra were obtained at an incident microwave power of 10 mW.
The magnetic field was modulated at 100 kHz with an amplitude of
0.8 G. Identical instrument settings were used throughout the study.
All spectra were obtained in an aqueous flat cell. Aliquots of drug (0.5-
5 mM) were incubated with a sample of cell suspension (106-107 cells/

ml) in supplemented RPMI, as with the cell toxicity studies) for 1 h at
37Â°Cprior to measurement (14).
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RESULTS

The measured cell toxicities of the individual compounds are
shown in Fig. 2 in the form of the inverse of the concentration
of drug necessary to inhibit cell growth to 50% of control. The
K.562 and the BSM cell lines are more responsive to the
compounds and show a definite trend in the activities. The D,
compound is the most toxic while there is a distinct decrease
in toxicity down to D7. The derivatives DÂ«and D9 then show
relative increases in toxicities.

The one-electron reduction potentials at pH 7 of the different
compounds and the standards used are shown in Table 1. The
errors in the determinations are mainly due to the relatively
slow rates of equilibria between some of the compounds and
the standards.

The intensity of the ESR signals from D,, D2, and D., incu
bated with the cells showed a trend in the order BSM > K562
> L1210 > Raji. Whereas large, distinct ESR signals could be
detected from the BSM and K562 cell lines, only small signals
could be detected in the Raji cells even after extensive signal
averaging. However, when the whole cells were disrupted by
sonication, the signals obtained were substantially increased in
intensity. These results are summarized in Fig. 3 for the parent
drug, AZQ.

A comparison of the signals from all of the compounds was
made with K562 and BSM intact cell suspensions. The intensity
of the signals followed the order D, > D2 > D, > D4 with no
detectable signals for the D5, D6, and D7 compounds. The
asymmetrical compounds, D8 and D9, gave well defined ESR
signals of intensity similar to those of the DI and D2 com

pounds. The results are illustrated in Fig. 4.
The results from the cross-linking of DNA by the reduced

compounds D, to D9 are summarized in Fig. 5. In Fig. 5, D,
was regarded as 100% cross-linked and all of the other com
pounds are normalized to this value.

DISCUSSION

The efficiency of a quinone to undergo bioreductive activation
and function as an alkylating agent should depend in the first
instance on the ease at which the quinone can be reduced by
the intracellular enzymes and the stability of the reduced forms
of the quinone in the presence of oxygen. We have previously
demonstrated that the rate at which an enzyme system reduces
a quinone strongly depends on the one-electron reduction po
tential of the Q/Q couple (5). The one-electron reduction
potentials in Table 1 would predict that whereas most of the
compounds should be easily reduced, the D6 and D7 compounds
are relatively more difficult. Also, because the reduction poten
tial of the O2/O2 couple is -155 mV, the reduced forms of the

D6 and D7 compounds should be less stable in the presence of
oxygen than the other compounds. Thus, if alkylation of im
portant cellular targets and hence prevention of replication
occurs only when the compounds are in a reduced state, then
the toxicities should be dependent on the reduction potentials.
This is indeed the approximate order of toxicities observed for
the K562 and BSM cell lines (Fig. 2).

The ESR experiments also served to qualitatively confirm
the above trend. Signals could be detected for the D, to D4 and
the DÂ»and D9 compounds in the K562 and BSM cells, showing

BSM K562

Fig. 2. Cell toxicities of compounds D, to D9.
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Table 1 One-electron reduction potential values for the series D, to D,

D123456789E,'/mV-44.2-61.0-67.0-78.7-65.9-167.2-125.2-61.95Â°15391520304-80.6

2Standards

usedOxygenOxygen,

naphthazarinOxygenOxygenOxygen,

naphthazarinOxygen,
menadioneOxygen,
menadioneOxygenOxygen

" Mean Â±SD.

^*\{VJ^^ \JN^\/U^

3<toa 341B

3386 3394 3403
GAUSS

3411 3418

Fig. 3. Comparison of the intensity of the ESR signals from AZQ (D2)
incubated with the four cell lines, a, BSM; b, K562; e. L1210; d, RAJI; and e,
RAJ1 sonicated. The cell numbers used for all cell types were 5 x IO6 and the

experiments were carried out aerobically in flat cells, taking due care to ensure
that the contents did not settle. Signals were recorded over identical time periods
and averaged 10 times.

that they are reduced to semiquinone radicals. However, no
discernible signals could be detected for the other compounds
indicating that they are not efficiently reduced in the cells and/
or they are unstable with respect to reoxidation by oxygen.
Several preliminary experiments using K562 and BSM cells
under hypoxic conditions showed that there was a small in-

Fig. 4. ESR signals obtained from incubating some of the compounds with
K562 cells. Conditions were as described in Fig. 3.

crease in the size of the ESR signals from these drugs which
might imply in the first instance that reoxidation does occur in
the presence of oxygen. However, it is also possible that the
redox status of the cell can also change under conditions of
hypoxia.

It has been demonstrated using alkaline elution techniques
that the DNA interstrand cross-linking ability of AZQ can be
correlated with the measured toxicities in several human cell
lines (15). The DNA cross-linking results from the present
study show that some of the compounds in the reduced state
are very efficient at cross-linking DNA. The overall trend is
very similar to that found in the ESR studies. The extent of
reduction within the cells is expected to be an important factor.
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Fig. 5. Relative DNA cross-linking efficiencies of compounds DI to Dg.

Table 2 NADPH dependent reducing ability of the four cell lines

CelllineBSM

K562
L1210
RajiRate

of reduction"

(nmol/min/mgprotein)8.8
Â±0.5*

7.3 Â±0.05
6.7 Â±0.35
8.3 Â±1.1

Â°Mean of two determinations.
* Mean Â±SD.

However, the relative efficiency of cross-linking DNA should
also depend on the structure of the compounds. It is expected
that the more bulky carbamoyl esters in the series and in
particular the D6 and D7 compounds will experience more steric
restraints than the others. However, it is difficult to determine
which of the two factors, steric hinderence or reduction poten
tial, has the most important influence on cell toxicity because
they are both interrelated. The reduction potentials of the
analogues will be dependent on the structure of the carbamoyl
ester side chains and it is to be expected that as the side chains
become more bulky then the reduction potentials should de
crease.

The LI210 and the Raji cells were not as sensitive towards
the compounds as the K.562 or BSM cell lines. The one-line
signals observed in Fig. 3, c and d, are typical ESR signals
obtained from signal saturation, in this case, due to power and
possibly modulation broadening. The ESR signals were also
much weaker in the intact LI210 and Raji cells which might at
first suggest that the ability of these cell lines to reduce the
compounds to reactive forms is decreased. However, there is
some evidence from this study which shows that this is not
necessarily the case. The activities of the NADPH requiring
reducing enzymes have been found to be similar in all of the
cell lines tested (Table 2) and it is generally believed that the
NADPH requiring systems and in particular, NADPH-cyto-

chrome P-450 reductases are efficient in reducing quiÃ±ones.
Similarly, if it is just the extent of reduction of the compounds
in the different cell lines that is responsible for the differences
in toxicity, then it would be expected that the same trends in
toxicity observed in the BSM and K562 cells, i.e., D, > D2 >
D,, etc., would still be seen in the Raji and LI210 cells. It is
evident from Fig. 2 that this is certainly not true. Recent
evidence proposes that two-electron reduction of AZQ by DT-
diaphorase may play a role in the cytotoxic process (16). We
are currently investigating the cytotoxicity of these analogues
on DT-diaphorase deficient cell lines (in collaboration with Dr.
D. Ross, University of Colorado). However, it has been shown
that the hydroquinone of AZQ, like many quiÃ±ones, is in
equilibrium with the semiquinone (6) and the one-electron
reduction potentials of all quiÃ±onesare related to their two-
electron potentials. Thus, if the Raji and LI 210 cell lines were
deficient in DT-diaphorase then this might explain the decrease
in ESR signals (assuming that NADPH-cytochrome P-450
reducÃase is not involved in the reduction) but would not
necessarily explain the apparent lack of dependency of the
structure/reduction potential on the cytotoxicity which was
observed for the other two cell lines.

The ESR signals from the compounds incubated with the
L1210and Raji cells were significantly increased when the cells
were disrupted by sonication. This confirms that these cells are
capable of reducing the compounds and is another argument in
favor of the differences in toxicity being due to factors other
than the levels of reducing systems. It does suggest that these
cells may have different influx/efflux abilities to the K562 or
LI 210 cell lines and it is probable that the overall difference in
uptake capacity between the cell lines ultimately determines the
cytotoxicity. Recent experiments using radiolabeled AZQ and
2, 5-bis(2-hydroxyethylamino)-3,6-diaziridinyl-1 ,4-benzoqui-
none to investigate the uptake of diaziridinyl benzoquinones
into the K562 cell lines (7) have demonstrated that labeled
AZQ is only slowly taken up by the cells. The immediate
appearance of an ESR signal strongly suggests that an efflux
mechanism releasing bioreduced forms of the drug from the
cell is involved. It is therefore not unreasonable to assume that
different cell lines may display different efficiencies in both the
influx and subsequent efflux of cytotoxic agents.
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