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An electrochemical model has been used to study
the reductive activation of the hypoxic cell cytotoxin
tirapazamine (TPZ, 3-amino-1,2,4-benzotriazine-1,4-
dioxide). Cyclic voltammetry and controlled potential
electrolysis have been used to generate and study the
l-electron reduction product, the assumed biologic-
ally active species. Cyclic voltammetry of tirapaza-
mine in dimethylformamide shows a quasi-reversible
l-electron reduction with the product showing a
tendency to participate in a following chemical reac-
tion. Controlled potential electrolysis to generate
the l-electron reduction product was unsuccessful
due to the formation of a new redox-active species
at less negative reduction potentials. However, the
cyclic voltammetry of tirapazamine in the presence
of E. coli DNA shows a decrease in the lifefime
of the radical anion, signifying direct interaction
with the DNA. The radical lifetime also decreased in
the presence of adenine, thymine and guanine,
but increased upon addition of cytosine and ribose.
The study shows that cyclic voltammetry is an
extremely useful tool for investigating the inter-
action between bio-reductive drugs and biological
target molecules.
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INTRODUCTION

Tirapazamine (TPZ, 3-amino-1,2,4-benzotri-
azine-1,4-dioxide, SR 4233) has successfully pro-
gressed to Phase III clinical trials as a hypoxia-
selective anti-tumour agent where it has proved
to be particularly effective when used in con-
junction with cisplatin.!'?! The selective toxicity
of TPZ for hypoxic mammalian cells is due to the
preferential reduction of the drug to cytotoxic
metabolites under conditions of low oxygen
tension, causing DNA damage and ultimately cell
death.®! The stable 2- and 4-electron reduction
products, the mono- and zero-N-oxides, SR 4317
and SR 4330 respectively, show no significant
biological activity, therefore, the proposed active
species is the 1l-electron reduction intermedi-
ate*”! The high efficiency of TPZ to cause
DNA damage is assigned to its reduction in
the cell nucleus in close proximity to DNA,
although the enzymes responsible have not been
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identified.! Enzymatic reduction to yield the
1-electron reduction product resulted in radical-
mediated oxidative DNA strand cleavage, with
the drug acting as an oxygen mimetic.”]
Electrochemical techniques are a highly effect-
ive way to study the charge-transfer properties
of bio-reductive agents, including TPZ. Using
controlled potential electrolytic reduction of
TPZ in the presence of DNA, the drug-induced
DNA damage can be studied to provide further
information on the biological implications of the
redox-activation step.®! Voltammetric studies in
aqueous buffer show that TPZ is reduced in a
2-stage process. The first step involves a 4-electron
addition, resulting in loss of both N-oxide
groups; the second step is assigned to a 2-elec-
tron reduction of the benzotriazine heterocycle.
Changing the solvent to dimethylformamide or
acetonitrile alters the reduction mechanism with
up to six reduction steps being identified.’}
Despite this complexity the first reduction is
sufficiently isolated that it can be studied without
interference from further reduction steps. The
first reduction is characterized as a quasi-
reversible 1-electron step, therefore, the proposed
biologically active species can be selectively
generated and studied. The present investiga-
tion utilizes this feature to study the interaction
of the l-electron species generated in situ with
DNA using both electrolytic and voltammetric
techniques. The two methods are not necessarily
complementary, with longer time-scales and
higher reactant and product concentrations
being a necessity during electrolysis experi-
ments. Together with the often short life-times
of reduction products, it is not surprising that
the chemical pathway can be substantially
altered from that portrayed by the voltammetry.
Target specificity was investigated by the
effect of the individual DNA bases and ribose
at a range of concentrations on the voltam-
metry of the drug, in particular the stability
of the l-electron reduction product. We have
previously used this approach to investigate
the interaction of a number of nitroaro-

matic compounds with DNA and the DNA
bases.1011)

MATERIALS AND METHODS

TPZ was obtained from Prof. ].M. Brown, Stan-
ford University, California. Dimethylformamide
(DMF) and acetonitrile (CH;CN), spectroscopic
grade, and DNA bases and ribose were pur-
chased from the Aldrich Chemical Company.
Dry DMF was stirred over KOH to remove
formic acid, then distilled from CaO immediately
prior to use. Escherichia coli DNA was purchased
from the Sigma Chemical Company and further
prepared as described previously.!"?!
Electrochemical experiments employed a PAR
262A polarographic analyzer interfaced with a
PAR 303A cell stand and a Bausch and Lomb
RE 0088 x-y recorder. Dimethylformamide and
CH;CN used 0.1M tetra-n-butylammonium
tetrafluoroborate (TBABF,) as the supporting
electrolyte, and were purged with solvent-
saturated O,-free N, prior to measurements.
The concentration of TPZ was typically 0.2 mM.
Concentrations of DNA bases and ribose, varied
from 0.1 to 3.0mM and were added to the
voltammetric cell as a freshly prepared DMF
stock solution (0.1M; 10mM; 5mM; 50mM
for T, C, A and ribose respectively) or as the
pre-weighed base. DNA was added as a 1 mg/ml
solution in 0.1 SSC aqueous buffer. Cyclic
voltammetry (CV) used a hanging drop mercury
electrode, automatically renewed after each
voltammogram, at a scan rate of 200mV/s. A
platinum wire was used as the counter electrode
and all potentials were measured against an
aqueous Ag/AgCl reference electrode.
Controlled potential electrolytic reductions
were performed at 0.1 and 1.0mM TPZ concen-
trations in DMF using a mercury pool cathode
and a Ag/AgCl anode at room temperature
under an N, atmosphere. Coulometry was car-
ried out using an integrating multivoltmeter
(Time Electronics) connected across a 1Kohm
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resistance in the reduction circuit. During the
course of the reduction, samples were removed
for voltammetric analysis (as described above)
and UV/visible spectra were recorded using a
Pye Unicam SP8-150 spectrophotometer. Elec-
trolysis was also carried out in the presence of
DNA at a drug:DNA(nucleotide) ratio of 0.25
with samples being removed for viscosity meas-
urements.

The viscosity of the DNA was measured using
an Ubbelohde-type suspended capillary vis-
cometer at 21°C. The flow times were averages
of triplicate readings to an accuracy of 0.1s. The
flow time of the electrolytic medium was also
determined, and the specific viscosity (nsp)
calculated by the equation:

Nsp — (n— 770)/770

where 7 is the flow time of the sample and n,
that of the medium.

RESULTS

Cyclic voltammetric studies of TPZ in DMF or
CH3CN showed a complex reduction mechan-
ism with five or three reductions respectively.'”!
The first reduction step was a quasi-reversible
1-electron addition, followed by up to four sub-
sequent reduction steps which were all highly
irreversible in nature. The voltammetry was
further complicated by a chemical reaction
following the most negative reduction steps to
give a new redox-active species, clearly detected
by CV between the original first and second
reduction steps. The present investigation was
primarily concerned with the 1-electron addition
product, the proposed biologically active
species. By restricting the potential range, the
first reduction step could be studied in isolation,
with similar voltammetric characteristics in both
DMF and CHiCN (E;,,=-1.025 and —1.03V
respectively). The first reduction product can be
oxidized to the original material, as observed by
the corresponding return wave when the poten-

tial scan direction was reversed. The stability
of the reduction product was quantified by the
return-to-forward peak current ratio, ip./ips.
This value was strongly influenced by the
quality of the solvent. In spectroscopic grade
DMF, the ip,/ip; ratio was reproducibly mea-
sured as 0.67. (For a fully reversible couple
ip,/ipe=unity.) The ratio was less using freshly
distilled DMF, at times being unmeasurable as
no return wave was in evidence. Chemical revers-
ibility increased by the addition of 5 pl of water,
although the ratio did not increase above 0.67.
Further addition of water up to 50 pl resulted in
increasing encroachment of the more negative
reduction steps, which ultimately affect the
reversibility of the first reduction step. The ip./ip;
value of 0.67 indicated that there was a tendency
for the product to undergo further chemical
reaction (an EC mechanism). The trend increased
with an increase in drug concentration (as mon-
itored by a decrease in ip,/ips) in line with a
second order reaction. A TPZ concentration of
0.2mM and the voltage scan rate of 200mV/s
were chosen to minimize the following chemical
reaction and to give a well-resolved return wave.
Spectroscopic grade solvents were used for all
interaction studies.

The interaction of reduction products with
biological targets can be studied directly from
the CV.*1 [If interaction occurs between the
reduction product and the biological target char-
acteristic redox parameters of the compound
will change, primarily the ip,/ips ratio. Addition
of 1ml of an aqueous DNA solution to give a
drug:DNA(nucleotide) ratio of 0.6 resulted in
a decrease in the stability of the reduction pro-
duct by 15% (Table I). An analogous experiment
with metronidazole produced a decrease in the
stability of the nitro radical anion by 25%.
(These differences have allowed for the addition
of aqueous buffer on the ip./ip; values.)

The influence of the individual DNA bases
and ribose on the voltammetry of TPZ has also
been studied. All resulted in changes to the
voltammetry, primarily to the more negative
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TABLE I Influence of the DNA bases and ribose on the CV parameters of Tirazazamine at a drug target ratio of 1

Target CV Measurements®

Eyj2 (V) AEp (mV) ip./ips %Aip,/ips
Control® -1.025 45 0.67
Thymine —0.98 75 0.55 -18
Adenine —0.985 No return wave in evidence
Guanine -0.995 45 0.62 -75
Cytosine -1.01 35 0.817 +22
Ribose -0.99 30 0.804 +20
DNAS® -0.995 60 0.57 -15

2 All CV were recorded in DMF (0.1M TBABF,) using E;=—-0.8V and E, = —1.3V with a scan rate of 200mV/s.

° The voltammetry of Tirapazamine only.

“Measured at drug/target of 0.6. The CV parameters allow for the 0.1 SSC aqueous buffer used with DNA.

reduction steps, characterized by a varying
positive potential shift (from 10 to 170mV),
increased resolution of the second reduction
and improved separation of the third and fourth
reduction steps. Table I compares the CV para-
meters for the first reduction couple at a
TPZ:target ratio of 1. It should also be noted that
although no return wave was in evidence after
adenine addition, at a TPZ:base ratio of 2, a
decrease in Aip,/ips of 9.4% was measured for
adenine compared with a 14% decrease for
thymine. Voltammetric changes with ribose
addition do not appear to be progressive,
with further increases in the ribose concentra-
tion resulting in very minor changes to the CV.

The influence of thymine, adenine and cyto-
sine was extended to a TPZ:base ratio of 0.05
and the CV was found to change markedly. At
low base concentrations the CV retained the
general characteristics of TPZ already noted. As
the base concentration was further increased, the
voltammetric pattern became simplified. At a
TPZ:cytosine ratio of 0.067 the CV showed three
reduction waves. The return wave for the first
reduction was still in evidence, but was no
longer influenced by inclusion of the following
reduction steps in the voltammetric scan. The
addition of adenine or thymine to a TPZ:base
ratio of 0.2 showed two irreversible waves of
approximately equal current. No return wave
character was observed, irrespective of switch-
ing potential. The voltammetry was unaffected

by repeat cycling, and there was no evidence of
coupled chemical reactions yielding redox-
active species, as in the original voltammetry of
TPZ. However, as the concentration of adenine,
thymine or cytosine increased, an oxidation
wave linked to the reduction step was seen to
develop at —0.65V. The addition of thymine on
the CV of TPZ up to a TPZ:thymine ratio of 0.2
is compared in Figure 1. No further changes to
the voltammetric pattern were observed with
further increases in base concentration. Similar
studies with G were not possible due to its
sparing solubility.

Controlled potential electrolysis was used to
produce large quantities of the reduced species,
including preparation in the presence of target
molecules, allowing analysis of subsequent
biological impact. Using DMF as the solvent at
a drug:DNA(nucleotide) ratio of 0.25 (TPZ,
0.2mM) and a potential of —1.0V, resulted in
a decrease in the specific viscosity of the DNA
by 12%. Under comparable conditions of
drug:DNA contact but with no reduction of the
TPZ, no change in the viscosity was observed.

Electrolysis was used to further characterize
the first reduction product using coulometry,
UV/visible spectroscopy and CV monitoring
during the reduction process. A TPZ concentra-
tion of 0.1 mM was used to further minimize the
chemical reaction which follows the electron
transfer step. As the reduction progressed, the
current was seen to decrease to background
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FIGURE 1 The effect of thymine addition on the voltam-
metry of tirapazamine in dimethylformamide (E; = —0.9 and
E =-1.6 V; v=200mV/s). (A) Tirapazamine:thymine ratio
of oo; (B) Tirapazamine:thymine ratio of 1; (C) Tirapaz-
amine:thymine ratio of 0.2.

levels. The original orange colouration of the
solution changed to a distinctive bright blue.
Switching the potential to —1.7V gave a large
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FIGURE 2 The UV/visible spectra recorded during the
electrolytic generation of the first reduction product of tirap-
azamine in acetonitrile.

increase in current, due to the more negative
reduction steps, as expected from CV observa-
tions, and a gradual decrease in current and a
change in colour to a dark orange. Coulometry
gave an electron requirement of n =3 for the first
reduction step. Comparing counts for the first
step to the overall reduction gives a 1/5.44 ratio.
Figure 2 shows the UV/visible spectra recorded
in situ during the reduction of TPZ in CH;CN.
The same changes were observed in DMF, but
the UV range was limited. The original band
at 475nm was seen to decrease concomitant
with development of a new absorption band
at 590nm. The peak at 272 nm shifts to 270 nm,
with a decrease in absorbance and a general
broadening. Electrolytic oxidation or exposure
to air generated the original spectrum without
loss of material. No measurements were taken
during electrolysis at —1.7 V, but the final reduc-
tion product(s) was not affected by O, exposure.
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In separate, but identical experiments, samples
were taken for CV analyses. Although the first
reduction was still in evidence, a new chemically
reversible process at —0.50 V was also observed.
On air exposure there was a rapid change in
colour from blue to orange with complete loss
of the reversible couple at —0.50V.

Electrolysis investigations were also under-
taken at 1.0mM TPZ, conditions which favor
the following reaction. Electrolysis at ~1.0V to
generate the first reduction product gave a blue/
black solution, which on air exposure reverted to
the original over 30—40 min. CV monitoring of an
intermediate reduction sample showed an irre-
versible reduction corresponding to the original
first reduction step of TPZ, with a new chemic-
ally reversible couple at approximately —0.50V,
formation of which was not dependent on inclu-
sion of the TPZ first reduction step in the voltage
sweep. On complete reduction, the first reduc-
tion step of TPZ was completely absent, but was
regenerated (slowly) on air exposure. The revers-
ible couple at —0.50 V was absent. CV investiga-
tions at 1.0mM TPZ showed an irreversible first
reduction step, which resulted in formation of a
dark blue material in the vicinity of the working
electrode and the appearance of a new chemic-
ally reversible couple at approximately —0.50V.
Repeat cycling showed that the first reduction
wave of TPZ was now absent. This behaviour
was not observed at routine TPZ concentrations
either during normal scans or by holding the
potential of the working electrode at selected
values negative of the first reduction step.

DISCUSSION

Employing a limited potential range in the
CV mode allowed us to selectively generate the
1-electron addition product for TPZ and study
its interaction with possible biological targets.
Chemical reversibility of the TPZ first reduc-
tion step was clearly in evidence when trace
amounts of water were present in the DMF

solvent. This would suggest that the protonated
l-electron reduction product was responsible
for the return wave observed. The unprotonated
species was more likely to undergo further chem-
ical reaction. There is substantial evidence that
it is the protonated form that is responsible for
biological activity of TPZ.1**!

Analysis of the CV in the presence of DNA
showed a decrease in the stability of the first
reduction product by 15%, as determined by
the decrease in the ip,/ips ratio. This indicated
that there was less reduction product available
to be oxidized back to the original material,
caused by interaction with DNA. Analogous
experiments using the metronidazole nitro
radical anion, the proposed biologically active
species, showed similar behaviour with a decrease
in ip,/ips of 25%.

Experiments were also performed using con-
trolled potential electrolysis to produce large
quantities of the 1-electron species in the pres-
ence of DNA. In previous experiments, the non--
specific aqueous reduction of TPZ in the
presence of double-stranded M13 DNA induced
single and double strand breaks, as monitored
by agarose gel electrophoresis, demonstrating a
change from closed, covalent, circular DNA
to nicked and linear forms.!"*! The formation of
strand breaks was also noted by a decrease in
the viscosity of E. coli DNA. Maximum damage
was achieved between a drug:DNA (nucleotide)
ratio of 0.1 to 0.5.%! The present experiments
used a drug:DNA (nucleotide) ratio of 0.25 with
a potential of —1.0V to specifically generate
the 1-electron reduction product. The specific
viscosity of the DNA decreased by 12%. These
findings by CV and electrolysis confirm that the
1-electron reduction product is the DNA dam-
aging species.

Our CV studies were extended to examine the
influence of the individual DNA components.
Investigations were somewhat limited by the
quasi-reversible nature of the reduction step,
giving a low, initial ip,/ip¢ value. Up to a drug:
target ratio of 1, adenine, guanine and thymine
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resulted in interaction with the TPZ 1-electron
reduction product (Table I), measured by a
decrease in the ip,/ips ratio in the following
order of increasing activity: guanine, thymine
and adenine. The metronidazole nitro radical
anion showed a similar selective interaction
with the DNA bases, with the greatest response
found with adenine and thymine."” An increase
in the TPZ ip,/ip; ratio was found upon addition
of cytosine and ribose, indicating a different type
of reaction to that found with thymine and ade-
nine. Cytosine and ribose make the chemical
reaction following the charge-transfer step less
favourable, possibly by protonation of the first
reduction product. Although the pKa of cytosine
suggests that it would make an unlikely proton
donor, this assignment is supported by our
experimental observations on the effect of small
amounts of water to the ip,/ips ratio when using
distilled DMF. In addition, the pKa will itself
be strongly influenced by the use of the DMF
aprotic solvent. The effect of ribose and cytosine
may be significant for two reasons. Firstly,
the stability of the reduction product should
influence the biological activity of the com-
pound. Secondly, the mechanism may be
comparable to hydrogen abstraction from DNA
by the TPZ reactive species leading to strand
breaks.[1617]

At higher biological target concentrations,
the CV analysis is further complicated by the
substantial changes produced to the voltammetry
of the drug (Figure 1). The significance of these
observations is under further investigation, but
clearly requires a greater knowledge of the over-
all reduction mechanism of TPZ and related
N-oxide compounds.

Initially the electrolysis investigations ap-
peared to contradict the results from the CV.
The electrolysis potential was chosen to selectively
generate the first reduction product, with a low
drug concentration to diminish the tendency to
undergo a chemical reaction following the
charge-transfer step and electrolysis conditions
to maximize reduction rate. The reduction pro-

ceeded to completion with a fall in current to
background levels and the solution changing
colour from orange/yellow to bright blue.
Unfortunately, the blue colouration was not
due to the TPZ 1l-electron addition product.
CV monitoring of the electrolysis showed the
expected decrease in the first reduction wave,
but also showed development of a new response
at mild potentials. At the potential for TPZ
reduction this new species would be immedi-
ately reduced, explaining the coulometric result
of n=3. The slow air oxidation to quantitatively
regenerate TPZ is explained by the relatively
mild redox potential and the molecular rear-
rangements required to form the starting material
as monitored by CV or spectrophotometrically
(Figure 2).

The assignment was confirmed by CV studies
at high TPZ concentrations. The CV showed the
formation of a new redox-active species depend-
ent on inclusion of the first reduction step in
the voltage sweep, at a potential corresponding
to the process observed from the electrolysis
solution (but where a voltage sweep was not
necessary). A blue colouration was seen to form
in the vicinity of the working electrode. This
behaviour was only observed by CV at high
TPZ concentrations.

The difference in redox behaviour found
between electrolysis and survey CV measurements
reflects the longer time-scale and high concen-
tration effects encountered when using electro-
chemistry to synthesize redox products. The
blue colouration was due to the formation of
the new (as yet unidentified) redox-active
species which formed with time as the concen-
tration of the TPZ 1-electron addition product
increased.

These investigations show the advantages of
using an in situ CV method for measuring the
interaction between drug reduction product and
possible biological target molecules. Greater
control can be applied to the redox pathway so
that a particular couple can be selected and
studied in detail, without interference from
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further electron transfer steps or linked chemical
reactions. By applying an in situ analysis, we
avoid the need to prepare large quantities of
reactive material and make measurements under
more relevant conditions. Naturally, care must be
taken when interpreting data when using free
DNA bases as their properties will change when
incorporated into DNA, but they provide a use-
ful reference point, and these physico-chemical
observations should always be supplemented
by biological assays. Work is continuing to fully
assign the reduction mechanism for TPZ and
other benzotriazines and to investigate the bio-
logical significance of the drug/target studies
and the concentration effects observed during
electrolysis experiments.
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