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The bifunctional hypoxia-specific cytotoxin RB90745,
hasanitroimidazole moiety attached toanimidazo(1,2,-
alquinoxaline mono-N-oxide with a spacer/linking
group. The reduction chemistry of the drug was studied
by pulse radiolysis using the one electron reductant
CO»"". As N-oxides and nitro compounds react with
CO,"~ at diffusion controlled rates, initial reaction pro-
duced a mixture of the nitro radical (Amax 410 nm) and
the N-oxide radical (Amax 550 nm) in a few micro-
seconds. Subsequently an intramolecular electron
transfer (IET) was observed (k = 1.0 £ 0.25 x 10°s ! at
pH 5-9), from the N-oxide to the more electron-affinic
nitro group. This was confirmed by the first order decay
rate of the radical at 550 nm and formation at 410 nm,
which was independent of both the concentration of the
parent compound and the radicals. The rates of electron
transfer and the decay kinetics of the nitro anion radi-
cals were pH dependent and three different pKas could
be estimated for the one electron reduced species: 5.6
(nitroimidazole group) and 4.3, and 7.6 (N-oxide func-
tion). The radicals react w1th gxygen w1th rate constants
of 3.1x 10’ and 2.8 x 10° dm® mol ™' s~ observed at 575
nm and 410 nm respectively. Steady state radiolysis
studies indicated four electron stoichiometry for the
reduction of the compound.

Key words: bifunctional bioreductive drug, mono N-oxide,
nitroimidazole, electron transfer

Abbreviations: 1ET, intramolecular electron transfer

INTRODUCTION

Aromatic compounds with di and mono N-oxide
functions like 1,2,4-benzotriazine-1,4-di-oxides
and imidazo[1,2-¢]quinoxaline mono N-oxides
have been shown to have selective toxicity for
hypoxic cells."® The hypoxic selective toxicity of
these compounds arises mainly from the N-oxide
function, via the one electron reduced intermedi-
ates, where the N-oxide is reduced by the reduc-
tase and in well oxygenated cells the drug is
restored by electron transfer to oxygen.

Current interest is also focused on dual-
function compounds which represent a new
classes of bioreductives. An earlier example of a
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compound of this type is RSU-1069 which con-
tains a weakly basic alkylating agent attached to
the nitro group.>'° It has been shown that the dual
function derivatives are more effective in causing
DNA damage under hypoxia than the mono-
functional drugs. A new bifunctional bioreductive
RB90745 was synthesised by Naylor et al. that has
both imidazo[1,2-a]quinoxaline mono N-oxide
and a nitroarene function linked through a
spacer.! The compound contains two different
types of bioreductive moieties with different
mechanisms of cytotoxicity. We investigated the
reduction chemistry and electron transfer reac-
tions of RB90745 with a view to understanding the
effect of introducing a nitro group on the
bioreductive N-oxide and compared the chemical
properties of the radicals with the unsubstituted
mono N-oxide RB91724.

EXPERIMENTAL

Materials

RB90745 and RB91724 were synthesised accord-
ing to the methods described.* Sodium formate,
potassium thiocyanate and phosphate salts (ana-
lytical grade) were obtained from Merck. All solu-
tions were prepared in water from a ‘Milli-Q’
system (Millipore). Phosphate salts (5 mmol dm™)
were used in varying proportion to adjust the pH
in addition to NaOH and HCIO; wherever re-
quired. Gases N;O, O; and N:0-O, were from
British Oxygen Co.

Methods

The pulse radiolysis experiments were performed
with a 4 MeV Van de Graaff accelerator; 30 ns

electron pulses with typical absorbed doses of 2-3
Gy were used for most of the studies except to
determine the second order rate constants where
the absorbed doses wereincreased up to 15-20Gy.
The pulse radiolysis methodology with absorp-
tion detection at the Gray Laboratory has been
previously described." The absorbed dose was
determined using thiocyanate dosimetry moni-
toring (SCN)."~ at 472 nm. Pulse radiolysis studies
were carried out in N;O-saturated aqueous solu-
tions containing 0.1 mol dm™ sodium formate and
phosphate buffer utilizing a model one-electron
reductant CO,"” as a mimic for reductase enzyme
activity in cells.

Radiolysis of water produces three highly
reactive species H', "OH and €.y, besides less
reactive molecular species. In N;O saturated solu-
tions e7,q is quantitatively converted to -OH (N:O
+ €2 = "OH + OH + N,)". Both “H/'OH were
converted to one-electron reducing CO,"”
(CO,/CO,"" -1.8V vs. NHE), using sodium form-
ate ("H/°OH + HCO,” - CO,"” + H;O/H). Thus
in the presence of 0.1 mol dm™ sodium formate
and N,O, the radiation chemical yield of CO;" is
0.68 pmol J12.

Steady state radiolysis experiments of the
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FIGURE 1 Differential absorption spectrum (radical minus
ground state) of the radical anions of RB90745, 40—60 ps after the
pulse at pH 5 (0), 7.4 (@) and 11 (O), generated on pulse radnolyms
of N2O saturated solutions of RB90745 (50 umol dm™ ) and
formate (0.1 mol dm™
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compounds were carried out in 50 ml syringes
using a Co® y-source, with a dose rate of 6.99 Gy
min~' as determined by Fricke dosimetry. The
solutions were saturated with N,O prior to ir-
radiation. Analysis of compounds by High Per-
formance Liquid Chromatography (HPLC)
utilised a base-deactivated reversed-phase col-
umn (Hichrom RPB, 100 mm x 4.6 mm), using
linear gradients of phosphate buffers and aceto-
nitrile. The flow rate was 2 ml/min. Detection
was by absorbance at 254 nm using a variable
wavelength detector (Waters 486). The ion pair-
ing agent heptane sulphonic acid as the sodium
salt was introduced in order to adequately re-
solve the radiolysis products.

RESULTS

Absorption Spectra of the One-electron
Reduced Radicals

The transient species formed by one-electron re-
duction of the compound RB90745, by CO,"” were
studied (~50 pmol dm™ drug, 0.1 mol dm™ form-
ate, N;O, 5 mmol dm™ phosphate). The transient
exhibits absorption in the wavelength range
~300-700 nm with two distinct absorption bands:
~400 nm and another broad band at 550-600 nm.
Its formation was complete in a few microseconds,
from which rate constants for the one electron
reduction by CO,"” were determined to be (2 + 1)
x10° and (1.8 +£0.4) x 10’ dm* mol™ s as measured
by the radical absorption at 400 nm and 550 nm
respectively. The absorption spectra of the one-
electron reduced radicals of RB90745 were deter-
mined at pH 5, 7.4 and 11 after the reaction with
the formate radicals was complete i.e. after 50—
60 ps (Figure 1). The negative absorption at 400-
480 nm is indicative of bleaching of the parent at
these wavelengths, which changed with pH ac-
cording to the pK, of the parent. At pH 7.4 and 11
the absorption at 400 nm is stronger than the
550-600 nm absorption, whereas at pH 5, the ab-
sorption at 400 nm is shifted to 360-370 nm.
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FIGURE2 Time resolved absorption spectra of the radical anion
of RB90745 (o) 5060 ps and (@) 8 ms after the pulse, measured
by the pulse radiolysis of N2O saturated solutions of RB90745
(50 umol dm™) and formate at pH 5. Inset: Absorption-time plots
indicating (a) decay of the transient at 550 nm and (b) formation
at 410 nm.

The time-resolved absorption spectra of the
radical after 5060 ps and 8 ms at pH 5 showed
significant differences (Figure 2). After 8 ms, the
absorption in the 550 nm region decayed almost
completely, whereas in the 400 nm region, it in-
creased. Similar time dependent spectral changes
were observed at all the pHs. The transient ab-
sorption-time plots (inset of Figure 2) at these two
wavelengths (410 nm and 550 nm) at pH 5 indi-
cated almost complete decay at 550 nm and a rise
in the absorption at 410 nm. The time scales for the
decay of absorption at 550 nm and formation at
410 nm matched very well, suggesting a radical
transformation presumably due to intramolecular
electron transfer (IET) from the N-oxide function
to the nitro group.

Effect of pH and the Prototropic Equilibria

Figure 1 indicates a change in the absorption
spectrum of the radicals of RB90745 with pH,
suggesting involvement of the different pro-
totropic forms of the radicals and a prototropic
equilibrium is expected for the one electron
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FIGURE 3 Effect of pH on the radical extinction coefficient (a)
after 40-60 us at 590 nm and (b) after a few ms at 410 nm (after
complete formation). The radicals were generated by pulse

radiolysis of N2O saturated solutions of RB90745 (50 pmol dm™)
and 0.1 mol dm™ formate.

reduced radicals. The parent compound showed
a pKa of 6.2 + 0.3 determined by following the
absorption changes at 432 nm. As noted above,
time resolved studies suggested formation of two
different radicals (Figure 2). Since radical pK. is
a very useful parameter in assigning the nature
of the transient, pK. measurements were carried
out at two different time scales corresponding to
their absorption maxima i.e. at 590 nm: 40-60 ps
after the pulse and at 410 nm: after a few ms. The
sigmoidal curves representing changes in the ex-
tinction coefficients at 410 nm and 590 nm at these
two different time scales, after correcting for the
parent absorption are shown in Figures 3a and
3b. Fitting the curves allowed three pK.s to be
estimated. The 410 nm absorption showed an
inflection point at 5.6 + 0.2, whereas the 590 nm

absorption gave two inflection points at 4.3+ 0.2
and 7.6 £ 0.1.

Kinetics of Electron Transfer and Radical
Decay

The decay kinetics of the one-electron reduced
radicals of RB90745 absorbing in the 550-600 nm
region obeyed first-order, concentration-
independent kinetics at low radical concentration
(radiation dose). However at very high doses
(>15 Gy), there was a small increase in the decay
due to second-order radical-radical reactions. To
verify whether it is a pseudo first order (dependent
onthe parent concentration) or a unimolecular pro-
cess (independent of the parent concentration), we
followed the effect of parent concentration on the
decay kinetics. Changing the concentration of the
parent from 25 umol dm™to0 100 umol dm affected
neither the rate of decay at 550 nm nor the rate of
formation at 410 nm, confirming a unimolecular
process, ie. an intramolecular transformation of
the radical from the N-oxide to the nitro group.

In general the decay kinetics of the radicals of
N-oxides and nitro compounds are very sensitive
to the solution pH. For RB90745, the rates of decay
of the radical at 550-600 nm and the formation at
410 nm were influenced by the pH. The first order
rate observed at 550-600 nm region (data shown
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FIGURE 4 Rate constants for the decay of the radicals of
RB90745 formed by reaction with COz plotted on log scale over
the pH range at 590 nm (o) (k, s~ ), and 410 nm (@) (2k, dm?
mol ts7Y).
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on log scale at 590 nm in Figure 4) increased from
pH7-9and above pH 9 it decreased. However, the
rate constant for the decay of the radical observed
at 410 nm decreased significantly with pH (2k on
log scale in Figure 4). At pH >9 it has a lifetime of
a few seconds (2k ~ 4 + 0.4 x 10° dm® mol™ s at
pH11).

Reactivity with Oxygen

The reactivity of the radicals formed on one-
electron reduction of RB90745 with oxygen was
investigated by following the decay of the radicals
at 575 nm and 410 nm in the presence of oxygen.
For this purpose solutions at pH 9 were saturated
with gaseous mixtures of nitrous oxide and oxy-
gen in varying proportions from 1% to 10% oxy-
gen (v/v). This corresponds to oxygen
concentrations of 12.3 to 123 pmol dm™ respect-
ively. Low doses of radiation were used to gener-
ate only ~1-2 umol dm™ radicals so that
radical-radical processes are slowed down. At
high concentrations of oxygen only a fraction of
CO," radicals reacted with the compound, reduc-
ing the yield of the drug radicals. The rate of decay
of the radicals of RB90745 increased significantly
in the presence of oxygen, observed at both
575 nm and 410 nm, and was first order in oxygen
concentration. Rate constants were estimated
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FIGURE 5 Linear plots showing the dependence of the ob-
served rate of decay at 575 nm (o) and 410 nm (@) on oxygen
concentration. Inset: Absorption-time plot at (a) 575 nm and (b)
410 nm in presence of 2% oxygen.

from the slopes of the linear plots of the observed
first order rate constants at 575 nm and 410 nm as
a function of oxygen concentration (Figure 5). The
effect of oxygen on the rate of decay is not the same
at 575 nm and 410 nm (the former decayed faster
than the latter: inset a and b of Figure 5) and the
oxygen quenching rate constants were estimated
tobe 3.1+0.5x 10" and 2.8+ 0.2 x 10°dm’ mol ™' s™
respectively. At very low oxygen concentrations,
the first order IET was still observed. Even at a
high concentration of oxygen, there is a residual
absorption (in a few microseconds) observed at
410 nm, indicating that a fraction of nitro radicals
(410 nm) are formed directly by CO,"™ reaction.

Electron Transfer Between RB91724 and
Nitroimidazole

Toverify whether intermolecular electron transfer
is feasible between mono N-oxides and
nitroimidazoles in solution we studied the elec-
tron transfer reaction between N-oxide radicals of
RB91724 (donor) with the 2-nitroimidazole,
misonidazole (acceptor) at pH 7. The reduction
was initiated by CO;"" radicals and the concentra-
tion differential between N-oxide and
misonidazole was adjusted ([RB91724] = 800 umol
dm™ and [misonidazole] = 25-150 pmol dm™)
such that initially mainly the N-oxide is reduced
to its one-electron reduced intermediate and these
radicals in turn react with misonidazole, by elec-
tron transfer. The decay of the N-oxide radicals
was followed at 550 nm; the rate increased linearly
with misonidazole concentration, and the bi-
molecular rate constant obtained from the slope of
the linear plot was 3.2+ 0.2 x 10°dm® mol ™' s This
rate constant clearly indicates that the energetics
is favourable for electron transfer from the
N-oxide radicals to the nitroimidazole.

Steady State Radiolysis and Loss of the Parent
Drug

Steady-state y-radiolysis studies of RB90745
(~50 pmol dm™) were carried out at different pH
in N>O saturated/formate solutions. Because a

RIGHTS



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/15/11
For personal use only.

104 K.I. PRIYADARSINI ET AL.

15 T T T
% o RB90745
o RB91724
210}
=3,
%
o
e st
2
[}
Q.
£
o]
Qo
o 1 i 1
0 5 10 15 20

radicals input / pmol dm3

FIGURE® Loss of the parent compound as a function of radicals
input, after steady-state radiolysis and separation by HPLC. Dose
rate 6.9 Gy/min. (o) RB90745 and (@) RB91724.

mixture of products was observed, we followed
the loss of the parent (by hplc) as a function of
absorbed dose and pH. Figure 6 shows a linear
plot for the loss of the parent of RB90745 at pH 7.4
as a function of absorbed dose or radical concen-
tration; the data for RB91724 are also included at
the same pH. From the slopes of these plots it can
be seen that with RB91724 more than 0.5 mole-
cules of parent were lost for one radical produced,
whereas data for RB90745 indicate loss of ~0.25
molecules for one radical. i.e. four radicals are
required to reduce one molecule of RB90745.

DISCUSSION

The bifunctional bioreductive drug RB90745 has
an imidazo[1,2,-a]Jquinoxaline mono N-oxide
function and a nitro heterocycle separated by an
alkyl spacer. Earlier we studied the reduction
chemistry of the quinoxaline mono N-oxides like
RB91724." They reacted with CO," at near the
diffusion controlled limit. The radicals showed
two prominent absorption bands in the 400 nm
region and at 500-600 nm region. The pH depend-
entabsorption changes yielded a pK, value of 7.4 +
0.1 for the unsubstituted mono N-oxide RB91724.
Under anaerobic conditions the mono N-oxide

radicals decayed by second order kinetics by
radical-radical reactions. The radicals were
quenched by oxygen with rate constants of 1-3 x
10° dm® mol™ 57

Nitroimidazoles like misonidazole react with
CO," at the diffusion controlled limits, the radical
anions absorbing at 400 nm with pK. of 5.7-6.1."
The radicals at low concentration decay by first
order kinetics and at high dose by second order
kinetics. They are quenched by oxygen with rate
constants of 10°-10’ dm® mol ™ s™.

Initial attack by the CO."" radical on RB90745
is expected to be approximately equally probable
with the nitro group and the N-oxide function, as
the reactivity of the two individual compounds
with CO,"” is comparable. The absorption at
~400 nm on the initial time scales (microseconds)
may be the net absorption by the N-oxide radicals,
the nitro radicals and the bleaching of the parent
compound. However the absorption at 550-
600 nm region may correspond to the radicals of
the N-oxide only, since 2-nitroimidazole radicals
usually show little absorption in this region. Sub-
sequent to the initial reduction, the absorption
signal at 550 nm decayed completely in a few
milliseconds with a simultaneous increase in the
absorption at 400410 nm, suggesting an intra-
molecular transformation: an IET from the
N-oxide function to the nitro group. The proto-
tropic equilibria of the radicals measured at
590 nm and 410 nm gave pK. values of 43 and 7.6,
and 5.6 respectively. Comparing these pK.s with
those of the radicals of the nitroimidazoles and the
N-oxides,'*"® we can conclude that the radical ab-
sorbing in the 550-600 nm region, with a pK. of 7.6
is an N-oxide radical and the radical formed after
afew milliseconds, absorbing at 410 nm with a pK.
of 5.6 is a nitro radical.

Studies on the reactivity of the radicals of
RB90745 with oxygen gave two different rate con-
stants. Theradicals absorbing at 410 nm react with
oxygen at an order of magnitude slower rate than
the radicals at 550-600 nm. The oxygen quenching
rate constant determined at 410 nm is comparable
to that of misonidazole.'” However, the radicals at
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550-600 nm corresponding to the N-oxide func-
tion appear slightly less reactive towards oxygen
than most of the mono-N-oxides (assuming no
significant change in rate constant with pH). Too
high a rate constant with oxygen in RB91724 was

one of the reasons thought responsible for the

poor in vivo efficacy of the drug, except in extreme
hypoxia." RB90745 appears slightly more effect-
ive than RB91724, which may be due to the reduc-
tion in the overall reactivity of the N-oxide radical
with oxygen.

The potential difference between the N-oxides
and nitro compounds indicated the possibility of
electron transfer between the two groups. The
one-electron reduction potentials of imidazo[1,2-
a]quinoxaline mono N-oxides were estimated to
be ~ 0.7 to —0.8 V vs. NHE using viologens and
1-methyl nicotinamide as standards.'* The one-
electron reduction potentials of the nitro imida-
zoles are —0.4 to —0.5 V."*" Thus difference in the
reduction potentials is of the order of -0.3 to
-0.4 V. The net driving force for this reaction is
therefore < ~0.5 V. Due to this small free energy
change a slow IET is expected from the N-oxide to
the nitro function."””® The rates of electron transfer
are dependent on the distance between the two
partners and may change with the length of the
spacer. By constructing molecular models, the
spacer length was determined to be ~1 nm.

The likelihood of competition between IET and
electron transfer to oxygen of radical centres on
the N-oxide function may be calculated. Thus in
hypoxic cells with {O;] ~ 5 pmol dm™, N-oxide
radicals react with oxygen on a time scale of k{O;]
~3.1x 10" x 5 x 107, ~ 1.5 x 10° 57, inefficiently
competing with IET at ~10° s™* at pH ~ 7.4. Inter-
molecular electron transfer with a rate constant of
3 x 10° dm® mol™ s was observed between
RB91724 and misonidazole at pH 7, faster than the
reactions of the radical centres with oxygen.

Protonation is likely to influence the kinetics of
intramolecular electron transfer. At pH values be-
tween the pK values of the two radical sites (i.e.
~5.6-7.6), the energy gap between donor and ac-
ceptor might decrease by ~0.06 V per pH unit, a

relatively small change in the overall energy gap
of ~0.3-0.4 V. Protonated species often react much
slower than their deprotonated conjugates, but a
full appreciation of the effects of pH on IET is
beyond the scope of this paper.

The steady-state radiolysis results and loss of
the parent with RB90745 suggest that four radi-
cals are required to reduce one parent molecule
(four electron stoichiometry). Earlier we investi-
gated in detail radiolysis and product distribution
of the mono and di-N-oxides at different pH
values. A significant feature of the radiolytic re-
duction of the N-oxides in the presence of H-
donors such as formate is a chain reaction for the
loss of the drug. As two radicals are required to
produce any stable product (for a two electron
stoichiometry), we expect loss of one parent mole-
cule for the input of two radicals, or 0.5 molecules
are expected to be lost for one radical, whereas
we observed loss of four molecules for the input
of two radicals at pH <pK.. The radicals of the
N-oxide are oxidising in nature and abstract
hydrogen from hydrogen donors. In 0.1 mol dm™
formate, it is assumed that the N-oxide radicals
abstract hydrogen from the formate and generate
another CO," radical. This radical in turn can
reduce another drug molecule in its vicinity caus-
ing a small chain reaction. The chain reaction is
absent at high pH, as the protonated radicals are
more important in abstracting hydrogen than
their conjugates. Thus at pH >7, most of the
N-oxides show two electron stoichiometry.

In general nitro compounds are reduced to the
nitroso compounds initially and are further re-
duced to hydroxylamines.”” The formation of
hydroxylamines by the reduction of nitro com-
pounds is a four-electron process, i.e. requiring
four radicals to reduce one parent molecule. The
absence of a chain process even at low pH and the
four electron stoichiometry for RB90745, indicate
reduction chemistry similar to the nitro com-
pounds but not of the N-oxides. This further sup-
ports our findings that following the initial
reduction by CO,", an IET takes place from the
N-oxide function to the nitro moiety and the
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compound shows characteristic reduction chem-
istry of nitro compounds.

The precise mode of drug action is unknown
although it has been suggested that the mechan-
ism may involve oxidation of sugar radicals in
DNA produced by the N-oxide radicals involving
hydrogen abstraction. Using model hydrogen
donors like deoxy-ribose, the hydrogen abstrac-
tion rates were estimated to be ~10* — 10* dm> mol™
s for some mono and di-N-oxides.** For
RB90745, the IET rates (~10°s™) may be of the same
order as the hydrogen abstraction rates and hence
would compete with them. Since hydrogen ab-
straction is a bimolecular process, it may be pre-
vented completely at low concentration of
H-donors. Thus the IET may reduce the cyto-
toxicity of the drug would otherwise have shown
compared to monofunctional derivatives.

These results are relevant to the design of new
bifunctional anti-tumour drugs, where two differ-
ent functional groups with different mechanisms
of bioreductive action are attached. To increase
the toxicity of the drug, it is necessary to prevent
all other competing processes like IET. Since IET
rates are influenced by the driving force (differ-
ence in the reduction potential) and the distance
between the two groups, it is possible to vary
toxicity by either of the two methods: increasing
the length of the spacer to slow down the IET or
by decreasing the potential difference between the
two functions. In general it has been observed that
the di-N-oxides are more electron -affinic (e.g. the
reduction potential of tirapazamine is - 0.45 V v.
NHE)" than the mono N-oxides. Therefore it
might be advantageous to link the di-N-oxides to
nitroimidazoles to exploit the bifunctional nature
of the drugs. These types of compounds may be
more effective anti-cancer drugs with the com-
bined properties of radiosensitisers and hypoxia
specific toxins.
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