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ABSTRACT

Metabolic reduction can be used to activate prodrugs in hypoxic regions of tumours, but
reduction by ionising radiation is also theoretically attractive. Previously, we showed that a
cobalt(Ill) complex containing 8-hydroxyquinoline (8-HQ) and cyclen ligands releases 8-HQ
efficiently on irradiation in hypoxic solutions [Ahn G-O, Ware DC, Denny WA, Wilson WR.
Optimization of the auxiliary ligand shell of cobalt(III)(8-hydroxyquinoline) complexes as
model hypoxia-selective radiation-activated prodrugs. Radiat Res 2004;162:315-25]. Here we
investigate an analogous Co(IIl) complex containing the potent DNA minor groove alkylator
azachloromethylbenzindoline (azaCBI, 1) to determine whether it releases 1 on radiolytic
and/or enzymatic reduction under hypoxia. Monitoring by HPLC, the azaCBI ligand in the
Co(Ill)(cyclen)(azaCBI) complex (2) slowly hydrolysed in aqueous solution, in contrast to the
free ligand 1 which readily converted to its reactive cyclopropyl form. Irradiation of 2 (30—
50 uM) in hypoxic solutions released 1 with yields of 0.57 pmol/J in formate buffer and
0.13 pmol/J in human plasma. Using bioassay methods, cytotoxic activation by irradiation of
2at1 pMin hypoxic plasma was readily detectable at clinically relevant doses (>1 Gy), with a
estimated yield of 1 of 0.075 pmol/J. Release of 1 from 2 was also observed in hypoxic HT29
cultures without radiation, with subsequent conversion of 1 to its O-glucuronide. Surpris-
ingly, overexpression of human cytochrome P450 reductase in A549 cells did not increase
the rate of metabolic reduction of 2, suggesting that other reductases and/or non-enzymatic
reductants are responsible. Thus the cobalt(Ill) complex 2 is a promising prodrug capable of
being activated to release a very potent cytotoxin when reduced by either ionising radiation
or cells under hypoxic conditions.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction approach is attractive because hypoxic cells limit the response

of tumours to radiation therapy in at least some sites [6-10]. In
There is ongoing interest in the development of therapeutic addition, because hypoxia is more severe in tumours than in
agents capable of selectively killing hypoxic cells in tumours, normal tissues [11] it represents a potentially exploitable
including prodrugs that are activated by enzymatic reduction feature for selective cancer therapy, especially if prodrug
(bioreductive drugs) in the absence of oxygen [1-5]. This activation results in the formation of relatively stable
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metabolites that can diffuse out of hypoxic zones to also kill
tumour cells at higher oxygen concentrations. To date most
attention has focused on quinones [12,13], nitro compounds
[14-16] and N-oxides [17,18] as substrates for one-electron
reduction in hypoxic cells, but some cobalt(Ill) complexes can
also be activated under hypoxia by reduction [19-21]. Since
Co(I) complexes are typically orders of magnitude more
kinetically labile than Co(Ill) complexes [22], reduction of the
latter can potentially be used to release cytotoxic ligands such
as nitrogen mustards [23-25] or DNA intercalators [26,27]
under hypoxic conditions. A similar mechanism has been
proposed for Cu(ll) complexes, containing nitrogen mustard
ligands, as bioreductive drugs [28]. Thus, although relatively
unexplored, transition metal complexes containing ligands
that are cytotoxic when released warrant consideration as
hypoxia-selective bioreductive prodrugs.

We [29,30] and others [31-33] have suggested an alternate
approach to reductive activation of prodrugs in hypoxic tissue
in which ionising radiation, rather than enzymes and their
reducing cofactors, provides the reducing species. This is
theoretically possible because absorption of radiation by water
generates the strongly reducing aquated electron (e,q ") which
is relatively long-lived in the absence of oxygen. Radiation-
activated prodrugs (RAPs) would offer a number of theoretical
advantages over enzyme-activated hypoxia prodrugs. If RAPs
could be designed to be activated only by radiation, not by
reductases, it would be possible to use the spatial targeting
ability of radiotherapy to confine activation to the tumour,
thereby avoiding toxicity in moderately (physiologically)
hypoxic normal tissues such as the retina [34]. In addition,
activation would be independent of reductase expression in
tumours, which is currently difficult to assess on an individual
basis. Further, metabolically stable prodrugs would overcome
the problem of excessively rapid consumption as the prodrugs
diffuse into hypoxic regions, which is an important limitation
in the development of enzyme-activated bioreductive drugs
such as tirapazamine [35,36]. If they released stable metabo-

lites able to diffuse appreciable distances, RAPs would also be
able to exploit necrotic regions which are hypoxic but lack
reductases.

Recently we demonstrated that Co(IIl) complexes contain-
ing 8-hydroxyquinoline (8-HQ; Fig. 1) and a polyazamacro-
cyclic auxiliary ligand release 8-HQ when reduced by ionising
radiation under hypoxic conditions [37]. 8-HQ release was
most efficient (showing approximately one-electron stoichio-
metry) when the auxiliary ligand was a tetradentate macro-
cycle such as 1,4,7,10-tetraazacyclododecane (cyclen). We
used 8-HQ as a model cytotoxic ligand because it contains the
same metal chelation site as the DNA alkylator azachlor-
omethylbenzindoline (1; azaCBI; 1-(chloromethyl)-3-[(5,6,7-
trimethoxy-1H-indol-2-yl)carbonyl]-2,3-dihydro-1H-pyr-
rolo[3,2-flquinolin-5-0l; Fig. 1). This compound is a ring-
opened or seco analogue of the very potent antitumour
antibiotics CC-1065 and the duocarmycins [38,39]. Such
ring-opened forms readily cyclise to cyclopropyl intermedi-
ates (see for example the formation of 4 from 1 in Fig. 2), and
the latter are known to alkylate DNA at N3 of adenine in a
sequence selective manner [40]. A very close analogue of 1
(substituted in the pyridine ring with a methoxycarbonyl
group) has been shown to exhibit cytotoxicity in the pM range
against the L1210 cell line [41]. We anticipated that 1 would
also exhibit the high cytotoxicity required for radiation-
activation, to compensate for the low molar yield of e,q~
during radiotherapy (typically 0.5 pmol/kg for each radiation
fraction, or ca. 30 pmol/kg over a course of fractionated
radiotherapy).

In the present study we evaluate whether the novel cobalt
complex Co(Ill)(cyclen)(azaCBI) (2; SN 27892; Fig. 1) has
appropriate properties for development as a hypoxia-selective
radiation-activated or enzyme-activated prodrug. We show
that the complex is relatively stable in culture medium, and is
much less cytotoxic than the free azaCBI ligand 1. It is
efficiently reduced by radiation to release 1 in hypoxic
solutions, including human plasma, and this provides
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Fig. 2 - Stability of 1 and 2 in culture medium (xMEM with 5% FCS) at 37 °C. (A) Loss of 2 and formation of its hydrolysis
product 3; (B) structure of 3; (C) loss of 1 and formation of the cyclopropyl form 4. Lines are fits to the kinetic model described

in the text. (D) Scheme for base-induced conversion of 1 to 4.

increased bioactivity (cytotoxicity) even at doses of ionising
radiation as low as 1Gy. The cobalt complex 2 is also
significantly activated by metabolic reduction in hypoxic cell
suspensions without irradiation.

2. Materials and methods

2.1. Compounds

The azachloromethylbenzindoline (azaCBI) 1, and the Co(III)(-
cyclen)(azaCBI) complex 2, were synthesized in this laboratory
[42]. Structures of both were confirmed by nuclear magnetic
resonance spectroscopy and high-resolution mass spectro-
metry. 1 was a pale yellow powder and 2, purified as the
perchlorate salt, was a purple solid. 1 had a purity of >98% by
HPLC, based on absorbance at 320 nm, with a trace of the
corresponding cyclopropyl form 4 (see below). An authentic
sample of 4 was prepared by addition of NaOH (5 mM final
concentration) to a 30 uM solution of 1 in DMSO. 2 was a

mixture of two isomers by HPLC; based on absorbance at
320 nm the major and minor isomers comprised 93% and 6% of
the total, respectively. Both compounds were stored at —20 °C.
2.2.  Radiolytic reduction: HPLC analysis
The cobalt complex 2 was dissolved at 30-50 pM in 5mM
phosphate buffer (pH 7.0) containing 0.1 M sodium formate.
Solutions (5 ml) in amber vials were deoxygenated for 2 min
using a vacuum pump and irradiated using a ®°Co-source (dose
rate 21 Gy/min determined by NaCl-modified Fricke dosimetry
[43]). Immediately after irradiation, an equal volume of
isopropanol was added to each vial to solubilize any released
1. The mixture was then frozen in a cryogenic vial in a dry ice/
ethanol bath and stored at —80 °C until analysis by HPLC.
The cobalt complex was also irradiated in human plasma
using a method described previously [37]. Briefly, frozen
human blood plasma (containing citrate phosphate dextrose
solution as anticoagulant) was thawed and centrifuged at
1500 x g for 10 min. Plasma was made anoxic by stirring in a
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Fig. 3 - Radiolytic reduction of 2 in anoxic formate buffer (A) and oxic (filled symbols) or anoxic (open symbols) human
plasma (B), determined by HPLC after gamma irradiation. Squares: loss of 2. Circles: formation of azaCBI (sum of 1 + 4).
Errors where shown are ranges for duplicate determinations; other values are single measurements. Lines are linear
regression fitted through the initial data points, used to determine G values.

glass Petri dish for 3h in a Pd-catalyst anaerobic chamber
(Sheldon Manufacturing Inc., Portland, OR). 2 was dissolved in
anoxic dimethylsulfoxide (DMSO) in the chamber and added
to 1 ml aliquots of anoxic plasma in 4 ml amber vials (Sun
international, Wilmington, NC) to give 50 uM 2 and <1%
DMSO. Vials were sealed and removed from the anaerobic
chamber for irradiation as above. Oxic plasma containing 2
was irradiated under 20% O,. The irradiated plasma was
deproteinized using 5 vol of ice-cold methanol and spiked with
acridan-9-one (100 uM) as internal standard. After freezing at
—20 °Cfor atleast 2 h, samples were centrifuged (12,000 x g for
10 min at4 °C). Supernatants were concentrated to a volume of
ca. 10 ul using a centrifugal evaporator (Savant Instruments,
Farmingdale, NY), diluted to ca. 50 pl with 0.2 M ammonium
formate buffer, pH 4.5, and 20-30 pl analysed by HPLC.

2.3.  Radiolytic reduction: bioassay

Human plasma was made anoxic, and the cobalt complex 2
was added to make a final concentration of 1 uM, otherwise as
above. Vials were irradiated using a *°Co source (1 Gy/min;
Eldorado G teletherapy unit Nordion Ltd., Ottawa, Ontario).
The irradiated plasma was diluted at least 10-fold with culture
medium («MEM containing 5% fetal calf serum (FCS), penicillin
(100 IU/ml) and streptomycin (100 ng/ml)) and was bioassayed
againstlog-phase UV4 cells using an in vitro cytotoxicity assay
[37]. Briefly, UV4 cells were seeded at 300 cells/50 pl in 96 well
plates. The diluted irradiated or non-irradiated human plasma
was added the following day, and the plates were incubated
(5% CO,, 37 °C) for 4 h before washing with fresh medium. The
cells were grown for further 4 days, fixed with 40%
trichloroacetic acid, stained with 0.4% sulforhodamine B,
and the absorbance was determined at 490 nm with a
reference at 450 nm. The ICso was defined as the apparent
drug concentration giving 50% inhibition relative to controls
on the same plate.

The equivalent concentration of released cytotoxic effec-
tor, [E], was calculated according to Eq. (1) which assumes
additive effects of the prodrug (2) and effector (1) in mixtures
of both species [44] and no significant toxicity for any other
products from the reaction:

((ICs0, E/ICs0, M) x [P]y) — ((ICs0, E/ICs0, P) x [P]y)

= 1— (1/Y)(ICso, E/ICso, P) @

where [P] is the initial prodrug concentration, and ICso, E and
ICsp, P are the ICsq values of the pure effector (1) and prodrug
(2), respectively, and ICso, M is the ICsy of the mixture of
prodrug and effector after irradiation expressed as the appar-
ent ICsq of the prodrug. Y is the number of moles of 1 formed
per mole of 2 consumed; the value of Y was taken to be 0.325
based on the stoichiometry of 1 released from 2 in Fig. 3(B).
(The estimated G value for release of 1, i.e. [E]/dose, is rela-
tively insensitive to the assumed value of Y, decreasing by only
3% if Y is unity).

2.4. HPLC and LC/MS

The HPLC system was an Agilent 1100 with diode array
detector and/or single quadrupole mass spectrometer (LC/
MSD, model D, Agilent Technologies, Walbronn, Germany),
using a reverse phase 150 mm x 3.2 mm Altima C8 column
(Alltech Associates Inc., Chicago, IL) and a flow rate of 0.5 ml/
min. The mobile phase was a gradient of 80% acetonitrile/
water (A) and 0.2M (for HPLC) or 0.1M (for LC/MSD)
ammonium formate buffer in water, pH 4.5, with 5% of A
initially, increasing linearly to 95% at 10 min, maintaining at
95% for further 5min, and decreasing to 5% at 20 min.
Absorbance detection was 320 nm (bandwidth 4 nm), with
quantitation by integration of peak areas (Chemstation
software) with reference to standard curves prepared
with authentic compounds in the same medium. The LC/
MSD ionization mode was positive electrospray with a
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fragmentation voltage of zero, N, drying gas flow of 13 /min
and nebulising pressure of 30 psi.

2.5.  Metabolism and cytotoxicity in cell suspensions

HT29 human colon carcinoma cells were grown as multi-
cellular spheroids by seeding 10° cells into 100 mm diameter
bacteriological Petri dishes and transferring to a spinner flask
(Bellco Glass Inc., NJ) 7 days later. They were grown for a
further 8 days with daily medium replacement after 3 days.
The culture medium was «MEM containing 10% FCS with
antibiotics as above. Single cell suspensions at 1.5 x 10° cells/
ml were prepared by enzymatic dissociation of spheroids in
0.07% trypsin (Difco Laboratories, Detroit, MI) in saline
containing trisodium citrate (14 mM, pH 7.6) for 10 min,
followed by DNAse I (1mg/ml) in culture medium for
10 min at 37 °C. A549 human non-small cell lung cancer cells
(obtained from ATCC) and A549-P450°*"° cells (see below) were
grown as monolayers in medium with 5% FCS, the latter with
3 uM puromycin, and late log phase cultures were trypsinised
to prepare single cell suspensions.

Aliquots (10ml) of cell suspensions, or culture media
without cells, were transferred to glass universal bottles with a
screw cap equipped with gas inlet and outlet ports. Vials were
incubated in a 37 °C water bath with magnetic stirring while
gassing with 5% CO, in O, or N, as detailed previously [35].
After equilibration for 60 and 90 min under oxic and hypoxic
conditions, respectively, compounds were added from N,-
purged stock solutions in DMSO. Oxygen concentrations in the
hypoxic suspensions under these conditions were <0.1 pM as
determined using an Oxylite fibre optic probe (Oxford
Optronics, UK). Samples (1 ml) were removed at intervals;
40 pl was stained with trypan blue (GibcoBRL, NY) to assess
cell viability (>80% in all cases) and the balance used to assess
clonogenic cell survival or metabolism of the complex. For
clonogenic assay, cells were washed with fresh medium by
centrifugation, enumerated with an electronic particle coun-
ter (Coulter Electronics Ltd., Luton, England), diluted and
plated in 60 mm Petri dishes which were incubated for 14 days
before staining with methylene blue. Colonies with >50 cells
were scored to determine plating efficiency.

Metabolism of the complexes was assessed by centrifuging
the cell suspension at 12,000 x g for 3 min. The pellets were
briefly centrifuged again and remaining medium was aspirated.
The cell pellets, and extracellular medium from the first spin,
were stored at —80 °C for subsequent analysis by HPLC. Thawed
samples of extracellular medium (50 pl) containing 5% FCS were
injected into the HPLC without any further work-up. The cell
pellet was lysed with milli Q water (90 pl). Ten volumes of ice-
cold methanol were added followed by addition of acridan-9-
one to 100 uM as internal standard. The dried supernatant was
reconstituted in 60 ul of DMSO and 30 pl was analysed by HPLC.
The intracellular water content of 1.23 wl/10° HT29 cells,
determined previously using the spin-through-oil technique
[35], was used to calculate intracellular concentrations.

2.6. A549-P450RP"™ cells

A549 cells were used to generate a stable transfectant (A549-
P450RP"™) overexpressing human cytochrome P450 reductase

(P450R; E.C.1.6.2.4). In brief P450R cDNA was introduced as a
2.3kb EcoRI-Not I restriction fragment into the bi-cistronic
plasmid F373, which has been shown to provide high-level
stable gene expression in vitro [45], to create pEF-P450RP“™.
Restriction mapping and partial sequence analysis confirmed
the product and endotoxin-free DNA was prepared (Qiagen
Inc, CA) [46,47]. Exponentially growing A549 cells were
harvested by trypsinisation and seeded at 2 x 10° cells/ml
with overnight recovery. One microgram of the pEF-P450RP*"®
plasmid was mixed with 2 pg of Fugene6 (Roche Diagnostics,
CH) in 97 pl «MEM and allowed to stand (1h) at room
temperature. The DNA:liposome mix was added dropwise
onto cells in «MEM (containing 5% FCS) and the following day
cells were recovered as a single-cell suspension, counted and
plated at various densities onto 10 cm diameter tissue culture
plates. Forty-eight hours later 1 mM puromycin was added to
each plate and at 72 h intervals thereafter. Once no further cell
death was observed, the puromycin concentration was
escalated to 3 pM. After 18-20 days large colonies had formed
which were isolated using cloning rings, replated into 5 uM
puromycin, and sub-cloned. Individual colonies were
expanded and cryopreserved. A sample of each population
was grown on in the absence of puromycin and S9 fractions
were prepared and tested for P450R enzyme activity as
previously described [48].

2.7.  Hypoxic-selective cytotoxicity

Cytotoxicity of 1 and 2 was determined by clonogenic assay
under oxic and hypoxic conditions, using HT29 single cells
obtained as for the metabolism study. The gassed and stirred
single cell suspensions were sampled at intervals and were
washed with fresh culture medium by dilution and centrifu-
gation. The washed cells were resuspended in fresh culture
medium (5% FCS plus antibiotics) and the cell density was
measured by the electronic particle counter. The cells were
then plated at densities of up to 2 x 10* cells/ml in 60 mm
diameter tissue culture dishes (Becton Dickinson, NJ) and
grown for 14 days before staining with methylene blue
(GibcoBRL, NY). Cytotoxicity as determined as the drug
concentration required to reduce cell survival to 10% of
controls, and the ratio of these values were used to assess
hypoxic selectivity.

3. Results
3.1.  Stability of compounds in culture medium

The Co(IlI) complex 2 showed good stability in culture medium
(at 37 °C; Fig. 2(A)) with a half-life of approximately 20 h. Its
slow disappearance was accompanied by formation of a new
species 3, with a shorter HPLC retention time but almost
identical absorbance spectrum (data not shown). The positive
mode electrospray mass spectrum of 2 showed a base peak (m/
z 348.5) corresponding to the expected M?* molecular ion and
also showed the expected *C and * Cl nuclide peaks. The mass
spectrum of 3 showed a base peak at m/z 339.7, with no *Cl
peak, consistent with its assignment as the M?* ion of the
hydrolysis product of 2 (Fig. 2(B)).
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Under the same conditions, 1 was less stable with rapid
conversion to 4 (Fig. 2(C)), which eluted earlier than 1 and had
a distinct absorption spectrum (absorbance maximum 360 nm
versus 310 nm for 1). The mass spectrum of 1 showed a base
peak at m/z 467.9, corresponding to the expected [M + H]* ion,
while 4 showed a base peak at m/z of 432.0 with loss of the *’Cl
peak. This is consistent with the [M + H]* ion of the cyclopropyl
product of 1. The base-induced intramolecular cyclisation of 1
to 4 is shown in Fig. 2(D). Spirocyclisation of 1 to 4 could be
described by zero order kinetics with subsequent first order
loss of 4, leading to loss of total azaCBI (1 + 4) with a half-life of
about 3 h.

3.2.  Radiolytic reduction of 2

Whether the cobalt complex releases 1 on reduction was
investigated using ionising radiation to generate free radical
reductants with known stoichiometry. Irradiation of water
generates OH®, H® and the aquated electron (e.q ) as the
primary radical species, but the oxidizing OH® and H°
radicals can be converted to the reducing CO,*~ radical by
abstraction of H* from HCO, (formate) to form a cleanly
reducing system [49]. As shown in Fig. 3(A), irradiation of 2
in deoxygenated neutral sodium formate buffer resulted in
loss of the cobalt complex and formation of azaCBI
(quantified as 1 + 4). The G value (radiation chemical yields)
for loss of 2 (G(—2) = 0.68 pmol/]) and formation of azaCBI
(G(1 + 4) = 0.57 pmol/kg) were close to that for total radi-
olytic reductants in this system (G(eaq + CO2"") = 0.68 pmol/
J; [50]) indicating a one-electron stoichiometry of reduction
with very efficient release of the cytotoxic effector.

We next tested radiolytic activation in a more physiological
milieu, without addition of artificial radical scavengers, by
irradiating 2 in anoxic human plasma (Fig. 3(B)). Loss of 2 was
almost as efficient as in formate buffer, with a G(-2) of
0.40 pmol/]. Release of azaCBI (1 + 4) was again observed, but

with somewhat lowered efficiency (G(1 +4)=0.13 pmol/)).
This radiolytic consumption of 2 and release of azaCBI was
strongly inhibited by oxygen, which lowered G(-2) to
0.05 pmol/J and G(1 + 4) to 0.01 pmol/J.

The oxygen-inhibitable radiolytic reduction of the cobalt
complex to release the very potent azaCBI ligand suggested
that irradiation of anoxic plasma containing cobalt complex 2
should provide efficient cytotoxic activation of the prodrug. To
test this, we irradiated anoxic plasma containing 1 pM 2,
diluted the irradiated plasma at least 10-fold into culture
medium, and bioassayed against UV4 cells using a prolifera-
tion assay as illustrated for a representative experiment in
Fig. 4(A). Irradiated plasma lacking 2 did not show any
cytotoxicity under these conditions (data not shown), but the
apparent ICso of 2 in irradiated anoxic plasma showed a
marked decrease with radiation dose to reach a value almost
as low as authentic 1 (which showed an ICs, of
0.067 + 0.007 nM over six such experiments). In the experi-
mentin Fig. 4(A), a radiation dose of only 2 Gy was sufficient to
lower the apparent ICso of 2 by 11-fold (from 4.94 + 0.77 nM to
0.43 + 0.03 nM). In contrast, no change in the ICs, of 2 was
observed on irradiation in oxygenated plasma. The apparent
ICso of the irradiated solutions was used to estimate the yield
of azaCBI under anoxic plasma using Eq. (1); Fig. 4(B) shows
these estimates combined for all six experiments. This
indicated a G value for free azaCBI equivalents (1 +4) of
0.075 pmol/J (95% confidence limits 0.067-0.083 wmol/J), which
is 58% of the value in plasma using a 50-fold higher starting
concentration of 2 as determined by HPLC above (Fig. 3(B)).
3.3.  Biotransformation of 2 in HT29 cells
Whether 2 is subject to biotransformation in cells was
investigated using stirred suspensions of aerobic and hypoxic
HT29 cells at 1.5 x 10° cells/ml, using HPLC to assess the
parent prodrug and its products in both the extracellular
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medium (Fig. 5) and the intracellular compartment (Fig. 6).
Fig. 5(A) shows that concentrations of 2 showed little change
with time in the extracellular medium of aerobic cultures, or in
aerobic culture medium, with the exception of slow hydrolysis
to 3 as noted above. The complex was less stable under
hypoxic conditions, showing progressive loss of the parent in
the extracellular medium with some loss also seen in hypoxic
medium without cells (Fig. 5(A)). In both extracellular medium
and cell-free medium the loss of 2 under hypoxia was
accompanied by formation of azaCBI (1 and its cyclopropyl
form 4; Fig. 5(B)). A new metabolite (5) was observed in the
medium of hypoxic HT29 cells, with much lower levels in
aerobic cultures (Fig. 5(C)); this species was not detectable in
cell-free medium. 5 eluted earlier than 1 and 4 in the HPLC
chromatogram but showed a similar absorbance spectrum to 1
(data not shown) so was quantified assuming the same molar
extinction coefficient as 1. The electrospray mass spectrum of
5 showed a base peak at m/z of 644, consistent with the
[M +H]* ion of the O-glucuronide derivative of 1 and the
observed retention of the 3’Cl peak at m/z of 646 (Fig. 5(D)). This
assignment was supported by separate experiments showing
that incubation of 1 with aerobic HT29 cells gives a metabolite

identical to 5 in retention time, absorbance spectrum and
mass spectrum (data not shown).

The intracellular concentrations were also measured in cell
pellets, although the methanol deproteinisation/evaporative
concentration method used provided variable and low (ca.
10%) recovery of 2 from spiked cell lysates with ca. 10%
conversion to 1+ 4 during the concentration step. Estimates
were in the range 100-500 pM 2 in cells; the much higher
concentrations than in the extracellular medium (Fig. 5(A))
may reflect sequestration in cells because of non-covalent
binding of the azaCBI unit in the minor groove of DNA. Higher
levels of azaCBI were demonstrated in hypoxic than oxic cells,
but concentrations of 1 + 4 in oxic cells were largely accounted
for by conversion during workup and reliable quantitation of
these species (1, 2 and 4) was therefore not achieved. The O-
glucuronide 5 was also detected in cells, at higher concentra-
tions under hypoxia, as was a new product 6 (Fig. 6(A)) which
had a mass spectrum (Fig. 6(B)) identical to 1, similar
absorbance spectrum, different (longer) retention time and
greater stability. On this basis 6 was identified as the ring-
expanded analog of 1 arising from nucleophilic attack by Cl~
on the tertiary carbon of the cyclopropyl ring of 4 (Fig. 6(B))
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Fig. 6 - Intracellular metabolites of 2 in HT29 cells from the same experiments as Fig. 5. (A) Concentration of the O-
glucuronide 5 and the ring-expanded metabolite 6 under oxic (filled symbols) or hypoxic (open symbols) conditions. (B)
Positive mode electrospray mass spectrum of 6 and its proposed mechanism of formation from the cyclopropyl

intermediate 4.

rather than at the secondary carbon which generates 1. 6 was
quantified in Fig. 6(A) assuming the same molar extinction
coefficient as 1.

The overall mass balance for biotransformation of 2 was
evaluated by summing the species in the intracellular and
extracellular compartments and expressing as a volume-
averaged concentration (Fig. 7). Although not accurately
determined as noted above, intracellular concentrations of
1, 2 and 4 were included but these make little contribution to
overall mass balance at these cell densities since only 0.2% of
the culture volume is intracellular. The mass balance for all
species was almost constant over time indicating that the
major species are accounted for. In summary, under anoxic
conditions the cobalt complex 2 is extensively converted by
HT29 cells to the free azaCBI ligand (1) and its derivatives 4, 5,
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and 6 with the O-glucuronide 5 as the major stable end
product.

3.4.  Biotransformation of 2 in A549 cells

The formation of azaCBI and related products in hypoxic HT29
cells suggests enzymatic one-electron reduction of the cobalt
complex 2. Because cytochrome P450 reductase (P450R) is
considered to be the major one-electron reductase in
mammalian cells [51], we overexpressed human P450R in
A549 cells and compared rates of reduction of 2 in the wild
type and stably transfected cell lines under the same
conditions as used for HT29 cells above. The rate of loss of
2 in hypoxic A549-WT cell suspensions was faster than in
HT29, with extensive formation of azaCBI species (1, 4 and 6).
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Fig. 7 - Mass balance for the reduction of 2 in HT29 cell suspensions (1.5 x 10° cells/ml) determined by summing the parent
complex and products in the intracellular and extracellular compartments and averaging over the whole culture volume. (A)
Oxic conditions; (B) anoxic conditions. Squares: cobalt complexes (2 plus its hydrolysis product 3); circles: azaCBI (1 + 4);
triangles: the azaCBI glucuronide (5); inverted triangles: 6; diamonds: sum of all species. Values are mean =+ S.E.M. for

triplicate cultures.
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Fig. 8 - Reduction of 2 in hypoxic suspensions of A549-WT
(squares) and A549-P450RP“" (circles) cells (1.5 x 10° cells/
ml) as monitored by HPLC of the extracellular medium.
Open symbols show loss of the parent complex (2) and
filled symbols show the summed concentration of all
species derived from uncomplexed azaCBI (1 + 4 + 6). The
glucuronide 5 was not formed in these cell lines. Values
are the mean + S.E.M. for triplicate determinations.

Again, the level of 6 was much lower than that of 1 + 4 in the
extracellular medium. A conspicuous difference from HT29
cells was the absence of the glucuronide 5. Surprisingly, the
kinetics of reduction of 2 was essentially the same in A549-
P450RP¥" cell suspensions (Fig. 8), despite a nine-fold higher
activity of P450R in the latter cells (15.0 and 135 nmol
cytochrome c reduced/min/mg S9 protein for A549-WT and
A549-P450RPY°, respectively). This suggests that the major
route of reduction of 2 is not via P450R.

3.5. Hypoxia-selective cytotoxicity of 2 in HT29 cells

The observation that reduction of 2 releases the cytotoxic
azaCBI ligand in hypoxic tumour cells suggests that it might
act as a hypoxia-activated prodrug (without any requirement
for radiolytic activation). To test this, the clonogenic survival
of HT29 cells was examined after incubating with 1 and 2
under aerobic or hypoxic conditions. The free ligand 1 was
potently cytotoxic (Fig. 9(A)), with concentrations of ca.
0.05 uM providing one log kill and no difference between
aerobic or hypoxic conditions. 2 showed approximately 90-
fold lower cytotoxic potency than 1 under aerobic conditions
at 1h, decreasing to 50-fold lower by 4 h (Fig. 9(B)). Impor-
tantly, 2 was selectively toxic under hypoxic conditions with a
hypoxic cytotoxicity ratio (aerobic/hypoxic concentration for
one-log cell kill) of 20 at both 1 and 4 h (Fig. 9(B)).

4, Discussion

This study demonstrates that the novel cobalt complex
Co(IIl)(cyclen)(azaCB) (2) can be reduced efficiently under
hypoxic conditions, both by ionising radiation and by tumour
cells, torelease the highly potent azaCBI cytotoxin 1. The latter
is a new compound, but is closely related in structure to a
previously-reported azaCBI derivative with the same hydro-
xyquinoline core structure and trimethoxyindole sidechain
[41]. The natural (+) enantiomer of the latter compound, in its
open chain (seco) form, had a reported ICso of 21 pM for
continuous exposure of L1210 cells. The potent cytotoxicity of
azaCBI (1) in the present study was demonstrated in
clonogenic assays with HT29 cells (one-log kill after 1h
exposure at ca. 0.05 pM; Fig. 9), and in antiproliferative assays
with 4 h exposure of UV4 cells (ICsq value 0.067 + 0.007 nM; e.g.
Fig. 4(A)). This potency is high relative to the yield of primary
reducingradicals during a course of radiotherapy (typically 30-
40 pmol/kg), making 2 a candidate for use in cancer therapy as
a RAP. Only one other system has been reported in which such
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Fig. 9 - Cytotoxicity of free azaCBI, 1 (A) and its cobalt complex 2 (B) in HT29 cells (1.5 x 10° cells/ml) under oxic (filled
symbols) and hypoxic (open symbols) conditions at 1 h (circles) and 4 h (squares) exposure time, determined by
clonogenicity. Symbols in B are the mean =+ range for two independent experiments. Arrows indicate that cell survival was

below the sensitivity limit of the assay.
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potent cytotoxins can be generated by radiolytic reduction
[52]; in the latter case the cytotoxic effector is also a CBI
derivative but is released by reduction of a nitroheterocyclic
quaternary ammonium salt.

For 2 to be useful as a RAP for treatment of hypoxic
tumours, it would need to satisfy several additional require-
ments. The complex (prodrug) must be much less cytotoxic
than the free ligand (effector); this is the case for 2, which
shows a 40-90-fold prodrug/effector differential in aerobic
HT29 cultures (Fig. 9) and a differential of ca. 100-fold in UV4
ICso assays (Fig. 4(A)). The prodrug must also be reduced
efficiently by ionising radiation under hypoxic conditions,
including in complex biological milieu. The design of 2 was
based on a simpler model compound, Co(lll)(cyclen)(8-HQ)
which we have shown to release 8-HQ at close to the
theoretical value for a one-electron process on radiolytic
reduction under hypoxia [37]. The azaCBI complex 2 shows
very similar features, with essentially stoichiometric release
of azaCBI (1) on reduction in formate buffer (Fig. 3). As
previously noted with Co(IIl)(cyclen)(8-HQ) [37], radiolytic loss
of 2 also occurs efficiently in anoxic human plasma although
the yield of 1 is lower than the loss of 2. This presumably
reflects competing consumption of 2, without reduction of the
Co(Ill) centre, by other radiation-induced radicals such as the
hydroxyl radical.

A critical test of 2 as a RAP was to determine whether it
could be activated significantly in hypoxic human plasma
using clinically relevant radiation doses. We show in Fig. 4(A)
that doses as low as 1 Gy provide a significant increase in the
cytotoxicity of 2 when the plasma is bioassayed against UV4
cells following irradiation. UV4 cells are defective in nucleo-
tide excision repair, but this makes only a small difference in
sensitivity to CBI drugs [53,54]. If the G value for release of 1 in
hypoxic regions of tumours were as high as in hypoxic plasma
(estimated as 0.075 pmol/J by fitting the apparent ICsy versus
radiation dose data to Eq. (1); Fig. 4), then a 2 Gy dose of
radiation (as used typically each day during a course of
radiotherapy) would be expected to provide ca. 0.15 pM of 1.
This is in the range giving substantial tumour cell killing in
vitro (Fig. 9(A)). The actual outcome will depend on the
intratumour pharmacokinetics of 2 and 1, and also on the G
value in tissue which might be lower because of competing
electron acceptors. It is also theoretically possible that
reduction of 2 would generate free Co®* ions, and that these
could exert additional biological effects via stabilization of
HIF-la. However, we have previously shown that the
analogous Co(cyclen)(8-HQ) complex does not give rise to free
Co** on reduction because the latter remains complexed to
cyclen [37]. Given that 8-HQ provides an identical chelating
environment to azaCBI, the same can be expected with 2.
Biological effects of Co?* are also unlikely at the very low
concentrations which would be generated, even in the
absence of such complexation.

A complicating factor, although not necessarily disadvan-
tageous, is that 2 is also activated by reduction in hypoxic
tumour cell cultures (without radiation) as shown in Figs. 5-8.
This was unexpected since the 8-HQ analogue was stable in
HT29 cultures under the same conditions [37]. The products of
reduction of 2 by hypoxic tumour cells include the freeligand 1
and a rearrangement product (6) which was seen only in the

intracellular fraction and can plausibly be accounted for as
arising from chloride ion attack on the cyclopropyl inter-
mediate 4 (Fig. 6(B)). In addition, in HT29 cells but not A549
cells, a metabolite (5) with mass spectrum consistent with the
O-glucuronide of 1 was observed. This assignment is sup-
ported by formation of 5 on addition of 1 to aerobic HT29 cells,
and by the known high activity of uridine diphosphate
glucuronosyl transferase in HT29 cells [55]. It is also consistent
with the known facile glucuronidation of 8-HQ in rodents [56].
All of these azaCBI products are present at higher concentra-
tions under hypoxic conditions, but presumably 1 (and its
cyclopropyl form 4 which was not reliably distinguished from
1because of interconversion during sample preparation) is the
main cytotoxic metabolite. The O-glucuronide 5, by analogy
with the 5-O-glycosidic CBI prodrugs reported by Tietze et al.
[57]is expected to be strongly deactivated with respect to DNA
reactivity. In contrast, 6 may retain some cytotoxicity by
analogy with duocarmycin C1 [58].

Given that essentially all known bioreductive drugs (with the
exception of obligate 2-electron acceptors like the tertiary
amine di-N-oxide AQ4N) are metabolized by cytochrome P450
reductase by virtue of the low reduction potential of its
flavosemiquinone/dihydroflavin couples [59], it was a surprise
to find that overexpression of this enzyme in A549 cells did not
increase the rate of reductive metabolism of 2. This finding is
consistent with recent cytotoxicity studies showing that under
anoxic conditions the same A549-P450RP*"® cell line described
here is hypersensitive, relative to parental A549 cells, to
tirapazamine, RSU-1069, CB 1954 and SN 23862 but not to 2 or
the Co(Ill)-nitrogen mustard complex SN 24771 (Wilson et al., in
preparation). It will be important to establish whether other
enzymes are responsible for reduction of these Co(Ill) com-
plexes, or whether the reaction might be mediated by
reductants such as ascorbate, thiols or NAD(P)H. The observa-
tion that 2 undergoes slow reduction in hypoxic culture
medium is consistent with a role for non-enzymatic pathways.
A further possibility is that these lipophilic cations concentrate
in mitochondria and are reduced by the mitochondrial electron
transport chain. Whatever the identity of the key cytotoxin, or
activating enzyme/reductant(s), it is clear that cellular reduc-
tion under hypoxia provides significant cytotoxicity, giving a
hypoxic cytotoxicity ratio of ca. 20-fold in HT29 cell cultures.

The present study thus demonstrates that 2 can be
reduced, resulting in release of its highly potent azaCBI
cytotoxin, by both radiolytic and non-radiolytic pathways
under hypoxic conditions. It is not yet clear which of these
broad strategies is likely to be more useful for exploiting
tumour hypoxia with the new Co(IlI)(azaCBI) prodrug class.
Based on the findings of this study, the pharmacokinetics of 2
in mice, and its therapeutic activity against hypoxic cells in
human tumour xenografts, is currently being examined in the
context of both radiolytic and non-radiolytic activation. In
addition, analogues with higher hypoxic selectivity in cell
culture are under investigation.
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