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Abstract Purpose: VNP40101M (1,2-bis(methylsulfo-
nyl)-1-(2-chloroethyl)-2-[(methylamino)carbonyl]hydra-
zine) is a sulfonylhydrazine prodrug that possesses
broad spectrum antitumor efficacy in murine models.
VNP40101M activation generates chloroethylating spe-
cies that alkylate DNA at the O6-position of guanine,
and a carbamoylating agent, methyl isocyanate, which
inhibits O6-alkylguanine-DNA alkyltransferase (AGT)
in model systems. We determined whether expression of
AGT in Chinese hamster ovary (CHO) cells decreased
sensitivity to VNP40101M and explored the mechanism
of VNP40101M cytotoxicity by employing analogs of
VNP40101M that generate reactive intermediates with
either carbamoylating or chloroethylating activity.
Methods: AGT was overexpressed in CHO cells by
transfection with an expression vector containing
the human AGT gene. Cell lines expressing AGT
were employed in clonogenic assays to determine
the cytotoxicity of VNP40101M and its analogs.
Results: VNP40101M was more active against AGT-
expressing CHO cells than 90CE (1,2-bis(methylsulfo-
nyl)-1-(2-chloroethyl)hydrazine), a chloroethylating
generator devoid of carbamoylating activity. Further-
more, the greater the degree of AGT expression the
more resistance to VNP40101M cytotoxicity. Combi-
nation chemotherapy experiments support the conclu-
sions that methyl isocyanate and the chloroethylating
species generated from the activation of VNP40101M

function synergistically to kill cells. Conclusions: The
findings support the concept that alkylation of the O6-
position of guanine residues in DNA is the predominant
lesion created by VNP40101M, and that methyl isocya-
nate resulting from the base-catalyzed activation of
VNP40101M inhibits AGT and presumably other
enzymes involved in DNA repair, thereby enhancing the
yield of the DNA G-C interstrand crosslinks responsible
for the antitumor activity of this agent.

Keywords AGT Æ VNP40101M Æ Sulfonylhydrazine
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Introduction

Alkylating agents, which damage DNA directly, are
essential components of many therapeutic drug regimens
designed to combat cancer [1]. Our laboratory has
synthesized a variety of sulfonylhydrazine prodrugs
designed to be activated by a variety of mechanisms
aimed at the preferential targeting of tumor tissue [2, 3, 4,
5]. These agents decompose to generate hard electrophilic
species which alkylate DNA essentially exclusively at the
O6-position of guanine residues. The first of these agents
selected for development, VNP40101M, is active against
a broad spectrum of tumors in murine models, readily
crosses the blood-brain barrier, and can produce cures of
tumor-bearing mice over an extended dose range with
minimal bone marrow toxicity in the curative range [6].
These properties have led to the clinical evaluation of
VNP40101M, which is currently in phase I clinical trial.

From studies conducted with the nitrosoureas, the
chloroethyl adduct at the O6-position of guanine in
DNA is recognized as one of the most cytotoxic lesions
identified to date. This adduct forms a cyclic interme-
diate which if not repaired eventually rearranges to form
an N1 to N3 G-C interstrand crosslink [7]. Once this
lesion has progressed to the crosslink it is difficult to
repair and fewer than ten such crosslinks appear to be
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sufficient to kill a cell [8]. Cancer chemotherapeutic
agents which exploit the lethality of the O6-guanine
DNA lesion for therapeutic benefit include: the chlo-
roethylating agents, carmustine (BCNU) and lomustine
(CCNU), and the methylating agents, procarbazine,
temozolomide, streptozotocin and dacarbazine.

VNP40101M was designed to include the therapeu-
tically important O6-DNA guanine chloroethylating
activity of BCNU, and to eliminate the formation of
nitrosourea decomposition products with no known
therapeutic benefit, such as hydroxyethylating and
vinylating species, which can only contribute to host
toxicity [9, 10, 11, 12, 13, 14]. Although BCNU has
therapeutic utility against lymphomas and brain tumors,
its use is limited by its substantial toxicity [15]. The
surprising efficacy of VNP40101M and superiority over
BCNU against tumors grown in mice [6] led us to
investigate the mechanism by which VNP40101M exerts
its cytotoxicity using isogenic Chinese hamster ovary cell
lines engineered to express the repair protein AGT.

VNP40101M can be viewed as a bifunctional prodrug
because of its ability to decompose under aqueous
conditions to form two classes of reactive intermediates
with distinct complementary properties. These consist of
chloroethylating species capable of forming adducts at
the O6-position of guanine in DNA, and methyl isocy-
anate, a carbamoylating agent which we have shown can
interfere with the repair of O6-alkyguanine DNA lesions
in vitro by directly inactivating the repair protein AGT
[2, 4, 16, 17]). Isocyanates are known to react with the
hydroxyl, amino and thiol groups of proteins and, in
addition to AGT, have been shown to inhibit DNA
polymerase, DNA ligase, and caspase activity [18, 19].
BCNU, which produces chloroethylating species, also
generates 2-chloroethyl isocyanate, which is known to
inhibit thioredoxin reductase, ribonucleotide reductase,
and glutathione reductase, via interaction with thiol
functionalities in these proteins [20].

The possibility that the extraordinary antitumor
activity ofVNP40101Mrelative to other alkylating agents
of the sulfonylhydrazine prodrug class that we have syn-
thesized is due to the co-release of methyl isocyanate,
which directly inhibits the actions of AGT, the only repair
protein known to protect cells from the O6-alkylation of
guanine in DNA, is intriguing and may have implications
for its use against tumors that are resistant to methylating
agents because of the elevated expression of AGT [21].
Because of this possibility, in the study reported here we
evaluated the contribution of methyl isocyanate to the
cytotoxicity of the chloroethylating species generated by
the activation of VNP40101M.

Materials and methods

Cell culture

CHO/AA8 cells and cell lines derived therefrom by transfection
with AGT were maintained under an atmosphere containing 5%

CO2 in alpha-MEM supplemented with 10% fetal bovine serum,
penicillin (100 U/ml) and streptomycin (100 lg/ml). All tissue
culture reagents were purchased from Invitrogen (Carlsbad, Calif.).

Chemical agents

All sulfonylhydrazines were synthesized by published procedures
[2, 3, 4, 5]. All other drugs and chemicals were purchased from
Sigma Chemical Co. (St. Louis, Mo.).

Transfections

Cells were transfected using lipofectamine (Invitrogen) and the
appropriate plasmid construct under conditions recommended by
the manufacturer. Briefly, 25 ll lipofectamine was mixed with 5 lg
plasmid DNA in 0.6 ml serum-free medium for 30 min at room
temperature. This cocktail was added to subconfluent monolayers
of CHO/AA8 cells in 25-cm2 plastic flasks with 2 ml culture medium
for 5 h at 37�C. The medium was replaced and 48 h later cells were
detached by trypsinization and seeded into 75-cm2 flasks in the
presence of G418 (1 mg/ml). After colony outgrowth under selec-
tion, single cell suspensions were sorted using a flow cytometer. The
human AGT cDNA was generously provided by Dr. Sankar Mitra
[22]. The cDNA was freed by digestion with HinDIII and XbaI,
then inserted into the same restriction sites in the selectable vector
RC/CMV (Invitrogen). A cell line containing empty vector, CHO/
VEC8, was also established as an experimental control.

Assay of AGT activity

Cells (1–2·107) were grown in 75-cm2 flasks, detached by trypsini-
zation, collected by centrifugation, resuspended in a minimum vol-
ume of phosphate-buffered saline and the pellet snap-frozen with
liquid nitrogen, then stored at )70�C until used. AGT activity was
assessed basically as previously described [23, 24]. This assay for
AGT activity relies on PvuII cleavage of an oligonucleotide once an
O6-methylguanine residue within its recognition sequence has been
repaired by exposure to AGT. Briefly, 0.2 pmol of double-stranded
18-mer oligonucleotide containing O6-methylguanine within the
PvuII site and labeled with [a-32P]-thymidine in one strand was
incubated with cell extract at 37�C for 2 h. The reaction was stopped
by three phenol extractions followed by precipitation and washing
with ethanol. After redissolving, the oligonucleotide was incubated
with ten units of PvuII (Invitrogen) at 37�C for 1 h. The reaction was
stopped with a denaturing dye (USB, Cleveland, Ohio) at 90�C for
4 min and reaction products were analyzed by 20%denaturing urea-
PAGE. The radiolabeled 18-mer substrate and 8-mer digestion
product bands were visualized and quantified by exposure of the
Saran-wrapped wet gel using a Phosphorimager (Amersham, Pis-
cataway, N.J.). AGT activity in picomoles was calculated as follows:
(pixels of 8-mer)/(pixels of 18-mer+ pixels of 8-mer)·0.2 pmol, and
is expressed per milligram of extract protein in the reaction.

Drug toxicity studies

Clonogenic survival assays were performed as described previously
[25]. Cells were seeded into plastic 25-cm2 Corning tissue culture
flasks at 2·105 cells per flask. Cells were pulsed 3 days after plating
for 1 or 2 h at 37�C with drug dissolved in DMSO in a total volume
of 2 ml of medium. After treatment, monolayers were rinsed, cells
detached by trypsinization, suspended in culture medium and
counted. Sequential cell dilutions were plated in triplicate into
60-mm dishes and 8–10 days later colonies were fixed, stained with
crystal violet in 80% methanol and quantified. All analyses were
corrected for plating efficiency in the presence of vehicle (DMSO)
at concentrations equivalent to those used for the treatment with
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drug. For studies testing drug synergism, cells were pulsed for
15 min with 101MDCE, washed and treated for 2 h with 90CE,
then processed for clonogenic assays as described above. Combi-
nation index values were calculated using the program Calcusyn
(Biosoft, Ferguson, Mo.).

Immunoblotting

Immunoblot analyses were performed using ECL (Amersham) as
previously described [25]. Equal numbers of cells (approximately
1·105) were lysed by sonication and resuspended in protein sample
buffer (3% sodium dodecyl sulfate, 10% glycerol, 5% 2-mercap-
toethanol, and 60 mM Tris-HCl, pH 6.8). Equal volumes were
subjected to SDS/PAGE using a 10% gel and samples were
transferred to nitrocellulose membranes. Blots were incubated with
a 1:500 dilution of anti-AGT antibody (Neomarkers, Freemont,
Calif.) in 10% non-fat dried milk for 2 h. After washing, the filters
were incubated in a 1:1000 dilution of goat anti-mouse antibody
conjugated to horseradish peroxidase in 10% non-fat dried milk.
Bands were visualized with enhanced chemiluminescence reagent
using Kodak XAR film.

Results

Development of AGT-expressing cell lines

Cell lines expressing various levels of AGT were estab-
lished by transfecting CHO/AA8 cells with the RC/CMV
expression vector containing the human AGT gene under
the control of the CMV promoter. Cells were selected for
neomycin resistance and individual cell clones were
isolated by flow cytometry and expanded for further
analysis. Clones were initially screened by immunoblot
analysis to verify the expression of AGT and to roughly
determine AGT expression levels (Fig. 1) and then AGT
repair assays were performed using the oligo repair
restriction enzyme inhibition method [23, 24] to precisely
determine the AGT activity in individual cell lines
(Table 1). CHO/AA8 cells do not express detectable levels
of endogenous AGT [26] as shown in Table 1 for empty
vector-transfected cells (CHO/VEC8) and, therefore,
were ideal target cells for the experiments conducted in
this study.

Cytotoxicity studies with chloroethylating agents

We have synthesized and evaluated a variety of
sulfonylhydrazine prodrugs as potential anticancer
agents [2, 3, 4, 5]. Several of these that pertain to the

present studies are listed in Table 2. Among all of the
compounds of this class, VNP40101M has proven to be
the most efficacious against transplanted cancers. To
determine if the antineoplastic activity of VNP40101M
was attributable to its ability to alkylate the O6-position
of guanine residues in DNA, eventually forming a G-C
interstrand covalent crosslink of DNA [17], isogenic cell
lines were established which expressed various levels of
AGT from a cell line that lacked endogenous AGT
expression, CHO/AA8. As seen in Fig. 2, the degree of
activity of AGT was directly related to the degree of
sensitivity to VNP40101M, with the CHO/AGT 10-1 cell
line demonstrating moderate sensitivity, and the CHO/
AGT 38-4 cell line the lowest level of sensitivity to
VNP40101M. In contrast, the vector control cell line
CHO/VEC8which does not have detectableAGTactivity
was highly sensitive to VNP40101M. Numerous
additional cell lines were screened and all cell lines which
expressedAGTdemonstrated some decrease in sensitivity
to VNP40101M when compared to vector control or
parental cell lines (data not shown). AGT expressing cells

Fig. 1 Immunoblot analyses of clonal CHO/AA8 cell lines derived
from cells transfected with AGT. Samples were separated by
polyacrylamide gel electrophoresis and transferred to a nitrocellu-
lose filter. The equivalent of 1·105 cells were loaded per lane. The
filter was reacted with anti-AGT antibody (1:500 dilution) and
bands were visualized using the enhanced chemiluminescent
method described in Materials and methods (lane 1 CHO/AA8,
lane 2 CHO/VEC8, lane 3 CHO/AGT 38-4, lane 4 CHO/AGT 10-1)

Table 1 AGT activity expressed by CHO/VEC8, CHO/AGT 10-1
and CHO/AGT 38-4 cell lines

Cell linea Activity (pmol/mg AGT)

CHO/VEC8 0
CHO/AGT 10-1 0.31
CHO/AGT 38-4 3.58

aAll cell lines were derivatives of CHO/AA8

Table 2 Comparison of the
half-lives and the major reactive
species generated by 1,2-
bis(sulfonyl)hydrazine prodrugs

CH3SO2N(X)N(Y)SO2CH3

Compound X Y Chloroethylating
agent

Carbamoylating
agent

T1/2 (h)

VNP40101M ClCH2CH2– CH3NHCO– Yes Yes 0.98
90CE ClCH2CH2– H– Yes No 0.01
101MDCE H– CH3NHCO– No Yes 0.06
101 ClCH2CH2– ClCH2CH2NHCO– Yes Yes 0.25
101DCE H– ClCH2CH2NHCO– No Yes 0.06
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were tested against additional compounds capable of
alkylating O6-guanine residues in DNA to determine if
this decrease in sensitivity was unique toVNP40101M.As
seen for 90CE and 101, AGT expression also decreased
sensitivity to these O6-guanine DNA alkylators (Fig. 3).

Cytotoxicity studies with isocyanate-generating agents

The sulfonylhydrazines VNP40101M and 101 are pre-
dicted to decompose into two reactive intermediates.

Both generate identical O6-guanine DNA chloroethy-
lating species. VNP40101M also yields the carbamoy-
lating agent methyl isocyanate while 101 generates
2-chloroethyl isocyanate, which is the carbamoylating
agent produced by BCNU. The expression of AGT
should confer decreased sensitivity to the O6-guanine
DNA alkylating component of VNP40101M and 101
but not to the isocyanate moiety. In agreement with this
expectation, clonogenic assays demonstrated that the
forced expression of AGT did not lessen sensitivity to
101MDCE, a methyl isocyanate generator, or to
101DCE, a 2-chloroethyl isocyanate generator (Fig. 4).
These findings support the conclusion that the most
important toxic component of VNP40101M and 101 is
the activation product capable of alkylating DNA at the
O6-position of guanine. Thus, the vector control cell line
demonstrated a degree of sensitivity to the isocyanate-
generating agents that was similar to that of the AGT-
expressing cell lines, as would be predicted, with the
major toxicity being linked to the alkylation event.

Comparison of the cytotoxicity of VNP40101M
and 90CE

We have previously proposed that the methyl isocyanate
generated by the decomposition of VNP40101M has
the potential to augment the toxicity of alkylating
agents that target the O6-guanine residues of DNA
by inhibiting/inactivating AGT activity present in

Fig. 3A, B Survival curves for
CHO/VEC8 (m), CHO/AGT
10-1 (n), and CHO/AGT 38-4
(.) cells treated with various
concentrations of 90CE (A) or
101(B). Survival of CHO/AA8
clones expressing different levels
of AGT was calculated using
the plating efficiencies of
aerobic vehicle-treated controls.
Values are geometric means of
at least two determinations;
SEM are shown when three or
more values were obtained

Fig. 4A, B Survival curves for
CHO/VEC8 (m), CHO/AGT
10-1 (n), and CHO/AGT 38-4
(.) cells treated with various
concentrations of 101MDCE
(A) or 101DCE (B). Survival of
CHO/AA8 clones expressing
different levels of AGT was
calculated using the plating
efficiencies of aerobic vehicle-
treated controls. Values are
geometric means of at least two
determinations; SEM are
shown when three or more
values were obtained

Fig. 2 Survival curves for CHO/VEC8 (m), CHO/AGT 10-1 (n),
and CHO/AGT 38-4 (.) cells treated with various concentrations
of VNP40101M. Survival of CHO/AA8 clones expressing different
levels of AGT was calculated using the plating efficiencies of
aerobic vehicle-treated controls. Values are geometric means of at
least two determinations; SEM are shown when three or more
values were obtained
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VNP40101M-treated cells [17]. Since 90CE is the initial
alkylating species formed by the activation of
VNP40101M but lacks the methyl isocyanate-generating
portion of the molecule, one would expect that
VNP40101M would be more cytotoxic than 90CE at
molar equivalent levels to cells expressing AGT, and that
these compounds would be essentially equitoxic to cells
lackingAGT, all other things being equal. Comparison of
the toxicity profiles of the AGT-overexpressing cell lines
support this assumption. Thus, under similar conditions,
VNP40101M was considerably more cytotoxic to AGT-
expressing CHO/AGT 10-1 cells than 90CE (Fig. 5A).
CHO/AGT 38-4, cells with a substantially greater level of
AGT, exhibited some sensitivity to 90CEat relatively high
concentrations of drug but much less sensitivity to
VNP40101M than was observed with CHO/AGT 10-1
cells (Fig. 5B), presumably because sufficient residual
AGT activity remained to repair theO6-guanine lesions in
DNA generated by VNP40101M. Furthermore, as ex-
pected, VNP40101M and 90CEwere essentially equitoxic
to CHO/VEC8 cells that lack AGT activity (Fig. 5C).

Studies with drug combinations

To ascertain whether both the chloroethylating and
carbamoylating species generated by the activation of
VNP40101M contribute to the observed cytotoxic
activity, compounds have been designed and synthesized

which produce through activation only one of the two
reactive species of VNP40101M, i.e., either the methyl
isocyanate or the chloroethylating species. 101MDCE
generated only methyl isocyanate, while 90CE generated
only the O6-guanine DNA chloroethylating species upon
activation. Therefore, if 101MDCE, which upon acti-
vation generates methyl isocyanate, inhibits AGT
activity in intact cells as it does in cell-free biochemical
experiments [17], then it should enhance the efficacy of
the alkylating components of VNP40101M, which are
also generated by 90CE. To test this possibility, experi-
ments were performed in which CHO/AGT 10-1, CHO/
AGT 38-4, and CHO/VEC8 cells were pulsed for 15 min
with 101MDCE, washed and then exposed for 2 h to
90CE; cells were then plated and colony formation was
quantified.

As seen in Fig. 6, a marked enhancement in cell kill
occurred between these two compounds, which each
generated separately the active components produced by
the decomposition of VNP40101M, in all three of the cell
lines. Calculation of combination index values from the
data in Fig. 6, where a value of one is additive, a value
greater than one is antagonistic and a value less than one is
synergistic, indicated that marked synergism occurred at
all concentrations of drugs employed (Table 3). In addi-
tion, synergism was also seen when the 2-chloroethyl
isocyanate-generator 101DCE was used with 90CE,
although the degree of synergy was not as pronounced as
that produced by the combination of 101MDCE and

Fig. 5A–C Survival curves for
CHO/AGT 10-1 (A), CHO/
AGT 38-4 (B), and CHO/VEC8
(C) cells treated with various
concentrations of 90CE (m) or
VNP40101M (n). Survival of
CHO/AA8 clones expressing
different levels of AGT was
calculated using the plating
efficiencies of aerobic vehicle-
treated controls. Values are
geometric means of at least two
determinations; SEM are
shown when three or more
values were obtained
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90CE (data not shown) indicating that the methyl isocy-
anate generated by the VNP40101M was superior to the
2-chloroethyl isocyanate formed from BCNU.
101MDCE and 90CE also exhibited a synergistic kill
against the vector control cell line, CHO/VEC8 (Fig. 6C
and Table 3), even though CHO/VEC8 cells are devoid of
AGT activity, indicating that AGT expression and inhi-
bition thereof by methyl isocyanate is not the only factor
involved in the enhanced kill of cells produced by the
combination of these agents. Note that the greater

sensitivity of CHO/VEC8 cells to 90CE necessitated the
use of decreased concentrations of this agent with this cell
line.

Discussion

VNP40101M is the initial member of a novel class
of sulfonylhydrazine prodrugs to enter phase I clinical
trials; this agent exhibited marked effectiveness in
preclinical studies against a spectrum of transplanted
tumors, readily crosses the blood-brain barrier, is cura-
tive over a range of drug concentrations and exhibits
minimal toxicity at curative doses [6]. The high level of
efficacy of this drug in experimental systems led us to
study its mechanism of action in greater detail.
VNP40101M is known to decompose in aqueous solu-
tion to yield two reactive species, the carbamoylating
agent methyl isocyanate and chloroethylating species
which cause alkylations at the O6-position of guanine in
DNA that eventually result in DNA crosslink forma-
tion. The protein AGT is known to mediate repair of the
O6-alkylguanine adducts by a stoichiometric noncata-
lytic mechanism [7, 8, 27, 28]. For these reasons, we
evaluated the ability of AGT to protect cells from
VNP40101M and other structurally related
sulfonylhydrazine prodrugs that also alkylate the
O6-position of guanine in DNA by the forced expression
of human AGT cDNA in CHO/AA8 cells which lack
detectable AGT activity (Table 1).

These studies demonstrated that sensitivity to
VNP40101M was directly related to the degree of AGT
expression, with the lowest sensitivity being seen in cell
lines with the highest levels of AGT activity. Thus, the
expression of AGT almost completely blocked the
cytotoxicity of VNP40101M at concentrations of drug
up to 100 lM in the high AGT-expressing CHO/AGT

Fig. 6A–C Clonogenic assays measuring the ability of CHO/AGT
10-1 (A), CHO/AGT 38-4 (B), and CHO/VEC8 (C) cells to form
colonies after pulsed exposure to 90CE and 101MDCE. Survival
was calculated using the plating efficiencies of aerobic vehicle-
treated controls. Values are geometric means of at least two
determinations

Table 3 Combination index values for CHO/VEC8, CHO/AGT
10-1 and CHO/AGT 38-4 cells treated with various concentrations
of 101MDCE and 90CE

Cell linea 90CE/101MDCE
drug concentrations (lM)

Combination indexb

CHO/VEC8 5/50 0.4
10/100 0.07
15/150 0.03
20/200 0.001

CHO/AGT 10-1 10/10 0.4
50/50 0.1
100/100 0.1
150/150 0.06
200/200 0.05

CHO/AGT 38-4 50/50 0.6
100/100 0.4
200/150 0.15
400/200 0.07

aAll cell lines were derivatives of CHO/AA8
bAs determined using the Calcusyn program from data graphed in
Fig. 6. CI values equal to one indicate additive toxicity while CI
values less than one indicate synergistic toxicity
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38-4 cell line. The expression of AGT also conferred
decreased sensitivity to other sulfonylhydrazine pro-
drugs which exerted their cytotoxicity by chloroethyla-
tion of O6-guanine residues in DNA including 90CE,
which is generated by the activation of both
VNP40101M and 101, but did not decrease sensitivity to
methyl isocyanate- or 2-chloroethyl isocyanate-generat-
ing compounds, which do not act through alkylation of
DNA at the O6-position of guanine. These findings
support the concept that the antineoplastic effects of
VNP40101M are due to its capacity to react with the
O6-position of guanine in DNA and therefrom generate
crosslinked DNA.

The results also provide evidence that methyl isocy-
anate, which is produced by the activation of
VNP40101M, contributes to the efficacy of this agent.
Thus, in both cell lines expressing AGT, VNP40101M
was more toxic than 90CE, which also produces identi-
cal products that alkylate the O6-position of guanine in
DNA, but does not cogenerate methyl isocyanate. While
VNP40101M and 90CE were essentially equitoxic to
CHO/AA8 parental (data not shown) and CHO/VEC8
cells, both of which lack AGT activity, a differential
cytotoxicity was seen with CHO/AGT 10-1 cells, which
expressed a relatively low level of AGT, an observation
that would be predicted if the methyl isocyanate com-
ponent of VNP40101M were capable of inhibiting AGT
activity or other enzymatic components involved in
DNA repair.

Studies with drug combinations demonstrated that
101MDCE, which generated only methyl isocyanate,
synergized with 90CE, which produced the same chlo-
roethylating species formed by activation of
VNP40101M, in all of the cell lines. Although the syn-
ergism exhibited by the combination of 101MDCE and
90CE in CHO/AGT 10-1 and CHO/AGT 38-4 cells may
be the result of the alkylation of the O6-position of
guanine in DNA by products derived from 90CE, cou-
pled with the inhibition by methyl isocyanate, produced
from 101MDCE, of the repair of this lesion by AGT, this
mechanism cannot explain the synergism produced in
CHO/VEC8 cells, which are devoid of AGT. It is likely,
therefore, that methyl isocyanate causes other effects in
these vector-transfected cells, as well as in AGT-con-
taining cells; this assumption is not unreasonable since
isocyanates have been shown to react with thiol and
amine functionalities on proteins. Thus, various studies
have documented the ability of isocyanates to inhibit
enzymes such as DNA polymerase, DNA ligase, caspase,
and thiol-containing enzymes such as glutathione
reductase, ribonucleotide reductase, and thioredoxin
reductase [18, 19, 20]. In support of these interpretations
are our observations that benzylguanine, a known
inhibitor of AGT, is capable of sensitizing AGT-
expressing CHO cells to drugs that alkylate the O6-po-
sition of guanine in DNA, but does not sensitize CHO/
VEC8 cells which do not express AGT (data not shown).

Recently, we have demonstrated in cell-free systems
using purified AGT that methyl isocyanate is a potent

inhibitor of AGT at micromolar concentrations [17].
The addition of naked T5 DNA to the AGT-containing
system markedly inhibited the spontaneous loss of AGT
activity during incubation, which occurred due to
instability of this protein. In addition, the binding of
AGT to DNA strongly impaired the inactivation of
AGT by 101MDCE, suggesting that in intact cells the
interaction of AGT with DNA may minimize the effec-
tiveness of methyl isocyanate-generating prodrugs as
inactivators of AGT.

In summary, while the precise mechanism(s) by which
methyl isocyanate enhances the cytotoxicity of 90CE is
unclear, it is important to stress that the activation of
VNP40101M through decomposition simultaneously
produces two synergistically interacting components
that are involved in the antineoplastic action of this
agent.
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