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ABSTRACT. O°Benzylguanine (BG) is an inactivator of human O®-alkylguanine-DNA alkyltransferase
(AGT) currently undergoing clinical trials to enhance cancer chemotherapy by alkylating agents. Mutant forms
of AGT resistant to BG in vitro were expressed in CHO cells to determine if they could impart resistance to
killing by the combination of BG and 1,3-bis-(2-chloroethyl)-1-nitrosourea (BCNU). All the BG-resistant
mutant proteins tested (P140A, P140K, P138M/V139L/P140K, G156A, P140A/G160R, and G160R) showed a
reduced rate of reaction with methylated DNA substrates in vitro. However, when expressed in equal amounts
in CHO cells, mutants P140A, P140K, P138M/V139L/P140K, and G160R gave levels of protection from the
chloroethylating agent BCNU equivalent to that of wild-type AGT. This indicates that a 10-fold reduction in
rate constant did not prevent their ability to repair chloroethylated DNA in the cell. AGT activity was readily
lost when CHO cells expressing wild-type AGT were exposed to BG or its 8-oxo metabolite (O°®-benzyl-8-
oxoguanine), but cells expressing mutants P140A or G160R required 30-fold higher concentrations and cells
expressing mutants P140K or P138M/V139L/P140K were totally resistant. When cells were treated with 80 pM
BCNU plus BG or 8-0x0-BG, those expressing wild-type AGT were killed when inhibitor concentrations of up
to 500 uM were used, whereas cells expressing P140K or P138M/V139L/P140K showed no effect, and cells
expressing P140A or G160R showed an intermediate resistance. These results suggest that: (i) appearance of
BG-resistant mutant AGTs may be a problem during therapy, and (ii) the P140K mutant AGT is an excellent
candidate for gene therapy approaches where expression of a BG-resistant AGT in hematopoietic cells is used
to reduce toxicity. BIOCHEM PHARMACOL 58;2:237-244, 1999. © 1999 Elsevier Science Inc.
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Inactivation of the DNA repair protein AGTT by BG has
been shown in animal models to enhance the cancer
chemotherapeutic effects of chloroethylating agents such as
BCNU and methylating agents such as temozolomide
[1-4]. Phase I clinical trials of this approach have indicated
that adequate suppression of AGT occurs to permit the use
of BG to test the hypothesis that AGT is a significant factor
in resistance to these drugs [3, 5-7]. However, the myelo-
suppression produced by these alkylating agents was en-
hanced by BG treatment, and it remains possible that the
reduction in dose necessitated by this toxicity may limit the
value of such chemotherapy. It is also possible that effective
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use of BG to treat primary tumors may lead to an increase
in secondary tumor formation, as this is a well-known
consequence of successful therapy by alkylating agents
[8-10].

A second problem with the development of BG as a
therapeutic agent may be the appearance of BG-resistant
forms of AGT due to either selection of pre-existing
resistant forms or the generation of such forms because of
the mutagenic activity of the therapeutic alkylating agents.
As described below, several such resistant forms have been
isolated by site-directed mutagenesis or by screening for BG
resistance in mutated AGT cDNA libraries expressed in
Escherichia coli. The purpose of the experiments described in
the present paper was to determine if these BG-resistant
AGT mutants were fully active in repairing DNA in a
mammalian cell background.

Although these BG-resistant AGT mutants may neces-
sitate the development of additional inhibitors if they are
fully active, a highly active and potent BG-insensitive
mutant protein would be very useful for gene therapy



238

approaches to preventing the hematopoietic toxicity of
alkylating therapy. Expression of such a mutant form of
AGT in bone marrow stem cells would allow the use of
higher doses of BG plus alkylating therapy. A considerable
number of BG-resistant mutant AGTs have been identified
[11-16]. Selection of the most appropriate mutant for use in
such gene therapy approaches is of obvious importance.

[t should be noted that the Phase I clinical trials of BG
have shown that this drug is modified extensively to the
8-oxo derivative, which is much longer lived in the body
than BG itself [6, 7]. This metabolite, 8-oxo-BG, is practi-
cally as active as BG in inactivating wild-type AGT in vitro
[17], and it appears likely that the metabolite contributes
substantially to the inactivation of AGT in patients treated
with BG. Therefore, when selecting useful mutants for gene
therapy, in addition to the obvious considerations of
stability, activity, and resistance to BG it is essential that
the resistance also is sustained when 8-0x0-BG is used as an
inactivator.

Several mutants of human AGT that were resistant to
inactivation by BG were found by screening mutations
introduced by site-directed mutagenesis. These include
P140A, G156A, and G160R [12, 13]. The resistance of the
P140A and G156A mutants may be explained by steric
effects limiting the size of the binding pocket for BG [18,
19]. The observation that the combination of these two
mutations to form P140A/G156A led to an even more
resistant form [12] is consistent with this hypothesis, but
the very poor stability and activity of the P140A/G156A
mutant render it unlikely to be optimal for approaches
involving gene therapy. Although encouraging results with
this mutant were reported by one group [20, 21], this
protection was not observed in studies by others, although
the P140A mutant was effective [22]. In fact, even the
G156A mutant AGT, which has shown promising results
in preliminary experiments aimed at expression in the bone
marrow [23-25], appeared to be less active than wild-type
AGT when expressed in mammalian cells [26]. When
transfected CHO cells expressing equal AGT activities
were compared, a much larger amount of AGT protein was
present in cells expressing the G156A mutant compared
with the wild-type protein [26]. This suggests that the
G156A protein is not fully active and/or is incorrectly
folded.

The resistance of the G160R mutant is more likely to
arise from a different mechanism than steric limitation of
the active site, since the even more bulky alteration in the
G160W mutant did not lead to BG resistance [13, 27]. It
has been suggested that the presence of the charged
arginine residue disrupts a hydrophobic binding site for the
BG [13]. One objective of the experiments described in this
paper was to examine whether AGTs rendered resistant to
BG by this mechanism were more suitable for use to protect
cells deficient in AGT.

More recent studies have identified BG-resistant mu-
tants, using a screening procedure in which libraries of
plasmids containing random alterations to the AGT se-
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quence are expressed in bacteria [14-16]. Such proteins can
provide resistance to an E. coli strain deficient in endoge-
nous AGT and, by carrying out the selection in BG-
permeable strains and in the presence of BG, resistant
mutants were identified. Many of these mutants contain
multiple mutations, and it is possible that several alter-
ations contribute to the resistance. However, even the
single alteration in mutant P140K rendered AGT totally
resistant to BG [16]. It is possible that this mutation
combines both the steric limitation caused by mutating this
proline and the disruption of the hydrophobic binding
pocket by the charged side chain of the lysine. The present
experiments, therefore, were designed to test whether these
mutant AGT molecules retained full activity and resistance
to BG and 8-0x0-BG when expressed in mammalian cells
and whether multiple mutations provide any advantage
over such single alterations.

MATERIALS AND METHODS
Materials

BG and 8-0x0-BG were synthesized as previously described
[28, 29] and were provided by Dr. R. C. Moschel (National
Cancer Institute-Frederick Cancer Research Development
Center). BCNU was obtained from the Drug Synthesis and
Chemistry Branch, Division of Cancer Treatment, Na-
tional Cancer Institute. N-[methyl-’H]N-Nitrosourea was
purchased from Amersham, Inc.

Oligodeoxynucleotides were purchased from GIBCO-
BRL Life Technologies, Inc. Other reagents for molecular
biology, cell culture, and AGT assays were obtained from
GIBCO-BRL Life Technologies, the Sigma Chemical Co.,
Atlanta Biologicals, New England Biolabs, Perkin Elmer/
Cetus, and Promega.

Plasmid Constructions

The recombinant AGT mutant proteins (except for C145A
and R128A) were expressed in E. coli using the pQE-30
vector, which adds a 12-amino-acid sequence
[MRGS[H],GS-] to the amino terminus of the AGT
protein allowing purification by immobilized metal affinity
chromatography [13, 16]. The C145A and R128A mutant
proteins were expressed without the (His)q-tag from the
pIN vector and purified as previously described [11, 30].
The plasmid pCMV-Neo-Bam was used to express human
AGT and its mutants under the control of a CMV
promoter in CHO cells [26]. The original plasmid con-
tained a single BamHI site for the insertion of the expressed
cDNA. The plasmid pPCMV-AGT containing the wild-type
AGT sequence was mutagenized to convert the BamHI site
at the 3" end of the inserted cDNA sequence to an Nhel site
to facilitate the further constructions.

The pCMV-G160R plasmid was constructed by polymer-
ase chain reaction (PCR) using Pfu polymerase and pQE-
30-G160R as template DNA. The 5’ primer for the PCR
[which eliminates the (His)s tag sequence and regenerates
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the normal AGT sequence at the amino terminus] was
5'"-CTCACTATAGGATCCAAAATGGACAAG-
GAT-3’" with a BamHI site (underlined type) preceding the
start codon (bold type). The 3’ primer was
5'-GGATCTATCAACAGGAGTGCTAGCTCAGC-
3’ which was designed to create the underlined Nhel
restriction site. (The use of this primer introduces 9
additional restriction sites from pQE-30 into the pCMV
vector.) The fragment obtained by cutting this PCR prod-
uct with BamHI and Nhel then was inserted into pCMV-
AGT cut with the same enzymes to form pCMV-G160R.

The pCMV-P140K and the pCMV-P138M/V139L/
P140K plasmids were made by replacing the 422-bp section
of the AGT coding region in pCMV-GI160R located
between the EcoNI (located at position 99 in the coding
region) and Agel (located at 521) sites. The entire AGT
protein-coding region for all plasmids was sequenced to
ensure that no additional mutations were present.

Cell Culture

CHO cells were grown in a-MEM containing 36 mM
NaHCOs5, 10% fetal bovine serum, 100 U/mL of penicillin,
and 100 wg/mL of streptomycin. Cells were maintained by
seeding at 2.5 X 10° cells/75-cm? flask at weekly intervals.
The CHO clones expressing AGT or its mutants were
grown in the presence of 0.5 mg/mL of geneticin (GIBCO-
BRL) to prevent the loss of the plasmids.

Transfection and Selection Procedure

The plasmids described above were used for the transfection
of CHO cells to obtain clones expressing the mutant forms
of AGT essentially as previously described for selection of
CHO cells expressing the AGT mutant GI156A [20].
Briefly, CHO cells were transfected using Lipofectin
(GIBCO-BRL) according to the manufacturer’s protocol
for stable transfection of adherent cells using 5 wg DNA
and 10 wL Lipofectin. Cells were incubated for 5 hr, and
then the medium was replaced with the growth medium.
After 24 hr, cells that had taken up the plasmid were
selected with geneticin at a final concentration of 1 mg/mL.
Clones from individual cell colonies were isolated, exam-
ined for the level of AGT protein expression, and used for
further experiments. A control clone was also established
using the pCMV vector plasmid without an insert coding
for AGT.

Cytotoxicity Assay

The colony-forming ability of cells was determined using a
colony-forming assay [26]. The CHO cells were plated using
10° cells/25-cm? flask and grown for 24 hr. Cells were
incubated for 2 hr with different concentrations of freshly
prepared solutions of BCNU. (The BCNU was first dis-
solved in absolute ethanol at a concentration of 8 mM,
then diluted with the same volume of PBS, and applied
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immediately to the cells.) The medium was replaced with
fresh medium, and the cells were left to grow for an
additional 16—18 hr. Then the cells were replated at
densities of 100-1000 cells/25-cm? flask and grown for 7—8
days until discrete colonies could be stained and counted.
The colonies were washed with 0.9% saline solution,
stained with 0.5% crystal violet in ethanol, and counted.
The plating efficiency for CHO cells not treated with drugs
was about 50%. In experiments to assess the effect of AGT
inactivation on sensitivity to killing by BCNU, cells were
treated with BG or 8-0x0-BG 2 hr before exposure to 80
pM BCNU. Then the medium was replaced with fresh
medium containing the AGT inhibitor. The AGT inhibi-
tor was added to the medium with which the cells were
incubated for 1618 hr after treatment with BCNU to
ensure that inhibitor was present during the entire period in
which DNA adducts formed by BCNU at the O%-position
of guanine existed in the cell [4, 31].

AGT Purification and Activity Assays

The mutant AGT proteins were purified to homogeneity
using immobilized metal affinity chromatography as previ-
ously described [13].

The rate of repair of methylated DNA was determined by
incubating the protein for various time periods at 37° with
a [’H]methylated DNA substrate prepared by reaction of
calf thymus DNA with N-[methyl->’H]N-nitrosourea and
calculating the second-order rate constant [32]. This was
determined by measuring the appearance of the [’H]methyl-
ated AGT at various time points using concentrations of
AGT protein determined in preliminary experiments to
give readily measurable rates under the assay conditions.
The reaction mixture (1 mL) for each time point contained
AGT (4.5 X 10719 M wild type, 2.7 X 1077 M P140A,
6.5 X 1077 M PI140K, 3.8 X 107 M PI138M/V139L/
P140K, 4.5 X 107° M GI160R, 2.5 X 1077 M PI140A/
GI160R, 5.1 X 107 M G156A, or 9.1 X 107" M R128A),
3.6 X 1071 M O°[PH]methylguanine in [H]methylated
DNA substrate, and 50 pg of unlabeled calf thymus DNA
in a buffer containing 50 mM Tris-HCI (pH 7.6), 5 mM
dithiothreitol, and 0.5 mM EDTA.

The rate constant was determined by the following
equation

K, =1/C3 = CY - In[CR(CY — CHICACE — CI

where C! is the initial concentration of the AGT protein,
CY is the initial concentration of the methylated DNA
substrate, and C_ is the concentration of methylated AGT
formed at a given time t.

The loss of AGT activity in response to BG or 8-0xo-BG
was determined by incubation of purified AGT with the
inhibitor for 30 min at 37° in the presence of calf thymus
DNA. The residual AGT activity then was determined,
and loss of activity was plotted against the drug concentra-
tion. The ECs, value representing the amount of drug
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TABLE 1. Properties of purified AGT mutant proteins

ECso for BG* Rate constant

Mutant AGT (M) (% of wild type)
Wild-type 0.1 1007
P140A% 4 42
P140K§ > 1200 10
P138M/V139L/P140K§ > 1200 10
G160R! 4.5 17
P140A/G160R 65 13
G156A9 60 4
Cl45A% —TT 0
R128A** —t <0.1

*The ECso shown represents the concentration of BG required to produce 50%
inactivation of the AGT content after incubation for 30 min in vitro.

iThe 100% value for wild type was 38 X 10° M™! + min~".

$—**These mutants have been described previously: % [11]; § [16]; I [13]; T [12];
**[30].

F1The ECso cannot be calculated due to insufficient activity of the mutants.

needed to inactivate 50% of the AGT activity during the
30-min incubation was determined from these graphs.
There was no significant loss of AGT activity on incuba-
tion under these conditions in the absence of drug.

Inactivation of Cellular AGTs by BG or 8-ox0-BG

Inactivation of AGT by BG or 8-0x0-BG was determined
in cells that reached about 80% confluence after 4 hr of
exposure to the AGT inhibitor. Cells were harvested and
washed with PBS, and the cell pellets were stored at —80°
until assayed. Cell extracts were prepared as previously
described [26], and residual AGT activity was measured by
incubation for 30 min at 37° with the "H]methylated DNA
substrate and either measuring the loss of O°-methylgua-
nine from the substrate DNA after DNA hydrolysis and
HPLC separation of the bases [28] or by measuring the
[PH]lmethylated protein formed, which was collected on
nitrocellulose filters [16]. The results were expressed as the
percentage of the AGT activity present in the control cells
to which no drugs were added.

Western Blot Analysis

The expression of R128A, C145A, P140K, and P138M/
V139L/P140K proteins in transfected CHO cells was deter-
mined using immunoblots. After SDS-PAGE in 12.5%
acrylamide gels, the protein immobilized on the nitrocellu-
lose membrane was determined with a Vistra ECF Western
Blotting Kit (Amersham) using antibody MAP-1 [33]. The
intensity of chemiluminescence was measured using a
Fluorlmager (Molecular Dynamics).

RESULTS

Several novel mutations in the human AGT sequence have
been described recently that lead to a reduced sensitivity to
inactivation by the drug BG. Some of these mutations are
summarized in Table 1. The mutations P140A and G160R
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produced a moderate increase in resistance to BG (40- to
45-fold), whereas the mutations G156A and the double
mutation P140A/G160R (not described previously) gave a
greater increase (600- to 650-fold). However, the greatest
effect was obtained with mutant P140K and the triple
mutant P138M/V139L/P140K, which include the proline
to lysine change in P140K, giving a > 12,000-fold increase
in resistance. It is noteworthy that the combination of the
P140A and G160R mutations increased the resistance to
BG substantially over either mutation alone. However, the
P140A/G160R double mutant was still much less resistant
to BG than the P140K single mutant.

Although these BG-resistant mutant AGT proteins are
clearly active in bringing about the removal of methyl
groups from O°-methylguanine in DNA, the mutations did
reduce the rate of repair of methylated DNA substrates.
When the rate constant for the reaction was measured, it
was found that this was decreased by a factor of 2.5 (for
P140A) up to 25 (for G156A) (Table 1).

To test the ability of the BG-resistant P138M/V139L/
P140K, P140K, and G160R AGT mutants to protect CHO
cells from alkylating agents, the cDNAs were placed in an
expression vector under the control of the CMV promoter,
and the plasmids were transfected into CHO cells. Clones
were isolated, and the AGT protein expression was ana-
lyzed by western blot analysis (results not shown). Clones
representing all of these mutants, the wild-type AGT, and
two inactive AGT mutants (C145A and R128A) that had
similar levels of AGT protein were selected and used for
further experiments, in which they were compared with
CHO cells containing the pCMV plasmid without an
insert. Except for the C145A and R128A mutant AGTs
that lack activity in vitro (Table 1), all of the clones selected
on the basis of a similar level of AGT protein expression
had a similar level of AGT activity when this was tested
using crude cell extracts with methylated DNA substrates
in reactions that were run to completion (30 min).

As previously reported, CHO cells, which lack detect-
able levels of endogenous AGT expression, are very sensi-
tive to killing by BCNU (<0.1% survival at 40 pM
BCNU). The expression of the wild-type AGT and the
mutant AGT proteins P140A or G156A protected these
cells from BCNU [26]. As shown in Fig. 1, the expression
of the P140K, P138M/V139L/P140K, or G160R mutant
AGT proteins also protected the cells to about the same
extent as wild-type AGT. These results indicate that the
reduction in the rate of repair of DNA by these AGT
mutants (shown in Table 1) does not prevent them from
ameliorating the toxic effects of BCNU when expressed in
CHO cells. However, the protection clearly is due to the
ability of the AGT protein to repair alkylated DNA, since
no significant protection was provided by the mutants
C145A and R128A (Fig. 1). The C145A mutant is totally
inactive, since the cysteine acceptor site for the alkyl group
is removed [11], and the R128 A mutant has a reduction of
more than 1000-fold in the rate constant for DNA repair
due to a reduced ability to bind to DNA [30].
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FIG. 1. Ability of BG-resistant AGT mutants to protect CHO
cells from killing by BCNU. CHO clones expressing similar
levels of wild-type, R128A, P140K, C145A, G160R, or
P138M/V139L/P140K mutant AGTs were treated with the
concentration of BCNU shown for 2 hr, and the survival was
measured. Results are shown as the means = SD for at least 5
estimations.

The AGT activity present in the CHO cells transfected
with wild-type AGT was highly sensitive to inactivation by
either BG or its 8-oxo-derivative, and more than 90% of
the activity was lost with 10 wM levels of the inhibitors
(Fig. 2 and Table 2). In contrast, there was no loss of
activity at all in the CHO cells transfected with the
P138M/V139L/P140K and P140K mutant AGTs even
when 200 pM was used. The AGT activity in the cells
expressing the G160R and P140A mutants was reduced by
BG and 8-0xo-BG, but only when considerably higher
concentrations were used than were needed to inhibit the
wild-type AGT (Fig. 2). The ECsy values for the loss of
AGT activity in these cells were increased by 25- to 30-fold
over those for cells expressing wild-type AGT (Table 2).

120

100 g
sof
60|
405

20}

% AGT activity remaining

P T S SR RS S SR B T Y

0 50 100 150 200 250
0°%-Benzylguanine or 8-oxo-O°-benzylguanine (LM)

FIG. 2. Loss of AGT activity in CHO cells expressing wild-type
and mutant AGTs upon treatment with BG or 8-0xo-BG. CHO
clones expressing similar levels (11 pmol/mg protein) of wild-
type, P140A, P140K, G160R, or P138M/V139L/P140K mu-
tant AGTs were treated with the concentration of BG (open
symbols) or 8-0x0-BG (closed symbols) shown for 4 hr, and the
residual AGT activity was measured. Results are shown as the
means * SD for at least 4 estimations.
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TABLE 2. Sensitivity of AGT activity in CHO cells
expressing mutant AGTs to inactivation by BG or 8-0x0-BG

ECso* (M) in CHO cells treated with:

Mutant AGT BG 8-0x0-BG
Wild-type 0.67 0.4
P140A 15+ 13
P140K >>200 >>200
P138M/V139L/P140K >>200 >200
G160R 16 13
G156A 30t ND

*The ECso represents the concentration of compound required to produce 50%
inactivation of the AGT content after exposure for 4 hr. This value was determined
from graphs in Fig. 2 of cellular AGT activity remaining as a function of
concentration of BG or 8-0xo-BG.

FPreviously published [26].

This increase was slightly less than the 50-fold increase
seen with mutant G156A that was reported previously [26].

To test the effects of BG on the protection of CHO cells
from BCNU by mutant AGTs, the cells were treated with
80 wM BCNU and differing concentrations of BG (Fig.
3A). More than 99% of the cells expressing wild-type AGT
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FIG. 3. Effect of treatment with BG or 8-0x0-BG on survival of
CHO cells expressing wild-type and mutant AGTs after treat-
ment with BCNU. CHO clones expressing similar levels of
wild-type, P140A, P140K, G160R, or P138M/V139L/P140K
mutant AGTs were treated with 80 wM BCNU and the
concentration of BG (panel A) or 8-0x0-BG (panel B) shown,
and the survival was measured. Results are shown as the
means * SD for at least 6 estimations.
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were killed by 80 wM BCNU when 100 uM or higher
concentrations of BG were used. All of the BG-resistant
mutants tested allowed survival in the presence of much
higher concentrations of BG. In fact, there was no signifi-
cant reduction in cell viability with BG at 500 uM when
cells expressing P140K or P138M/V139L/P140K mutant
AGTs were used. These mutants were more effective than
either P140A or G160R (Fig. 3A).

Essentially similar results were seen when the cells were
treated with 8-0xo-BG instead of BG (Fig. 3B). The cells
expressing P140K or P138M/V139L/P140K were unaffected
by 200 pM 8-0x0-BG (the highest concentration that
could be tested due to the limited solubility of 8-0xo-BG).
Mutants P140A and G160R were less effective but still
provided substantial protection, whereas the ability of
wild-type AGT to protect from 80 uM BCNU was lost
completely with 100 uM 8-oxo-BG (Fig. 3B).

DISCUSSION

Our studies have examined in more detail the properties of
human AGT mutants reported to be resistant to BG
[11-13, 16]. Although the initial studies showed no reduc-
tion in the activity of these mutants towards methylated
DNA, the AGT reaction is normally very fast and is
stoichiometric in the sense that one molecule of protein
can repair only one molecule of a DNA lesion. The
standard assays of AGT activity, therefore, do not normally
measure the rate of methyl transfer and, unless the activity
is so greatly impaired that complete repair does not occur
during the assay period, alterations would not be detected.
The more detailed studies involving the measurement of
the rate constants carried out here and shown in Table 1
provide evidence that all of the BG-resistant human AGT
mutants show a reduced rate of repair of methylated DNA.
This reduction presumably also applies to the repair of
OS-chloroethylguanine, which represents the primary le-
sion acted upon by AGT to prevent the toxicity of
chloroethylating agents such as BCNU [34, 35], although
the chemical instability of this adduct prevents direct
investigation of this process. However, the results presented
here in Fig. 1 and previous results for mutants P140A and
G156A [26] show that the reduction in rate constant for
DNA repair does not prevent the BG-resistant mutant
AGTs from providing protection equal to that of wild-type
AGT in resistance of CHO cells to BCNU.

These results suggest that the reduced rate of repair is not
a critical factor in limiting the effectiveness of AGT to
prevent the formation of lethal interstrand cross-links in
DNA [31, 36]. There is good evidence that the key lesion
in cell killing by chloroethylnitrosoureas is an interstrand
cross-link between guanine and cytosine on the opposite
strand of DNA. This adduct is formed by an intramolecular
rearrangement from O°-chloroethylguanine to form 1,0°-
ethanoguanine which, in turn, reacts with the opposite
cytosine to form the 1-(3-cytosinyl)-2-(1-guanyl)ethane
cross-link [34-36]. This process takes several hours to
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complete, and both the initial O%-chloroethylguanine and
the 1,0%ethanoguanine are substrates for AGT. The wild-
type AGT repair action is extremely fast compared with the
rate of chemical reaction of the O°-chloroethylguanine
described above and with the rate of cell division in CHO
cells, so that it appears that the reduction in rate seen with
the mutants does not interfere significantly with AGT-
mediated protection.

A potential problem with BG-resistant mutants that
were selected on the basis of studies of recombinant
proteins expressed in E. coli is that they may not localize
correctly to the nucleus when expressed in mammalian
cells. Very little is known about the factors needed to direct
AGT to the nucleus, although preliminary evidence of a
possible nuclear recognition sequence located at positions
124128 has been described [37]. Our results provide good
evidence that none of the mutations imparting BG resis-
tance prevents the action of AGT on nuclear DNA
adducts.

Our results also indicate that it is likely that the
BG-resistant mutants studied are correctly folded and
reasonably stable in mammalian cells. All of the experi-
ments were carried out with clones that gave levels of
protein and AGT activity similar to those of wild-type
AGT. Although we did not directly measure the half-life of
the AGT protein in the cell, it is unlikely that this is greatly
different between the mutants and the wild type, since it
was quite easy to select clones that had similar levels of
expression. If any of the mutants was degraded much more
rapidly than the wild-type AGT, a much greater synthesis
rate would be needed to obtain a similar steady-state level
of protein.

It may be noted that in past studies carried out with
mutant G156A expressed in CHO cells, when clones with
similar levels of AGT activity were selected, the amount of
AGT protein detected by western blotting was much
greater in this G156A clone than in the wild type [26].
These results suggest that the mutant G156A is less active
than wild-type AGT in repairing cellular DNA. This could
be due both to the reduced rate constant [which was
decreased by 25-fold (Table 1), a larger reduction than that
of any of the other BG-resistant mutants tested] and also to
the instability or incorrect folding of part of the G156A
protein in the cell.

Despite these problems with the G156A mutant, exper-
iments by Gerson and colleagues have shown that its
expression from a retroviral vector is quite effective in
protecting mouse and human hematopoietic cells from the
toxicity of BCNU plus BG [23-25]. The P140A mutant
AGT has also been found to be active in such experiments
[22]. However, neither of these mutants nor mutant G160R
gave a maximal level of protection from BG and 8-oxo-BG
in CHO cells (Fig. 3 and Ref. 26). It is possible that the
level of protection afforded by mutants P140A and G160R
is adequate to allow survival from the physiologically
attainable doses of BG and BCNU. These mutants do also
have the possible advantage that the rate constant for
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repair is reduced by only 2.5- to 5-fold. However, our results
show that the P140K AGT mutant is a logical choice for
continued study of such gene therapy to enhance the
tolerance to treatment with alkylating agents plus BCNU.
This mutant gave equal protection from BCNU as wild-
type and P140A AGT in CHO cells expressing the same
level of protein, and this protection was unaffected by BG
and 8-0x0-BG at all concentrations tested.

The alternative approach of using AGT mutants with
multiple mutations to achieve greater BG resistance raises
the increased possibility that protein stability and folding
will be a limiting factor and may also render the expressed
AGT more likely to elicit an immune response. Although
Margison and colleagues [20, 21, 38] have reported that the
double mutant P140A/G156A was active in protecting
K562 cells and human bone marrow cells transduced with a
retroviral vector, this mutant was not effective in other
studies by another group [22]. In our experiments, which
first identified the BG resistance of this double mutant [12],
its limited stability and activity suggested that it would not
prove suitable for expression studies.

The P140K mutant has a >> 1000-fold increase in
resistance to BG and 8-oxo-BG when expressed in either
CHO cells (Table 2) or in vitro (Table 1 and results [for
8-0x0-BG] not shown). Despite a 10-fold reduction in
reaction rate in repairing methylated DNA, this mutant
was as active as wild-type AGT in conferring protection
from BCNU on CHO cells, and this protection was
unaffected by BG or 8-0x0-BG at all concentrations tested.
These results suggest that the P140K mutant AGT should
be tested for use in gene therapy approaches to enhance the
therapeutic effectiveness of BG combined with BCNU or
with temozolomide.

Although no BG-resistant AGT mutants have yet been
reported to arise in tumors treated with BCNU plus BG, our
results emphasize that such resistance is potentially a
significant problem in the use of BG for cancer chemother-
apy. Efforts to provide inactivators of the resistant mutants
would be greatly aided by determination of the crystal
structure of wild-type and BG-resistant AGTs. Such studies
are in progress. One approach that shows some promise is to
use short oligodeoxynucleotides as inactivators. Preliminary
studies have shown that the binding of these molecules to
mutant AGTs presents the benzyl group in a favorable
configuration for reaction even with the moderately BG-
resistant mutants such as G156A and P140A [39]. How-
ever, it remains to be seen if this approach will be able to
provide good inhibitors of the mutants, such as P140K,
which are shown here to be totally unaffected by BG.

This research was supported, in part, by Grants CA-18137, CA-
57725, and CA-71976 from the National Cancer Institute.
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