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Applied molecular evolution is a rapidly developing technology
that can be used to create and identify novel enzymes that nature
has not selected. An important application of this technology is the
creation of highly drug-resistant enzymes for cancer gene therapy.
Seventeen O6-alkylguanine-DNA alkyltransferase (AGT) mutants
highly resistant to O6-benzylguanine (BG) were identified previ-
ously by screening 8 million variants, using genetic complementa-
tion in Escherichia coli. To examine the potential of these mutants
for use in humans, the sublibrary of AGT clones was introduced to
human hematopoietic cells and stringently selected for resistance
to killing by the combination of BG and 1,3-bis(2-chloroethyl)-1-
nitrosourea. This competitive analysis between the mutants in
human cells revealed three AGT mutants that conferred remark-
able resistance to the combination of BG and 1,3-bis(2-chloroethyl)-
1-nitrosourea. Of these, one was recovered significantly more
frequently than the others. Upon further analysis, this mutant
displayed a level of BG resistance in human hematopoietic cells
greater than that of any previously reported mutant.

human gene therapy u O6-alkylguanine u 1,3-bis(2-chloroethyl)-1-
nitrosourea

Recent advances in directed molecular evolution enable the
production of large libraries of randomized enzymes. These

libraries can contain nucleotide sequences that encode active
enzymes that nature has not selected. Entire genes or sequences
within a gene can be randomized by multiple techniques, in-
cluding substitution with random nucleotide oligomers, error-
prone PCR, or methods involving in vitro recombination be-
tween homologous sequences (1–4). Enzymes with improved
activity then can be identified by genetic complementation or
high-throughput screening. Mutant enzymes created in this
manner include herpes simplex virus thymidine kinase (5),
glutathione S-transferase (6), thymidylate synthase (7), and
O6-methylguanine-DNA methyltransferase (MGMT) (8–11). In
these examples, selected mutants possessed altered substrate
specificity, increased catalytic activity, or improved inhibitor
resistance, resulting in proteins with more favorable character-
istics for gene therapy.

In this report, we sought to identify novel human MGMT
sequences that provide resistance to the clinically relevant
combination of O6-benzylguanine (BG) and 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU) in human hematopoietic
cells. The wild-type (wt) O6-alkylguanine-DNA alkyltransferase
protein (AGT), encoded by the MGMT gene, repairs O6-guanine
alkylation damage formed by a variety of methylating agents
[e.g., N-methyl-N9-nitro-N-nitrosoguanidine (MNNG) and the
therapeutic agent temozolomide] and clinically used chloroethy-
lating agents such as BCNU. During DNA repair, the transfer of
the alkyl adduct from DNA to a reactive cysteine within AGT
inactivates the protein (12–14). The pseudosubstrate BG also
reacts with the active-site cysteine to inactivate AGT. BG

potentiates alkylating agent toxicity to tumors by depletion of
AGT. BG currently is in clinical trials for combination use with
BCNU (15).

The dose-limiting toxicity of alkylating agent chemotherapy is
myelosuppression, as hematopoietic cells have low endogenous
AGT levels. Because BG enhances the myelosuppressive effect
of alkylating agents (15, 16, 18, 19)i, mutant AGTs that are
resistant to BG inactivation are candidates for gene therapy-
mediated protection of hematopoietic cells. Mutant versions of
AGT have been identified that are resistant to BG inactivation
(9, 10, 20–24), and hematopoietic gene transfer of some of these
mutants has been shown to protect mice from BG and alkylating
agent toxicity (17, 25, 26). Effective MGMT gene therapy into
hematopoietic cells requires the use of AGT proteins that remain
active in concentrations of BG that inactivate wt AGT to ensure
that hematopoietic cells are protected from BG at concentra-
tions that deplete AGT in tumors and thus enhance sensitivity
to alkylating agents. A second application of BG-resistant
MGMT gene transfer is for in vivo selection of transduced cells.
The sensitivity of hematopoietic stem cells to BG and BCNU
provides powerful in vivo selection pressure favoring the prolif-
eration of BG-resistant MGMT-transduced hematopoietic cells
in treated individuals (17, 19).

From an initial library of 8 million randomized MGMT
sequences, we selected 17 highly BG-resistant mutants in Esch-
erichia coli (8–10). Because proteins may exhibit differential
stability, folding characteristics, and compartmentalization in
bacteria vs. human cells, we evaluated the survival of a human
hematopoietic cell line harboring these mutants. The sublibrary
of 17 mutants was introduced en masse to the human cells by
retroviral gene transfer, and, after transduction, the sublibrary
was selected under high-stringency BG plus BCNU for surviving
clones. These experiments identified a single mutant AGT that
was most effective in protecting hematopoietic cells.

Materials and Methods
Generation of Randomized AGTs. Using random mutagenesis, a
large library (1.5 3 106 clones) of AGTs containing mutations
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downstream from the active-site cysteine (amino acids 150–172)
was selected for dual resistance to MNNG and BG, from which
nine clones highly resistant to the two compounds were identi-
fied (10). Rational screening of other constructed mutants
identified three additional clones resistant to BG (L.P.E. and
L.A.L., unpublished data). A separate library of mutants (6.5 3
106 clones) containing upstream substitutions (amino acids
137–149) also was used to identify mutant AGTs resistant to BG.
In this library, V139 was fixed as F, the active-site region between
codons 143–147 (IPCHR) was left unchanged, and all other
residues in the region were randomized (9). Among 37 mutants
selected from this library that were capable of protecting cells
against MNNG, five mutants were highly resistant to BG and
MNNG.

Viral Transduction of K562 Cells. Eighteen MGMT genes, com-
posed of the 17 BG-resistant mutants plus wt AGT, were
subcloned individually into the MFG retroviral vector by using
a unique NcoI site at the 59 end and a BamHI site at the 39 end.
The resultant plasmids were mixed at equimolar ratios and
transfected into Phoenix retroviral producers (kindly provided
by Gary Nolan, Stanford University, Stanford, CA) by using
the calcium phosphate protocol found at www.stanford.eduy
groupynolanyprotocolsypro_helper_dep.html; the transfec-
tion efficiency was 16%. The mixture of recombinant retro-
virus was used to infect the human erythroleukemia cell line,
K562, at a low multiplicity of infection to ensure only one
mutant per cell. Virus produced had a K562 transduction
efficiency of 5%.

BG and BCNU Selection of Random Mutants. In all cases, K562 cells
were exposed to 0–800 mM of BG for 1 h before treatment with
20 mM BCNU for 2 h. In the low-stringency selection, K562 cells
were selected in 10 mM BG plus BCNU, a combination that kills
99% of untransduced K562 cells. After a 2-week recovery period,
the cells were treated with 50 mM BG plus BCNU. In the
high-stringency selection, K562 cells initially were selected in 80
mM BG plus 20 mM BCNU and then 2 weeks later were treated
with 800 mM BG plus 20 mM BCNU. After recovery, a third
treatment of 400 mM BG plus 20 mM BCNU was performed.

Surviving cells were plated in methylcellulose, and individual
colonies were sequenced for MGMT. In the second selection, the
four MGMT sequences were transfected into Phoenix cells in an
equimolar mixture before transduction of K562. Transduced
K562 first were selected in 10 mM BG and BCNU to deplete
untransduced cells from the population and then were treated
further with 200 mM BG and BCNU and, 2 weeks later, with 800
mM BG and BCNU. Surviving cells were plated in methylcel-
lulose, and MGMT in individual colonies was sequenced.

BG and BCNU Resistance. Cells were treated with 0–800 mM BG for
1 h before the addition of 0–80 mM BCNU. After two additional
hours in BG and BCNU, cells were washed free of drug and then
cultured overnight (14–16 h) in fresh medium containing BG at
the initial concentration.

AGT Activity Assay. Alkyltransferase activity was measured as fmol
of labeled methyl released from [3H]MNU-treated substrate
DNA. AGT protein expression levels were determined by West-
ern blotting and were used for normalization of activity. BG
resistance was determined by 30-min incubation of cell extracts
with BG followed by quantitation of alkyltransferase activity.

AGT Protein Stability. Transduced K562 cells were cultured in
complete medium plus 50 mgyml cycloheximide for 0 or 12 h.
The cells then were washed free of drug, resuspended in cell
extract buffer (16), and sonicated. Total protein in the cell
extracts was quantitated, and 20 mg was resolved by SDSyPAGE
(12% gel) and transferred to Immobilon-P nitrocellulose mem-
brane (Millipore). Protein levels were measured by staining with
the human AGT-specific mAb, mt3.1 (kindly provided by T.
Brent and D. Bigner, St. Jude Children’s Research Hospital,
Memphis, TN). Band intensities were determined by averaging
densitometry values for three different exposures. Protein sta-
bility was determined by comparing the 12-h time point to the 0-h
time point.

Results
Transduced K562 cells expressing the randomized MGMT se-
quences were selected in either low-stringency (highest dose, 50
mM BG plus 20 mM BCNU) or high-stringency (highest dose,

Fig. 1. Randomized MGMT library used for competitive BG and BCNU selection. The specific substitutions in each randomized sequence are shown on the left.
Mutants are arranged in order of their frequency after selection. The number in parentheses identifies the MGMT mutant. All mutants were obtained originally
from BG and MNNG selection in E. coli except MGMT-9, MGMT-10, and MGMT-18, which were selected in MNNG alone. MGMT-17 is the wt MGMT sequence
and has no substitutions. The table on the right shows the frequency of recovery for each mutant. Pooled K562 cells expressing individual mutants were selected
in high-stringency conditions (highest dose of 800 mM BG plus 20 mM BCNU) or low-stringency conditions (highest dose of 50 mM BG plus 20 mM BCNU). The column
labeled ‘‘No selection’’ represents the baseline frequency in the library transfected into the retroviral producer cells. Although the library was slightly biased
toward wt MGMT, each of the mutants was represented equally.
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800 mM BG plus 20 mM BCNU) conditions and then plated in
methylcellulose for clonogenic growth as described in Materials
and Methods. After selection, DNA from 55 low-stringency
colonies and 78 high-stringency colonies was isolated and the
MGMT genes were sequenced (see Fig. 1). Wild-type MGMT
was not recovered after either low- or high-stringency selection.
Thirteen of the initial 18 sequences were recovered after low-
stringency selection. MGMT-2 appeared twice as frequently as
the next most frequent sequence, MGMT-11. After high-
stringency selection, only eight of the original 18 sequences were
recovered. MGMT-11 was selected against after high-stringency
selection, suggesting that it had only moderate BG resistance.
Strikingly, sequence MGMT-2 was recovered in 54% of the
clones and was significantly more prevalent than the next two
most common mutants, MGMT-5 (17%) and MGMT-3 (9%)
(P , 0.0001, Fisher’s exact test).

To confirm that the competition experiment identified the
mutant MGMT sequences with the greatest BG and BCNU
resistance, we repeated the experiment with only four mutants
in the mixture. The apparent ‘‘winner’’ from the first experiment,
MGMT-2, was allowed to compete among the two next best
mutants, MGMT-3 and 5, along with a mutant that did not
survive the high-stringency selection but was frequent after
low-stringency selection (MGMT-11). A pool of the four plas-
mids was transfected into Phoenix cells for K562 cell transduc-
tion, and high-stringency BG and BCNU selection was repeated.
MGMT-2 and -5 were recovered significantly more frequently
(52% and 43%, respectively; n 5 21) than MGMT-3 (5%) and
MGMT-11 (0%) (P , 0.05, Fisher’s exact test). These results
demonstrate that selection was reproducible and suggests that
MGMT-2 and -5 conferred the strongest BG and BCNU resis-
tance among the 17 mutant sequences tested.

We next measured BG and BCNU resistance conferred to
K562 by wt MGMT and each of the four mutants, an essential
step in evaluating their potential for drug resistance gene
therapy. Cells were treated with 25 mM BG and increasing doses
of BCNU to establish the BCNU IC90 [Inhibitory concentration
for 90% clonal lethality] in the presence of 25 mM BG. In K562
cells transduced with wt MGMT, the IC90 was '15 mM BCNU,
whereas expression of the mutants enhanced K562 resistance 3-
to 5-fold (Fig. 2A; P , 0.0001, Student’s t test). When the cells
were treated with increasing doses of BG plus a fixed dose of 20
mM BCNU, MGMT-2 and MGMT-5 transduction conferred the
greatest drug resistance (IC90 was 410–500 mM BG; Fig. 2B) and
MGMT-11 transduced cells were less drug resistant (IC90 of 160
mM BG; P , 0.05, Student’s t test). Although concentrations of
BG currently are limited to 25–40 mM in human clinical trials
(15), improvements in dosing and the emerging use of new, more
stable BG derivatives (29–32) may warrant gene transfer of
strongly BG-resistant proteins to improve hematopoietic stem
cell protection.

The mutants were characterized further by using extracts of
K562 cells transduced with these four MGMT sequences. Assays
measuring AGT activity, BG resistance, and protein stability
were performed for each mutant in parallel with wt AGT. The
activities of AGT-2, -3, -5, and -11 were lower than that of wt
AGT by 56–75% (Fig. 3A). Relative to wt AGT, which has a BG
ED50 of 0.2 mM (the dose of BG that causes a 50% reduction in
AGT activity), AGT-11 was strongly BG-resistant, with a BG
ED50 of 160 mM (P , 0.0001, Student’s t test; Fig. 3B). AGT-2,
-3, and -5 were even more BG resistant (P , 0.0001, Student’s
t test), retaining full AGT activity at up to 2 mM BG. Equivalent
resistance has not been reported for any other MGMT mutant.
Additionally, we measured AGT protein stability in K562 cells
exposed to 50 mgyml cycloheximide (Fig. 3C). Whereas AGT-2,

-3, and -5 were approximately as stable as wt AGT, AGT-11 was
significantly less stable (P , 0.005, Student’s t test), with 60%
degradation after 12 h in cycloheximide.

Discussion
Gene transfer of BG-resistant MGMT into hematopoietic cells
protects against myelosuppression induced by the combination
of BG and O6-guanine-targeted alkylating agents (17, 19, 25, 26).
We previously used applied molecular evolution to create and
identify mutant human AGT proteins that are resistant to BG,
yet retain the ability to protect bacteria against killing by
alkylating agents. Here, we report a further improvement in the
evolution of MGMT by directly assaying the competitive survival
of human hematopoietic cells transduced with evolved mutant
MGMT genes after treatment with high concentrations of BG
plus BCNU. This represents a critical next step in the improve-
ment of MGMT, as the eventual application of MGMT gene
transfer is conferring BG and BCNU resistance in human
hematopoietic cells.

Our approach used a two-step selection strategy to facilitate
the analysis of a large library of randomized human AGTs. We
first screened MGMT libraries, totaling 8 million randomized
sequences, in bacteria by using genetic complementation and

Fig. 2. K562 cell survival after BG and BCNU treatment. K562 cells retrovirally
transduced with MGMT-2 (h), MGMT-3 (e), MGMT-5 (E), MGMT-11 (‚), or wt
MGMT (ƒ) were treated with 25 mM BG plus 0–80 mM BCNU in A. Data
represent the mean of four experiments. Retrovirally transduced K562 cells
were treated with 0–800 mM BG plus 20 mM BCNU in B. There was 90–100%
survival of transduced K562 cells at 0 mM BG plus 20 mM BCNU. Data represent
the mean of four experiments (bars 5 SEM).
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followed that with a competitive screen in human cells by using
a pool of the 17 most favorable mutants. In this manner, we
reduced 8 million random MGMT sequences to three strongly
favorable proteins that are stable, functional, and highly resistant
to BG and BCNU in human cells.

A comprehensive analysis of such large libraries would not be
feasible without the bacterial selection, because the introduction
of randomized sequence libraries into human cells is limited by
poor transfection efficiency. In these studies a high percentage
of transfected MGMTs is either inactive or unstable. By initially
selecting the large library in E. coli, both nonfunctional proteins
and active proteins lacking the desired phenotype are elimi-
nated. This smaller pool of sequences is then amenable to
selection in human cells.

The competitive selection not only facilitated the screen of the
randomized MGMT pool but also distinguished small differences
in drug resistance among the mutants. During competitive
selection, cells harboring the most active mutants should exhibit
an increased proliferation rate and expand preferentially in
culture. Clonogenic assays lack competitive survival and, there-
fore, are less sensitive to subtle differences between mutants.
The sensitivity of the competition assay is highlighted by the
recovery of MGMT-2 three times more frequently than MGMT-5
during competitive selection, despite nearly equivalent survival
of the two mutants in clonogenic assays.

The AGT protein tolerates multiple mutations while main-
taining stability, retaining activity, and obtaining BG resistance.
Strong selection seemed to favor proteins with fewer mutations:
the average number of amino acid substitutions was 7.8 after
randomization, 4.8 after bacterial selection, and 4.7 after high-
stringency selection in human cells (P , 0.05, Student’s t test).
Greater numbers of mutations may destabilize the protein,
unless the appropriate compensatory mutations are present.

The high-stringency selection protocol in human cells has
identified specific hot spots. Frequently mutated codons in-
cluded C150, A154, and A170. These codons have not been
implicated previously in the protein’s mechanism for resistance
to BG. Codon Y158 was the most frequently substituted, with
conversions to H (six of eight) or F (two of eight). A single
Y158H mutation was shown recently to possess a BG ED50 of 600

mM, whereas the double mutant, P140KyY158H, showed re-
markable BG resistance, with an ED50 . 1.2 mM (24). The AGT
proteins containing Y158 mutations obtained from our compe-
tition experiments contained 3–5 amino acid substitutions and
had BG ED50 values of greater than 2 mM, establishing that
these mutants are at least as BG-resistant as P140K, the most
BG-resistant single mutant known previously (23). In compar-
ison, mutants containing S152N, which were isolated frequently
after bacterial selection, were selected against in human cells.
One explanation for this may lie in the ability of the protein to
fold in different cellular environments (bacteria vs. human).
Regardless of mechanism, this finding suggests that bacterial
selection alone does not necessarily provide what we eventually
desire: mutants most efficacious in human hematopoietic cells.

Novel combinations of amino acid substitutions appear to be
responsible for the observed extraordinary BG resistance, and,
given our limited knowledge of AGT structure and function,
these sequences could not have been rationally designed. In
addition, the randomization of MGMT eliminated the structural
constraints imposed by the wt neighboring amino acids in natural
evolution, permitting the evaluation of sequences that could
never evolve naturally.

Protein sequences optimized in human cells for stability and
biological activity by applied molecular evolution may augment
the success of human gene therapy. Randomization of gene
sequences can generate enzymes with unique substrate specific-
ities, increased activities, or resistance to specific inhibitors.
Some potential gene therapy-relevant enzymes being explored
for optimization include thymidine synthase, dihydrofolate re-
ductase, glutathione S-transferase, 3-methyladenine-DNA gly-
cosylase, aldehyde dehydrogenase, and ribonucleotide reductase
(27). A comprehensive, competitive evaluation of libraries of
bacterially selected mutants in human cells can identify altered
genes not seen in nature that are potentially more efficacious for
human gene therapy.
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Fig. 3. Comparison of AGT activity (A), BG resistance (B), and protein stability (C) in the mutants AGT-2, -3, -5, and -11 and wt AGT. (A) AGT activity was
determined in extracts from retrovirally transduced K562. Activity was normalized to protein expression. Percent values represent mutant AGT activity relative
to wt AGT activity. Data represent the mean of five experiments. Bars 5 SD. (B) BG resistance was determined by preincubation of AGT-2 (h), AGT-3 (e), AGT-5
(E), AGT-11 (‚), and wt AGT (ƒ) transduced cell extracts with 0–2,000 mM BG before quantitation of activity. Data are presented as the percent activity remaining
after exposure to BG relative to the activity in non-BG-treated controls. Data represent the mean of four experiments. (C) Protein stability was measured by
Western blot comparisons of AGT expression levels in transduced K562 treated with 50 mgyml cycloheximide for 12 h vs. steady-state AGT levels in untreated
cells. Protein levels were determined by densitometric quantitation of signal intensity. Data represent the mean of four experiments.
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