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O6-Alkylguanine-DNA alkyltransferase (AGT) plays a major
role in repair of the cytotoxic and mutagenic lesion O6-methyl-
guanine (m6G) in DNA. Unlike the Escherichia coli alkyltrans-
feraseOgt that also repairsO4-methylthymine (m4T) efficiently,
the human AGT (hAGT) acts poorly on m4T. Here we made
several hAGT mutants in which residues near the cysteine
acceptor site were replaced by corresponding residues from
Ogt to investigate the basis for the inefficiency of hAGT in
repair of m4T. Construct hAGT-03 (where hAGT sequence
-V149CSSGAVGN157- was replaced with the corresponding Ogt
-I143GRNGTMTG151-) exhibited enhanced m4T repair activity
in vitro compared with hAGT. Three AGT proteins (hAGT,
hAGT-03, and Ogt) exhibited similar protection from killing by
N-methyl-N�-nitro-N-nitrosoguanidine and caused a reduction
in m6G-induced G:C to A:T mutations in both nucleotide exci-
sion repair (NER)-proficient and -deficient Escherichia coli
strains that lack endogenous AGTs. hAGT-03 resembled Ogt in
totally reducing them4T-inducedT:A toC:Gmutations inNER-
proficient and -deficient strains. Surprisingly, wild type hAGT
expression caused a significant but incomplete decrease inNER-
deficient strains but a slight increase in T:A to C:G mutation
frequency in NER-proficient strains. The T:A to C:G mutations
due to O4-alkylthymine formed by ethylating and propylating
agents were also efficiently reduced by either hAGT-03 or Ogt,
whereas hAGThad little effect irrespective ofNER status. These
results show that specific alterations in the hAGT active site
facilitate efficient recognition and repair of O4-alkylthymines
and reveal damage-dependent interactions of base and nucleo-
tide excision repair.

Alkylating agents generate adducts at multiple sites in DNA.
Among those, adducts at the O6-position of guanine and the
O4-position of thymine have been shown to induce mutations

and initiate the carcinogenic process (1–7). These adducts can
be repaired by O6-alkylguanine-DNA alkyltransferase (AGT).3
All of the knownAGTs can repair DNA adducts at guanine-O6,
but the size of alkyl group greatly affects the efficiency of lesion
repair (see Refs. 8–10). The human AGT (hAGT) has a larger
substrate-binding pocket than the Escherichia coli Ada AGT
(11, 12) and can rapidly repair some bulky adducts, such as
benzyl. Ada can repairO6-methylguanine (m6G) effectively but
is virtually inactive in repair of bulky O6-adducts (13, 14). The
secondAGTpresent inE. coli, Ogt, is slightly better thanAda in
repair of the larger O6-alkyl adducts but is still much less effi-
cient with bulky adducts than hAGT (14–16).
AGTs are also known to be able to repair alkyl adducts at the

O4-position of thymine (m4T). Such adducts are formed at
lower levels than those at guanine-O6, but some studies showed
that m4T is a more potent inducer of mutations thanm6G (6, 7,
17–19). The ability to repair m4T by AGTs varies widely. In in
vitro assays, Ogt is highly proficient in this repair, whereas Ada
is less effective (13, 15, 20), and hAGT has even less activity (21,
22). Reports of repair of these DNA adducts in vivo are incon-
sistent. In one study, expression of hAGT in E. coli actually
retarded the removal of m4T by nucleotide excision repair
(NER) (22). In contrast, expression of the AGTs fromDrosoph-
ila melanogaster, mice, and rats was found to reduce the
amount of m4T and incidence of T:A to C:G transition muta-
tions caused by m4T in E. coli or mammalian cells (23, 24), and
inactivation of rat AGT slowed the repair of m4T in rat liver
(25).
At present, there is limited information on the features that

allow efficient repair of m4T by AGTs. The repair of m6G is
relatively well understood because structures of both Ada (11)
and hAGT (12) are available as well as hAGT complexes with
oligodeoxyribonucleotides containingm6G and other substrate
analogs (26–28). These structures and biochemical studies
support a model in which hAGT binds substrate DNA via the
minor groove using a helix-turn-helix motif and the guanine
deoxyribonucleotide substrate is flipped out from the base
stack into the hAGT active site pocket via a 3�-phosphate rota-

* This work was supported, in whole or in part, by National Institutes of Health
United States Public Health Service Grants R01-CA018137, CA-097209, and
CA-071976.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S3 and supplemental material.

1 To whom correspondence may be addressed: Dept. of Cellular and Molec-
ular Physiology, Pennsylvania State University College of Medicine, Her-
shey, PA 17033. Tel.: 717-531-8152; Fax: 717-531-5157; E-Mail: quf2@
psu.edu.

2 To whom correspondence may be addressed: Dept. of Cellular and Molec-
ular Physiology, Pennsylvania State University College of Medicine, Her-
shey, PA 17033. Tel.: 717-531-8152; Fax: 717-531-5157; E-mail: aep1@
psu.edu.

3 The abbreviations used are: AGT, O6-alkylguanine-DNA alkyltransferase;
hAGT, human wild type AGT; m6G, O6-methylguanine; m4T, O4-methyl-
thymine; NER, nucleotide excision repair; BG, O6-benzylguanine; e4T,
O4-ethylthymine; MNNG, N-methyl-N�-nitro-N-nitrosoguanidine; ENNG,
N-ethyl-N�-nitro-N-nitrosoguanidine; PNNG, N-propyl-N�-nitro-N-nitroso-
guanidine; HPLC, high performance liquid chromatography; DTT, dithio-
threitol; p4T, O4-propylthymine; ATP�S, adenosine 5�-O-thiotriphosphate.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 11, pp. 8185–8195, March 12, 2010
Printed in the U.S.A.

MARCH 12, 2010 • VOLUME 285 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 8185

http://www.jbc.org/cgi/content/full/M109.045518/DC1


tion, which is promoted by the aromatic ring side chain of
Tyr114 and stabilized by an Arg finger (Arg128). This rearrange-
ment positions the adduct for repair by placing the alkyl group
in close proximity to the Cys145 acceptor site. The cysteine res-
idue has very high reactivity (29) due to its activation to a thio-
late anion by a Glu172-His146-water-Cys145 hydrogen bond net-
work (12, 27). In some species, the transfer reaction is facilitated
by reduction of the negative charge on the repaired guanine via
a hydrogen bond from Tyr114 to the guanine-N1. The descrip-
tion given above (and amino acid numbering) relates to the
hAGT, but it is likely to be universally applicable because all of
the key residuesmentioned above are fully conserved except for
Tyr114, which is Phe in some species. It seems very likely that
repair of m4T can occur in a similar way and that the key dif-
ference leading to species specificity in this repair is in the posi-
tioning of the thymine adduct. However, currently, there are no
structures available of either AGTs that are known to repair
m4T well or other AGTs bound to m4T substrates that can be
used to test this hypothesis.
Several explanations for the poor repair of m4T have been

proposed. It is possible that, based on crystal structures of
hAGTbound to amodified cytosine base (28), the interaction of
Tyr114 is with the O2 atom rather than N3 of thymine, and this
interactionmay reduce the repair efficiency ofm4T (28). Also, it
is possible that the pairing of m4T with adenine in DNA causes
larger local curvature, interfering with the repair of m4T (30).
However, neither of these possibilities would explain the spe-
cies specificity of m4T repair. A major factor appears likely
to reside in the ability of amino acid residues in the protein to
position accurately the targetm4T in close enough proximity to
the reactive cysteine acceptor site. Support for this concept was
provided by studies from Encell and Loeb (31), who showed
that some hAGTmutants obtained in a screen for resistance to
inhibition by O6-benzylguanine (BG) repaired m4T at a faster
rate. The most effective mutant showed a rate of repair �11
times greater and had eight substitutions near the active site. Its
expression in E. coli produced a �4-fold reduction in T:A to
C:G mutations caused by m4T, whereas the wild type hAGT
produced only a 1.1-fold reduction (32).
The NER system can also repair alkyl adducts at O6-guanine

andO4-thymine in in vitro assays, although recognition of non-
bulky adducts is relatively poor (33, 34). Evidence for such
repair in vivo has been published (35). However, it was reported
that repair of O4-ethylthymine (e4T) in human cells was slow
and not affected byNER orAGT status (36, 37), and the relative
roles of NER and AGTs and their potential interactions in
repair of alkyl adducts are unclear.
To address these questions regarding hAGT and Ogt DNA

repair activities, we have constructed several hAGT mutants
with inserts based on equivalent regions in Ogt and show that
substitutions of a few residues in the active site pocket can sig-
nificantly improve the repair ofO4-alkylthymine in vitro and in
vivo. The results suggest a unified understanding of repair
activities by this protein family. The relative abilities of NER
and AGT to repair methyl, ethyl, and propyl adducts were also
examined. Remarkably, the repair ofm4T (but not its ethyl- and
propyl- analogs) was actually inhibited when both NER and

hAGT were active, revealing damage-dependent pathway
interactions.

EXPERIMENTAL PROCEDURES

Materials—Oligodeoxyribonucleotides and all of the prim-
ers were synthesized and purified at the Macromolecular Core
Facility, Hershey Medical Center. E. coli XL1-Blue bacterial
cells, Pfu Turbo hot start DNA polymerase, Pfu polymerase,
and QuikChange site-directed mutagenesis kit were purchased
from Stratagene (La Jolla, CA). DNA isolation kits, the pQE-30
plasmid, and penta-His antibody were obtained from Qiagen
(Chatsworth, CA). All restriction enzymes were obtained from
New England Biolabs (Ipswich, MA). Ampicillin, kanamycin,
tetracycline, chloramphenicol, isopropyl �-D-thiogalactopyr-
anoside, hemocyanin, calf thymus DNA, MNNG, ENNG,
PNNG, phenylmethylsulfonyl fluoride, and most other bio-
chemical reagents were purchased from Sigma. Talon metal
affinity IMAC resin was obtained from BD Biosciences Clon-
tech (Palo Alto, CA). The RapidDNA ligation kit and urea were
purchased from Roche Applied Science. Nitrocellulose filters
(0.45 �m) were obtained from Millipore (Temecula, CA). The
inhibitor BG was synthesized as described (38) and generously
provided by Dr. G. Pauly (ABL-Basic Research program, NCI-
Frederick Cancer Research and Development Center, Fred-
erick, MD). [�-35S]ATP�S (10mCi/ml) was obtained from ICN
Biomedicals Inc. (Irvine, CA). Sephadex MicroSpin G-25 col-
umns were purchased from Amersham Biosciences. Horserad-
ish peroxidase-linked anti-mouse IgG and anti-rabbit IgGwere
purchased from Cell Signaling Technology (Danvers, MA).
Bacterial Strains and Media—The bacterial strains FC326,

FC218, CJM1, and CJM2, in which the endogenous AGT genes
Ada andOgtwere deleted (22, 39), were generously provided by
Dr. L. Samson (Biological Engineering Division and Center for
Environmental Health Sciences,MIT, Cambridge,MA). FC326
and FC218 carry a reporter gene that can be reverted to thewild
type through T:A to C:G and G:C to A:T transition mutations,
respectively (40). CJM1 and CJM2 are derived from FC326 and
FC218, respectively, but are deficient in NER due to inactiva-
tion of the uvrB gene. Cells were grown inM9minimalmedium
and plated in M9 minimal plates that contained either 0.025%
glucose or lactose, 40 �g/ml methionine, 0.025% thiamine, 1
mM MgSO4, 0.1 mM CaCl2, and antibiotics (75 �g/ml ampicil-
lin, 40 �g/ml kanamycin, 25 �g/ml tetracycline (CJM1 and
CJM2 only)) as described (22, 39).
Construction of pQEPlasmids for Expression ofDifferentAGT

Mutants—Different hAGTmutants were constructed in which
some or all of the residues around the Cys145 acceptor site were
changed to those found in Ogt (see Table 1). Plasmids for the
preparation of thesemutants were constructed frompreviously
described plasmids for hAGT expression, which have either an
N-terminal His6 tag replacing the terminal M- with the
sequence MRGS(H)6GS- or C-terminal His6-tag replacing the
last 6 residues (41, 42). Mutants were constructed using PCR
carried out with Pfu polymerase under conditions described
previously (43). All plasmid constructs were verified by
sequencing.
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Creation of DraIII Restriction Site in Ogt Sequence Spanning
Amino Acid Residues CHRV—The pQE30-Ogt plasmid con-
struct described previously (14) was used as a template for PCR
with the following primers: sense primer, 5�-d(CGTACCTT-
GCCACAGAGTGATTGGCCGAAAC)-3�; antisense primer,
5�-d(GTTTCGGCCAATCACTCTGTGGCAAGGTACG)-3�.
The nucleotides that are different from the original Ogt
sequence are underlined. TheOgt coding sequence upstreamof
the intended DraIII site (product 1) was amplified with the
above antisense primer and 5�-d(CACACAGAATTCATTA-
AAG)-3� (primer A). The Ogt coding sequence downstream of
the intended DraIII site (product 2) was amplified with the
above sense primer and 5�-d(AATTAAGCTTGGCTG-
CAGG)-3� (primer B). The full-length Ogt sequence was then
generated by PCR by adding primers A and B to the mixture of
the purified products 1 and 2. The product was digested with
BamHI and KpnI restriction enzymes and ligated into pQE30-
Ogt plasmid digested with the same enzymes to generate
pQE30-Ogt with a DraIII site in the Ogt coding sequence.
Construction of pQE-hAGT-01 and hAGT-02 Plasmids—

Sense primer 5�-d(GCAGTGGGAGGCGCCATGAGAGGC-
AATCCCATCAGC)-3� (sequence for the NarI site is in italic
type, and the sequence matching Ogt is underlined) and anti-
sense primer 5�-d(TTCCCCAACCGGTGGCCTTCATGGG-
CCAGAAGCCATTCTTTTCGCTGAACTCC)-3� (sequence
for theAgeI site is in italic type, and the sequencematchingOgt
is underlined) were used to produce hAGT-01. The nucleotide
sequence in the primers that is not underlined corresponds to
the hAGT sequence. The Ogt insert was amplified with the
above set of primers from the pQE30-Ogt-(DraIII) plasmid
template. The purified PCR product containing the Ogt
sequence with flanking hAGT sequence was digested withNarI
and AgeI and ligated into pQE30-hAGT plasmid digested with
the same enzymes.
Sense primer 5�-d(CCTTGCCACAGAGTGATTG)-3� (se-

quence for the DraIII site is in italic type, and the sequence
matching Ogt is underlined) and antisense primer 5�-d(TTC-
CCCAACCGGTGGCCTTCATGGGCCAGAAGCCATTCT-
TTTCGCTGAACTCC)-3� (sequence for the AgeI site is in
italic type and the sequence matching Ogt is underlined) were
used to produce hAGT-02. The nucleotide sequence in the
primer that is not underlined is the hAGT sequence. The Ogt
insert was amplified with the above primers on pQE30-Ogt-
(DraIII) plasmid template. The purified PCR product contain-
ing Ogt sequence with flanking hAGT sequence was digested
with DraIII and AgeI restriction enzymes and ligated into
pQE30-hAGT plasmid digested with the same enzymes.
Construction of pQE-hAGT-03 to hAGT-08 Plasmids—The

antisense primer 5�-d(GGATCTATCAACAGGAGTCC)-3�
was used with the sense primers 5�-d(CCGTGCCACAGAGT-
GATCGGCCGAAACGGAACCATGACCGGATACTCCG-
GAGGGCTA)-3�, 5�-d(CCGTGCCACAGAGTGATCGGC-
CGAAACGGAGCCGTGGGCAAC)-3�, 5�-d(CCGTGCCAC-
AGAGTGGTCTGCAGCAGCGGAACCATGACCGGCTACT-
CCGGAGGGCTA)-3�, 5�-d(CCGTGCCACAGAGTGGTCT-
GCCGAAACGGCACCATGGGCAACTACTCCGGA)-3�, 5�-
d(CCGTGCCACAGAGTGATCGGCCGAAACGGAGCCG-
TGGGCGGCTACTCCGGAGGGCTA)-3�, and 5�-d(CCGT-

GCCACAGAGTGGTCTGCAGCAACGGAACCGTGACC-
AACTACTCCGGAGGG)-3� (underlined sequences corre-
spond to Ogt) to produce hAGT-03 to hAGT-08, respectively.
The PCR products were digested with DraIII and KpnI, and the
fragments containing the desired sequences were ligated into a
pQE30-hAGT vector digested with the same enzymes. The
resulting plasmidswere transformed intoE. coliXL1-Blue cells.
Construction of Plasmids for the Production of Mutants at

Ser113 and Cys145—The plasmids for production of hAGT-
(S113H), hAGT-03-(S113H), and hAGT-06-(S113H)were con-
structed from the template plasmids of hAGT, hAGT-03, and
hAGT-06, respectively, with the QuikChange site-directed
mutagenesis kit according to the manufacturer’s instructions.
Primers 5�-d(GGAGAAGTGATTCATTACCAGCAATTG-
GCC)-3� and 5�-d(GGCCAATTGCTGGTAATGAATCAC-
TTCTCC)-3� (mismatches underlined) were used to con-
struct the S113H point mutation.
Plasmids for the purification of hAGT-(C145S) and hAGT-03-

(C145S) proteins were constructed similarly. The templates were
hAGT and hAGT-03, and the primers were 5�-d(CCCATCCT-
CATCCCGAGCCACAGAGTGGTC)-3� and 5�-d(GACCA-
CTCTGTGGCTCGGGATGAGGATGGG)-3� (mismatches
underlined).
Protein Purification—The XL1-Blue cells containing plas-

mids encodingOgt, hAGT, ormutant hAGTswere cultured for
protein expression and purification using immobilized metal
affinity chromatography essentially as previously described
(43). Proteins hAGT,Ogt, hAGT-(S113H), and hAGT-(C145S)
have an N-terminal His6 tag, and all hAGT mutants have a
C-terminal His6 tag, which was used for the purification. Previ-
ous studies have shown that the tag has a minimal effect on the
AGT activity (41–43). Because most of the mutant proteins
were insoluble under native conditions, they were solubilized
and purified in denaturing conditions in the presence of 8 M

urea and refolded by sequential dialysis to remove the urea with
buffer containing 50�MZn2�. The purification was carried out
exactly as described (43) except that the proteins were not
mixed with calf thymus DNA during the renaturation process.
The purified proteinswere analyzed by PAGE in the presence of
SDS on 15% gels.
Alkyltransferase Activity Assays—Assays were conducted

using double-stranded 11-mer-m6G/C (5�-d(GCGCm6GAAG-
TCG)-3� paired with 3�-d(CGCGCTTCAGC)-5�), 11-mer-m4T-
1/A (5�-d(GCGCAm4TAGTCG)-3� paired with 3�-d(CGCGT-
ATCAGC)-5�) or 11-mer-m4T-2/A (5�-d(CGTGAm4TCT-
GCG)-3� paired with 3�-d(GCACTAGACGC)-5�).
In order to measure repair of m6G, 125 pmol of 11-mer-

m6G/C in 15 �l of water was mixed with 200 pmol of the AGT
protein in 15 �l of 50mMTris-HCl, pH 7.6, 5 mM dithiothreitol
(DTT), and 0.1 mM EDTA. The reactions were performed in a
RQF-3 rapid quench apparatus (KinTek Corp., Austin, TX).
The incubation time varied from 1 to 16 s at 21 °C, and the
reaction was stopped by the addition of 2% SDS.
To detect the repair activity of m4T for hAGT and mutant

hAGTs, 125 pmol of 11-mer-m4T-1/Aor 11-mer-m4T-2/Awas
mixed with 1000 pmol of AGT in 0.1ml of 50mMTris-HCl, pH
7.6, 5 mM DTT, and 0.1 mM EDTA at 21 °C for 30 s to 2 h. The
reaction was stopped by the addition of 2% SDS. Because the
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rate ofm4T repair byOgt is very fast, the reactions for Ogt were
also carried out in the RQF-3 rapid quench for 1–16 s with 200
pmol of Ogt. In order to determine the amount of product, the
oligonucleotides were separated by high performance liquid
chromatography (HPLC) on a Beckman reverse-phase C-18
column at 40 °C using a flow rate of 1 ml/min and a gradient of
10–40% methanol for 60 min (43).
Inactivation of Alkyltransferase Activity by BG—Aliquots of

hAGT-03, Ogt, or hAGT were incubated with different con-
centrations of BG at 37 °C for 30 min in 0.5 ml of 50 mM Tris-
HCl, pH 7.6, 100 �g/ml hemocyanin, 2.5 �g/ml calf thymus
DNA, 5mMDTT, and 0.1mMEDTA.The residualAGTactivity
was then determined, and the ED50 value representing the
amount of inhibitor needed to produce a 50% loss of activity
was calculated as described previously (41).
Mutagenesis Assays—E. coli strains FC326, FC218, CJM1,

and CJM2 were transformed with plasmids pQE30, pQE30-
hAGT, pQE30-Ogt, and pQE30-hAGT-03. The cells were
grown overnight at 37 °C in 1 ml of M9 minimal medium con-
taining appropriate antibiotics, and aliquots of 240 or 380 �l
(for cells containing pQE30-hAGT-03) were added to 5 ml of
fresh M9 minimal medium. After growth for 4 h or until A600
reached 0.6–0.8, FC326 and FC218 cells were treated with 0,
2.5, 5, and 10 �g/ml MNNG, ENNG, or PNNG for 40 min at
37 °C. CJM1 and CJM2 cells were treated with 0, 0.1, 0.5, 1, 2.5,
5 �g/ml MNNG, ENNG, or PNNG for the same time. Cells
were collected by centrifugation at 5000 rpm for 10 min and
washed and resuspended in M9 minimal medium. Cells were
diluted 1–1,000,000-fold and then spread on M9 minimal
plates containing either glucose (for measurements of survival)
or lactose (for determination of mutation frequency). The
plates were incubated for 72 h at 37 °C, and colonies were
scored. The mutation frequency was expressed as the number
of lacZ revertants/107 survivors (22). In order to study the effect
of BG on the protection against MNNG-induced cytotoxicity
and mutagenesis, these cell lines were treated with 100 �M BG
for 1 h before treatment with different concentrations of
MNNG.
Binding of AGTs to DNA—The association constant for the

binding of the AGTs to oligonucleotides containing eitherm6G
orm4Twere determinedusing serial dilution analysiswith elec-
trophoreticmobility shift assays exactly as previously described
(44, 45). A serial dilution method using a dilution coefficient of
0.8/step was used to obtain the monomeric association con-
stant (Kmono) as described (44, 45). Briefly, the single-stranded
11-mer-m6G and 11-mer-m4T-1/A were 5�-end-labeled with
[�-35S]ATP�S and T4 polynucleotide kinase at 37 °C for 1 h,
heated at 65 °C for 20 min, and passed through a Sephadex
MicroSpin G-25 column to remove unincorporated
[�-35S]ATP�S. The labeled oligonucleotides were mixed with a
2-fold molar excess of reverse complement oligonucleotide at
100 °C and allowed to cool to room temperature slowly (46).
Binding reactions were carried out in 10 mM Tris-HCl, pH 7.6,
1 mM DTT, 1 mM EDTA, and 10 �g/ml bovine serum albumin
at 21 °C. Protein-DNA complexes were formed by adding
appropriate amounts of hAGT-(C145S) or hAGT-03-(C145S)
to solution containing 35S-labeled oligonucleotides. The mix-
tures were equilibrated at 21 °C for 45 min. PAGE was per-

formed using 15% polyacrylamide gels (acrylamide/N,N�-
methylene bisacrylamide ratio, 37.5:1) and run at 10 V/cm in
buffer containing 90mMTris borate, 2mMEDTA, pH8.0, for 50
min. The gel was fixed, vacuum-dried, and developed with the
Molecular Dynamics Storage Phosphor Screen for 24 h. The
screen was quantified on a PhosphorImager using the program
ImageQuant (Amersham Biosciences).
A binding competition assaywas used to estimate the relative

binding affinities. The distribution of AGT between reference
and competitor DNAs depends on the equilibrium constant
after the addition of competing DNA to a reference AGT-DNA
complex, Kref/Kcomp � [PnD][C]/[D][PnC], where [D] is the
free reference DNA concentration, [PnD] is the reference
AGT-DNA complex concentration, [C] is the free competitor
concentration, and [PnC] is the competitor AGT-DNA com-
plex concentration (44). In the experiments, 11-mer-m4T-1/A
served as reference DNA, and 11-mer-m6G/C or 11-mer-T/A
served as competing DNA.
Determination of AGT Protein Expression—The expression

levels of hAGT, Ogt, and hAGT-03 proteins in FC326, FC218,
CJM1, and CJM2 cells were determined by Western blotting.
Cells were grown in the same conditions as used for the
mutagenesis assays. Aliquots of 10 ml of cell culture were cen-
trifuged to collect cells. The cell pellets were suspended in 0.5
ml of buffer containing 50mMTris-HCl pH 7.6, 5 mMDTT, 0.1
mM EDTA, and 0.2 mM phenylmethylsulfonyl fluoride. Cells
were sonicated, and cell lysate was quantified.Western blotting
was carried out as described (47), using penta-His antibody as
the primary antibody.
Generation of an hAGT-03-m4T-DNA Model—An initial

model of hAGT-03 was built based on hAGT crystal structure
Protein Data Bank entry 1t38, using the ESyPred3DWeb server
(48). Crystal structures of hAGT (Protein Data Bank entries
1yfh, 1t39, 1qnt, 1eh6, 1eh7, and 1eh8) were used as guides for
Cys145 side chain placement, and hAGT-DNA complex crystal
structures Protein Data Bank entries 1t38, 1t39, and 1yfh were
used to model DNA. The initial model was subjected to conju-
gate gradient minimization, simulated annealing, and torsion
angle dynamics by CNS (Crystallography and NMR System)
(49), which employs molecular dynamics with CHARMM
(Chemistry at Harvard Macromolecular Mechanics) (50, 51)
force field parameters. One hundred steps of conjugate gradi-
ent minimization were followed by 40 steps of simulated
annealing. Simulated annealing was carried out at a starting
temperature of 1000 K and slow cooling with a drop in temper-
ature of 25 K/cycle of dynamics. Themodel was validated using
rigorous structure validation programs from the Joint Center
for Structural Genomics Protein StructureValidation Suite and
MolProbity. These programs, which are routinely used for
checking the quality of models in theoretical studies, indicated
that the model was acceptable and comparable with AGT crys-
tal structures.

RESULTS

Repair of m4T in Vitro—Various hAGT mutants in which
some of the residueswere replaced by the corresponding amino
acids in Ogt (Table 1) were expressed in E. coli XL1-Blue cells
for protein expression and purification. Because most of these
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hAGT mutants were insoluble, all of the proteins, including
wild type hAGT were purified under denaturing conditions in
8 M urea and then refolded by dialysis against decreasing con-
centrations of urea in the presence of Zn2�, as described previ-
ously (43). All proteins purified under these denaturing condi-
tions were soluble and obtained in pure form (Fig. 1). The wild
type hAGT regains its full activity when purified under these
conditions (43).
The purified proteins were assayed for their alkyltransferase

activity on a double-stranded substrate 11-mer-m4T-1/A that
contained a central m4T residue paired with A. The mutant
proteins hAGT-01, hAGT-02, and hAGT-03, in which 16, 12,
and 8 residues in the active site were altered respectively,
showed major improvement in repair activity toward m4T
compared with wild type hAGT (Fig. 2A). Since no significant
differences in the rate of repair were observed for these three
mutants, it can be concluded that the eight altered residues
located in the Val149–Tyr158 region in themutant hAGT-03 are
critical for enhanced m4T repair. Attempts to narrow this
region even further using mutants hAGT-04, hAGT-05,
hAGT-06, hAGT-07, and hAGT-08, in which only subsets of
these residues were varied, did not maintain the enhancedm4T
repair, although the hAGT-06 mutant with four changes was

better than hAGT (Fig. 2B). Therefore, hAGT-03 was chosen
for the in vivo experiments.
We also examined the possibility that a change at residue 113

may influence the repair rate of hAGT. This residue is adjacent
to the highly conserved residue Tyr114, which plays a key role in
the alkyl transfer reaction by inducing rotation of the 3�-phos-
phate of the nucleotide substrate to promote the base-flipping
process (12, 26). It was possible that replacement of the Ser113

of hAGTwith His, the amino acid at this position in Ogt, might
alter the flexibility and mobility of the side chain of Tyr114 in
this base flipping. We therefore made the hAGT-(S113H),
hAGT-03-(S113H), and hAGT-06-(S113H)mutants. However,
the introduction of the S113H mutation caused only a slight
change in m4T repair activity compared with hAGT (less than
2-fold) and gave about the same increase in the rate of m6G
repair (results not shown).
Detailed kinetic studies of the hAGT-03 mutant and wild

type hAGT and Ogt were carried out to determine the rate
constant for repair ofm6G orm4T contained in 11-mer double-
stranded substrates. Assays were carried out with double-
stranded 11-mer-m6G/C, 11-mer-m4T-1/A, or 11-mer-m4T-
2/A. The two substrates containing m4T gave similar results. A
RQF-3 rapid quench apparatus (KinTekCorp., Austin, TX)was
used with 1–16 s assay times for the faster rates. Repair of m6G
by hAGT-03 was �2-fold faster than hAGT but 3-fold slower
than Ogt with a second order rate constant of 2.2 � 0.4 � 107

M�1 min�1. Repair of m4T by hAGT-03 was increased about
47-fold over repair by wild type hAGT with a rate constant of
1.4� 0.5� 105 M�1min�1. This is still 92-fold slower than that
for repair of m6G. Repair of m4T by Ogt had a rate constant of
1.3 � 0.6 � 107 M�1 min�1, which is only slightly less than the
repair rate for m6G (6.6 � 0.6 � 107 M�1 min�1).

It is hard tomeasure the binding affinity of the AGT proteins
to DNA containing substrate lesions due to the alkyl transfer
reaction, which requires no cofactors and is thus difficult to
prevent.We therefore mutated the Cys acceptor site to Ser and
made the hAGT-(C145S) and hAGT-03-(C145S) mutants,
which are known tomaintainDNA-binding properties but can-

FIGURE 1. Purity of AGT and hAGT mutants. The proteins were isolated
under denaturing conditions, renatured, and analyzed by SDS-PAGE as
described under “Experimental Procedures.” Lanes 1 and 10, molecular mark-
ers; lane 2–9, hAGT, hAGT-03, hAGT-02, hAGT-01, hAGT-05, hAGT-04, hAGT-
03-(S113H), and hAGT-06, respectively. 10 �g of protein was loaded in lanes 2,
4, 6, and 8, and 5 �g of protein was loaded in lanes 3, 5, 7, and 9.

TABLE 1
Sequences of the AGT mutants used

Mutant Sequence

Sequences from residues 137–172 in hAGT (active site pocket)a
hAGT -NPVPILIPCHRVVCSSGAVGNYSGGLAVKEWLLAHE-
Ogt -NPISIVVPCHRVIGRNGTMTGYAGGVQRKEWLLRHE-
hAGT-01 -NPISIVVPCHRVIGRNGTMTGYAGGVQRKEWLLAHE-
hAGT-02 -NPVPILIPCHRVIGRNGTMTGYAGGVQRKEWLLAHE-
hAGT-03 -NPVPILIPCHRVIGRNGTMTGYSGGLAVKEWLLAHE-
hAGT-04 -NPVPILIPCHRVIGRNGAVGNYSGGLAVKEWLLAHE-
hAGT-05 -NPVPILIPCHRVVCSSGTMTGYSGGLAVKEWLLAHE-
hAGT-06 -NPVPILIPCHRVVCRNGTMGNYSGGLAVKEWLLAHE-
hAGT-07 -NPVPILIPCHRVIGRNGAVGGYSGGLAVKEWLLAHE-
hAGT-08 -NPVPILIPCHRVVCSNGTVTNYSGGLAVKEWLLAHE-
hAGT-(C145S) -NPVPILIPSHRVVCSSGAVGNYSGGLAVKEWLLAHE-
hAGT-03-(C145S) -NPVPILIPSHRVIGRNGTMTGYSGGLAVKEWLLAHE-

Sequences from residues 94–136 in hAGT (DNA binding domain)
hAGT -FTRQVLWKLLKVVKFGEVISYQQLAALAGNPKAARAVGGAMRG-
Ogt -FQREV-WKTLRTIPCGQVMHYGQLAEQLGRPGAARAVGAANGS-
hAGT-(S113H) -FTRQVLWKLLKVVKFGEVIHYQQLAALAGNPKAARAVGGAMRG-

Other mutants used
hAGT-03-(S113H)
hAGT-06-(S113H)

a Residues in hAGT that are changed to those in Ogt are shown underlined. The Cys145 acceptor site and its Ser145 mutant are shown in boldface type.
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not repair DNA (45, 52). These mutants were used in compet-
itive binding assays to test the relative binding affinities of the
mutants to double-stranded 11-mer DNA containing either
m6G orm4T. The relative affinities were 0.07� 0.05 for hAGT-
(C145S) and 0.8 � 0.4 for hAGT-03-(C145S) when the 11-mer
containingm4Twas used for initial binding and then competed
off with m6G containing duplex oligonucleotide. The corre-
sponding values when an 11-mer oligonucleotide of the same
sequence but containing T rather than m4T was used as com-
petitor in the binding assay were 33� 15 and 169� 56, respec-
tively. These results demonstrate that the 8-amino acid alter-
ation significantly enhanced the relative affinity for binding to
DNA containing m4T.We also determined the binding affinity
to double-stranded 11-mer DNA containing an m4T adduct
using a serial dilution electrophoretic mobility shift assay as
previously described (45, 53). The calculated monomeric asso-
ciation constantKmono was increased about 10-fold from �1 �

0.4 � 106 M�1 for C145S to �10 � 0.3 � 106 M�1 for hAGT-
03-C145S. These values compare with the previously published
values for hAGT binding to unmodified DNA with a Kmono of
�0.6� 106M�1 and binding toDNAcontaining anm6Gadduct
withKmono of�3� 106M�1 (45, 53). It should be noted that due
to the cooperative nature of the binding of hAGT to DNA and
the fact that there is only a relatively small increase in the asso-
ciation constant when DNA adducts are present, it is unlikely
that initial DNA binding is the limiting step in alkyl transfer,
and kinetic measurements of the hAGT reaction with sub-
strates containing m6G confirm that alkyl transfer is the limit-
ing step.
SomeAGTs, such as hAGT, are very sensitive to inactivation

by BG, whereas others, including Ogt, are resistant to this
inhibitor (54, 55). The hAGT-03 mutant was also found to be
resistant to BG (ED50 of 65 �M compared with 44 �M for Ogt
and 0.2 �M for wild type hAGT).
Modeling of an hAGT-03-m4T-DNA Structure—To deter-

mine how hAGT-03might bindm4T and to test our hypothesis
that m4T can be repaired similarly to m6G and that the species
specificity of this repair results from the positioning of the thy-
mine adduct, we made a model of hAGT-03 based on available
AGT crystal structures. We then used AGT-DNA complex
crystal structures to aid in modeling an m4T in the hAGT-03
active site. The finished model (Fig. 3) shows that many of the
side chains of the mutated residues of hAGT-03 are too distant
to directly interact with the m4T or with key residues Cys145,
Tyr114,His146, orGlu172, with the exception that theThr156 side
chain (Gly in hAGT) could interact with the hydroxyl of Tyr114.
However, the hAGT-03 mutations comprise a loop that is
nearby the active sitemotif, both in the primary and the tertiary
structure of the protein (Fig. 3). This loop in hAGT-03 has three
glycines rather than two, as in hAGT, suggesting that it is more
flexible in hAGT-03 than in hAGT. In addition, the Gly muta-
tion at position 150 in hAGT-03 doubles the length of the flex-
ible part of the loop from four residues (Gly-to-Gly) in hAGT to
eight residues in hAGT-03, adding flexibility to the part of the

FIGURE 2. Repair of m4T by Ogt, hAGT, and hAGT mutants. Reactions were
carried out using 11-mer-m4T-1/A as substrate, as described under “Experi-
mental Procedures.” The products were separated by HPLC. A, the results for
Ogt (F), hAGT-03 (E), hAGT-02 (f), hAGT-01 (Œ), and hAGT (�). B, the results
for hAGT-03 (E), hAGT-06 (F), hAGT-04 (f), hAGT-07 (�), hAGT-05 (Œ), hAGT
(�), and hAGT-08 (‚).

FIGURE 3. Model of hAGT-03 with m4T in the active site. Residues 149 –157
are shown in magenta, the active site motif is shown in cyan, and the DNA is
shown in orange.
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loop that is closest to the DNA. The result of this added flexi-
bility is likely to be significant in two ways. First, movement of
this loop could help to shape the DNA slightly, allowing for
better positioning of the m4T nearer the reactive cysteine
acceptor site for repair. Second, a more flexible loop might
allow for minor positional movements of active site motif resi-
dues to better optimize the distance between Cys145 and the
methyl group of m4T, which is �1 Å further away in our model
than the comparable Cys145-m6G methyl interaction derived
from AGT crystal structures. Overall, this model supports the
hypothesis that protein residues may aid in the correct posi-
tioning of the m4T for the methyl transfer reaction to occur.
Coordinates for this model are included in the supplemental
material.
Repair of O4-Methylthymine in Vivo—The ability of the wild

type hAGT, hAGT-03, andOgt to protect E. coli strains lacking
endogenous AGTs from cytotoxicity and mutagenesis after
exposure to methylation damage by MNNGwas examined. All
of the AGTs were expressed at similar levels (supplemental Fig.
S1). Comparisonwasmade in strainswithwild typeNER (Fig. 4,
A, C, E, and G) and lacking NER (Fig. 4, B, D, F, and H). These
results are summarized in Table 2.
As shown in Fig. 4, A and B, all three AGTs tested prevented

the formation of mutations caused by m6G and protected the
cells from the cytotoxic effects of MNNG (Fig. 4, E–H). These
results are consistent with the well established concept that the
presence of m6G is a powerful inducer of cell death (56, 57). In
the absence of AGT expression, NER was also able to provide
partial protection against G:C to A:T mutations and MNNG
cytotoxicity but was much less effective than AGT.
Expression of Ogt or hAGT-03 completely prevented the

mutations caused by m4T, whereas wild type hAGT was only
weakly active in the strain lacking NER (Fig. 4D) and inhibitory
in the strain possessing NER (Fig. 4C). These results show that
hAGT is very poorly active in repair of m4T but that the minor
alterations in the protein sequence converting hAGT into
hAGT-03 are sufficient to allow efficient repair of m4T. The
increase in T:A to C:G transitions caused by m4T when wild
type hAGT is expressed in cells with intact NER is in excellent
agreementwith previous reports by Samson et al. (22) thatNER
can repair m4T and that hAGT actually interferes with this
process (22). However it is clear from the results with the cells
lacking NER that hAGT does have the ability to provide some
repair of m4T. Although this protective effect was quitemodest
compared with the robust protection provided by Ogt or
hAGT-03, it is clearly due to repair of m4T because it was
reduced when the cells were treated with the inhibitor BG (Fig.
4D). This inhibitor had no effect on the complete suppression
of these mutations by hAGT-03 or Ogt, which, as described
above, are much less effectively inhibited by BG.
Repair of O4-Ethylthymine and O4-Propylthymine in Vivo—

Similar studies were carried out using ENNG and PNNG to
examine the ability of the wild type hAGT, hAGT-03, and Ogt
to protect from ethylation or propylation damage. Detailed
graphs showing these responses are provided as supplemental
material, and the results are summarized in Table 2. All three
AGTs tested efficiently protected cells from mutations caused
by O6-ethylguanine and O6-propylguanine. NER was also able

to repair these DNA adducts. Expression of wild type hAGT
had no effect on the incidence of T:A to C:G mutations, show-
ing that this protein does not repair e4T andO4-propylthymine
(p4T). However, expression of Ogt or the hAGT-03 mutant
completely abolished these mutations. Thus, the active site
alteration in hAGT-03 allows not only efficient repair of m4T
but also the repair of e4T and p4T. NER was also able to repair
p4T but was ineffective on e4T. However, NER did not interfere
with repair of e4T and p4T by Ogt or hAGT-03.

DISCUSSION

Adducts at the exo-O atoms of guanine and thymine are of
critical importance in the induction ofmutations byN-nitroso-
carcinogens (1, 58, 59). Although O4-alkylthymine is a minor
adduct produced by alkylating agents and is formed in lower
amounts compared with O6-alkylguanine, it is a highly persis-
tent andmutagenic formofDNAdamage (19, 36, 60, 61). Direct
comparisons of mutagenicity in the absence of AGT-mediated
repair in human and bacterial cells show that m4T is evenmore
mutagenic than m6G (6, 7). Therefore, the ability to repair
O4-alkylthymine is potentially an importantmechanism in pro-
tection from the carcinogenic effects of nitrosamines and other
alkylating agents that form such adducts.
There are contradictory reports of the ability of hAGT to

repair m4T, although most suggest that hAGT activity for this
substrate is much less than that of some microbial AGTs. Our
studies with purified hAGT in in vitro assays and when
expressed in E. coli cells confirm that m4T can be repaired by
hAGT. These results also fully support previous observations
that this repair is so slow that it may have little physiological
significance. Our present studies carried out in the NER-defi-
cient strain show clearly that hAGT does have a limited but
measurable effect in repair of m4T.Mutations at T:A sites were
reduced compared with cells transfected with the empty vector
or cells in which the hAGT was inactivated with BG (see Fig.
4D). It is clear that these mutations are due to m4T because
expression of Ogt or the hAGT-03 mutant abolished them
(Table 2). When ENNG or PNNG were used as the alkylating
agent, the protective effect of hAGT was not observed,
although Ogt or the hAGT-03 mutant abolished these muta-
tions. Thus, hAGT has a very poor ability to repair m4T in vivo
even when expressed at high levels and no activity for repair of
e4T or p4T. This is consistent with reports that there was little
repair of e4T by hAGT in human cells treated with N-nitroso-
N-ethylurea, whereas O6-ethylguanine was repaired (36, 62).

All characterized AGTs are highly active in the repair of
m6G. They are also able to repair larger adducts at the O6-po-
sition of guanine and O4-thymine adducts, but such repair
showswide variationwith species. The best substrate for hAGT
is actuallyDNAcontainingO6-benzyldeoxyguanosine, whereas
AGTs from yeast, E. coli, and many other microorganisms are
virtually inactive with this substrate (14, 54). This is explained
by the comparison of the crystal structures of the E. coliAda-C
and hAGT, which show that steric factors prevent acceptance
of the benzyl group in the Ada-C active site pocket (12, 63), and
by kineticmeasurements with hAGT, which show that the ben-
zyl group is more readily transferred than methyl (64). There is
also striking variation in the ability to repair m4T by different
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AGTs, but there was no useful structural data to explain this
because neither Ada-C nor hAGT repairs this product well and
the only other available AGT structures are for proteins whose
specificity in this respect has not been established. Our results
provide strong evidence that changes of specific residues in the
binding pocket have a profound effect on the ability to bind to
and repair m4T. The substitution of eight residues (-VCSS-
GAVGN-) in the region 149–158 in hAGT with the corre-
sponding sequence (-IGRNGTMTG-) from Ogt to form
hAGT-03 allowed efficient repair of m4T, e4T, and p4T (Table
2). This change also increased the binding of the mutant
hAGT-03 tom4T inDNA. It is likely that these changes not only
improve binding of substrates containing m4T but also cor-
rectly position the alkyl group of O4-alkylthymine to allow
attack by the highly reactive anion of Cys145. Ourmodel (Fig. 3)
furthermore suggests that the increased flexibility in the loop in
the active site is an important factor in allowing the correct
positioning.

A previous study observed that amutant of hAGT selected in
a screen for resistance to BG showed an increased ability to
repair m4T (31, 32). This mutant had eight changes in the
hAGT active site region from residue 150 to 170. It did not
provide as high a level of protection fromMNNG-induced T:A
to C:G transitions as hAGT-03 and was somewhat impaired in
repair ofm6G.However, it also supports the concept thatminor
changes in the active site can allow recognition and repair of
m4T. None of the amino acid changes that were reported for
this BG-resistant mutant (31, 32) are the same as hAGT-03,
although five changes are in the same region from 149 to 158.
Interestingly, a considerable enhancement of the rate of

repair of m4T by hAGT can be achieved without loss of the
capacity to repair m6G. This suggests an absence of strong evo-
lutionary pressure to develop the activity toward m4T and that
environmental exposure to this form of DNA damage is rela-
tively insignificant. The alternative possibility that m4T is
repaired well by some other process seems unlikely, because
m4T is highly persistent in mammalian DNA after exposure to
nitrosamines and 1,2-dimethylhydrazine (25, 65, 66). Another
explanation might be that the changes allowing m4T repair
render the hAGTprotein less able to repair bulky adducts, such
as benzyl or pyridyloxobutyl, and that these adducts have
greater environmental significance. Althoughwe did not exam-
ine the ability of the hAGT-03mutant to repair such adducts in
DNA directly, the fact that it is highly resistant to inactivation
by the pseudosubstrate BG free base provides good evidence
that it does have an impaired ability to deal with such bulky
adducts. Our previous studies have shown an excellent corre-
lation in reaction of hAGT mutants with BG as a free base and
the ability to repair O6-benzyldeoxyguanosine present in DNA
(14, 46). As mentioned above, other BG-resistant hAGT
mutants have also been reported to be more effective in repair
of m4T (31, 32).
Mutants of hAGT resistant to BG are under active investiga-

tion for use in gene therapy and gene expression studies in
which an alkylating agent plus BG is used to select for cells
transduced with vectors expressing such AGTs (67–69). Most
of these studies are being carried out using the P140K hAGT
mutant, but this mutation does not enhance m4T repair, and
the hAGT-03 would be another viable candidate.
Our results and those previously published (22, 35) show that

NER can repair m4T in E. coli. Our experiments show that p4T
can also be repaired by NER but that NER had little effect on
e4T repair, where there was virtually no difference inmutations
between the two strains in the absence of AGT expression
(Table 2). These results differ from those seen for the repair by
NER ofO6-alkyl adducts, where the efficiency of repair of these
adducts by NER increases with the size of the adduct. This
could be explained by an increased distortion of the DNA lead-
ing to better recognition of the larger adducts. Notably, recent

FIGURE 4. Ability of AGTs to protect from MNNG-induced cytotoxicity and mutagenicity in E. coli strains proficient and deficient in NER. Results are
shown for cells with plasmids pQE-hAGT (F), pQE-hAGT-03 (E), pQE-Ogt (f), and pQE-30(�) in FC 218 cells (A and E), CJM2 cells (B and F), FC326 cells (C and
G), and CJM1 cells (D and H), respectively. Results are shown for mutations in A–D and for survival in E–H. The effect of adding BG to cells expressing pQE-hAGT
is also shown in D (Œ). Experiments were performed as described under “Experimental Procedures.” Results are shown mean � S.D. for at least three separate
experiments. **, p � 0.01 compared with cells expressing hAGT, Ogt, or hAGT-03; *, p � 0.01 compared with cells expressing no AGT, Ogt, or hAGT-03; a, p �
0.01 compared with cells expressing Ogt or hAGT-03.

TABLE 2
Summary of protection of E. coli cells from mutations and killing by
MNNG, ENNG, and PNNG

Agent NER
status

AGT
expressed ED20

a
Mutations (percentage
of “no AGT” valueb)

G:C to A:T T:A to C:G

�g/ml % %
MNNG NER� None 0.4 100 100
MNNG NER� hAGT 4.5 3 19
MNNG NER� Ogt 3.4 6 �2
MNNG NER� hAGT-03 3.7 5 �2
ENNG NER� None 0.6 100 100
ENNG NER� hAGT 4.6 2 123
ENNG NER� Ogt 2.7 4 3
ENNG NER� hAGT-03 2.9 3 3
PNNG NER� None 0.6 100 100
PNNG NER� hAGT 	5 7 62
PNNG NER� Ogt 5 9 �2
PNNG NER� hAGT-03 	5 3 �2
MNNG NER� None 2.4 100c 100c
MNNG NER� hAGT 	10 2 125
MNNG NER� Ogt 10 4 �2
MNNG NER� hAGT-03 8.4 4 �2
ENNG NER� None 2.2 100d 100d
ENNG NER� hAGT 9 16 89
ENNG NER� Ogt 10 21 2
ENNG NER� hAGT-03 19 18 2
PNNG NER� None 3.3 100e 100e
PNNG NER� hAGT 10 53 83
PNNG NER� Ogt 10 60 �2
PNNG NER� hAGT-03 10 25 �2

a There was no significant difference in survival between strains having different
reporter genes but the sameNER status (e.g. FC326 and FC218). Therefore, results
for the survival are given as themean of the two values. Results that are outside the
range of doses tested are given as 	5 or 	10.

b The mean of the results obtained with each dose of the alkylating agent shown in
Fig. 4 and in supplemental Figs. 2 and 3 was expressed as a percentage of the
mutations obtained in the cells lacking AGT.

c In the absence of any AGT expression, the presence of NER reduced the MNNG-
derived G:C to A:T mutations by 24% and the total A:T to C:G mutations by 22%.

d In the absence of any AGT expression, the presence of NER reduced the ENNG-
derived G:C to A:T mutations by 79% and increased the A:T to C:G mutations
insignificantly �1.2-fold.

e In the absence of any AGT expression, the presence of NER reduced the PNNG-
derived G:C to A:T mutations by 92% and the total A:T to C:G mutations by 95%.

Repair of O4-Alkylthymine by AGTs

MARCH 12, 2010 • VOLUME 285 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 8193

http://www.jbc.org/cgi/content/full/M109.045518/DC1


studies have indicated that repair of some small alkyl adducts,
such asO6-alkylguanine, by NER is facilitated by the binding of
a ATL (alkyltransferase-like protein) (70, 71). This small pro-
tein has a structure similar to that of the DNA binding domain/
active site of AGT and binds to DNA in a similar way although
causing a greater bending of the DNA (71). ATL binds to the
components of the NER, and it suppressesmutations caused by
MNNG, PNNG, and hydroxyethylating agents, such as N-(2-
hydroxyethyl)-N-nitrosourea (70, 71).4 All of the strains used in
our studies containATL, and although it has not yet been estab-
lished that ATL can interact withO4-alkylthymine, it is possible
that unproductive competition between these pathways
accounts for inhibition of m4T repair by the combination of
NER and hAGT.
In general, despite many structural analyses of DNA base

repair enzymes and their DNA interactions, questions still
remain regarding the molecular basis for repair specificity and
the existence of possible pathway interactions (72–74). The
results presented here help establish the basis for differential
repair specificity by hAGT and Ogt by specific amino acids in
the active site pocket. These results test and extend the pro-
posal from the uracil-DNA glycosylase-DNA complex, which
identified flipping of the nucleotide and damaged base, that
interactions within the active site pocket provide the damaged
base specificity (75). Our new results furthermore reveal an
unexpected damage-dependent interaction of base and nucle-
otide excision repair pathways that impact repair efficiency for
alkylated base damage. Taken together, these results thus
broaden our understanding of damaged base recognition and
repair for DNA alkylation damage of biological and medical
importance.
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