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Abstract
O6-Alkylguanine-DNA alkyltransferase (AGT) is a widely distributed, unique DNA repair protein
that acts as a single agent to directly remove alkyl groups located on the O6-position of guanine
from DNA restoring the DNA in one step. The protein acts only once and its alkylated form is
degraded rapidly. It is a major factor in counteracting the mutagenic, carcinogenic and cytotoxic
effects of agents that form such adducts including N-nitroso-compounds and a number of cancer
chemotherapeutics. This review describes the structure, function and mechanism of action of
AGTs and of a family of related alkyltransferase-like proteins, which do not alone act to repair O6-
alkylguanines in DNA but link repair to other pathways. The paradoxical ability of AGTs to
stimulate the DNA-damaging ability of dihaloalkanes and other bis-electrophiles via the formation
of AGT-DNA crosslinks is also described. Other important properties of AGTs include the ability
to provide resistance to cancer therapeutic alkylating agents and the availability of AGT inhibitors
such as O6-benzylguanine that might overcome this resistance is discussed. Finally, the properties
of fusion proteins in which AGT sequences are linked to other proteins are outlined. Such proteins
occur naturally and synthetic variants engineered to react specifically with derivatives of O6-
benzylguanine are the basis of a valuable research technique for tagging proteins with specific
reagents.

1. Introduction
This review article outlines the multifaceted roles of AGT (O6-alkylguanine-DNA
alkyltransferase). It has been known for 30 years that this protein provides a unique means
of DNA repair, but only in the last decade have other properties of interest to toxicology
emerged including its ability to actually enhance DNA damage by some bifunctional agents
and the existence of a large family of related proteins whose function is still being clarified.
AGT is also a target for the design of cancer therapeutic strategies and has been used to
develop a useful research tool for specific labeling of proteins There is a vast literature on
alkyltransferase-mediated DNA repair and this article contains only a fraction of the
important citations of work in this field. Further documentation can be found in earlier
review articles (1-10).

2. Brief history
The first AGT to be fully characterized was the Ada gene product from E. coli, which was
shown by Lindahl and colleagues to repair O6-methylguanine in DNA by a direct transfer of
the methyl group from the DNA to a Cys residue in the protein itself (11, 12) (Figure 1).
This inactivates the protein, which can act only once, and thus leads to a saturability of DNA
repair capacity until de novo synthesis of new AGT molecules. The biochemical study of the
Ada protein was facilitated by the fact that it is highly inducible in response to alkylation
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damage and could be purified in relatively large amounts after such treatment (13, 14).
Subsequent studies showed that there was a second AGT in E. coli, which is the product of
the Ogt gene (15, 16). This protein is not inducible and is present in small amounts but is
responsible for repair of low levels of alkylation damage. Both proteins are frequently
termed MGMT (O6-methylguanine-DNA methyltransferase) since they were discovered by
their action on methylated DNA and O6-methylguanine is their preferred substrate. It was
also shown that they were able to repair the minor methylation product O4-methylthymine in
a similar transfer reaction (15-17). Exposure to endogenous methylating agents such as S-
adenosylmethionine and N-nitroso-compounds generated in vivo may provide a background
generation of alkylation damage that requires the existence of AGTs to maintain the
integrity of DNA (18, 19).

At the same time as the Ada protein was being characterized, it was clear that a similar
protein existed in mammalian tissues since the disappearance of O6-methylguanine from rat
tissue DNA after treatment with dimethylnitrosamine (DMN) or N-methyl-N-nitrosurea
(MNU) was saturable at higher doses of the alkylating agent (20, 21), and a protein that
brought about O6-methylguanine removal was detected in rat extracts (22, 23). Even in liver,
which has the highest content of AGT, this protein was a very minor component and
mammalian AGT is not induced by alkylation damage and is only slightly increased by
certain stimuli such as partial hepatectomy (1, 2, 24) and glucocorticoids (25). It was
therefore difficult to purify sufficient material for a full characterization but subsequent
studies with semi-purified material from human and rat liver indicated that a similar alkyl
transfer reaction directly restoring the DNA did occur (26, 27). Cloning of the gene and the
use of recombinant DNA technology provided adequate protein for a complete
characterization (28-30). Despite the limited amounts of purified material available, it could
be demonstrated that the mammalian protein was effective at repairing larger adducts such
as O6-ethylguanine (31, 32). Later studies have shown repair of a number of bulky adducts,
including O6-[4-oxo-4-(3-pyridyl)butyl]guanine formed by the tobacco-derived carcinogen
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and O6-benzylguanine (33-36),
leading to the more generic name AGT (Figure 1). The best substrate for DNA repair by the
human AGT is the O6-benzylguanine adduct (36).

3. DNA repair by AGTs
3.1. Prevention of mutations

Many studies in which AGTs have been expressed in cultured cells and microorganisms
have shown that the expression of AGT greatly reduces the incidence of mutations caused
by exposure to methylating agents such as MNU or N-methyl-N′-nitro-N-nitrosoguanidine
(MNNG). The mutations prevented are virtually all G:C to A:T transitions caused by O6-
methylguanine, which is readily copied by DNA polymerases with the frequent incorrect
insertion of thymine (10, 37-41). Recent studies have also shown that O6-methylguanine in
DNA causes misincorporation of uridine by RNA polymerases and generates altered
proteins at the level of transcription (42).

3.2. Prevention of cytoxicity
AGT provides powerful protection against killing by these methylating agents. This is also
due to its ability to repair O6-methylguanine. The toxicity of this adduct results from the
recognition of O6-methylguanine:thymine pair by the mismatch repair system (43, 44). This
recognition leads to homologous recombination, sister chromatid exchanges and cell death,
either via direct signaling of the complex to apoptotic pathways or via abortive repeated
excision and resynthesis of the thymine-containing daughter DNA strand (43, 45-48).
Therefore, the absence of AGT-mediated repair in a mismatch deficient background after
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exposure to alkylating agents is particularly deleterious since there is increased survival of
cells that have an increased chance of developing mutations.

Recently, transgenic mice either lacking AGT expression or overexpressing AGT were used
to demonstrate that AGT protects the developing brain from methylazoxymethanol (49).
Neuronal cultures derived from mice with the MGMT gene (encoding AGT) deleted were
more sensitive to this genotoxic agent. Granule cell development and motor function were
more drastically affected in mice lacking AGT than in wild type mice. Conversely,
transgenic increase in AGT provided resistance to this damage (49).

3.3. Prevention of tumor development
Alterations in AGT levels caused by genetic manipulations have been used to provide
convincing evidence of its critical role after exposure to alkylating agents. Transgenic
overexpression of AGT in the thymus prevents the production of thymic lymphomas after
exposure to MNU (50) even in a p53 deficient background (51). Subsequent studies using
other tissue specific promoters have shown reduced incidence of tumors in the liver after
treatment with DMN (52), in the skin exposed to MNU or 1-(4-amino-2-methyl-5-
pyrimidinyl)methyl-3-(2-chloroethyl)-3-nitrosourea (ACNU) (53, 54), the colon following
azoxymethane (55), and the lung after exposure to NNK (56). Gene disruption leading to a
total loss of AGT activity gave rise to an increased tumor incidence in the liver in response
to DMN (57), in the colon in response to azoxymethane (58), and increases in thymic
lymphomas and lung adenomas in response to NMU (59). These results provide convincing
evidence that AGT is highly protective against carcinogenic methylating agents and that O6-
methylguanine is a critical DNA lesion initiating tumors produced by such agents.

3.4. Mechanism of DNA repair
Sequences encoding AGTs are readily recognized in genome data bases since virtually all
AGTs contain the signature protein sequence -(I/V)PCHR(V/I)(I/V)- surrounding the Cys
site that serves as the alkyl acceptor (Figure 2). These proteins, which consist of a small
single polypeptide chain, have been found in most bacteria, archea, fungi and animals but
not in plants. Notably, AGT is also absent from the fission yeast Schizosaccharomyces
pombe. Crystal structures are available for a number for AGTs including the Ada-C domain
from E. coli (60), human (61-63) and the archaeon Thermococcus kodakaraensis KOD1
(64). These proteins show a similar overall structure despite limited sequence identity that is
confined to the active site pocket and DNA binding domain.

The AGT structure consists of two domains. The C-terminal domain contains the active site
pocket and DNA binding region, which are coupled by an asparagine hinge formed by
conserved residue Asn137 (amino acid numbers given throughout are for the human AGT).
The N-terminal domain, which in human AGT contains a bound zinc atom, plays an
important structural function and can stabilize the complex formed when the two domains
are expressed separately (65). AGT binds to DNA using a helix-turn-helix motif but
unusually attacks the minor groove. The recognition helix is small and contains hydrophobic
residues allowing it to pack closely within the DNA minor groove with minimal sequence-
specificity (6, 62). The binding of AGT alters the DNA structure, bending the chain by
about 15°, widening the minor groove and displacing the target O6-methylguanine base into
the active site pocket (Figure 3A). This displacement is caused by a rotation promoted by a
tyrosine residue (Tyr114), either by steric (62) or by electrostatic effects (66), and is
stabilized by an arginine finger (Arg128) that replaces the base in the DNA helix. These
residues are conserved in AGTs (Figure 2) although the Tyr residue is sometimes replaced
by Phe, which can act in the same way.
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The Cys that forms the acceptor site is rendered highly reactive via its interaction through a
hydrogen bond network made up of conserved residues Cys145-water-His146-Glu172 (61).
It is thus effectively converted into a thiolate anion (67) (Figure 3B). The O6-methylguanine
is positioned by the hydrophobic cleft in the active site pocket for the displacement reaction
that brings about restoration of the guanine in DNA. Quantum chemical models support this
mechanism where His146 acts as a water-mediated general base to activate Cys145, which
then performs a nucleophilic attack to dealkylate the guanine base (68-70). Kinetic studies
of the reaction are consistent with a model in which AGT binds and scans DNA, flips the
O6-alkylguanine residue, transfers the alkyl group and releases the dealkylated DNA (36).
The alkyl transfer reaction was found to be rate limiting for methyl but not benzyl adducts
(36, 70).

Although most small DNA adducts are removed from DNA via the action of glycosylases
that cleave the N-glycosidic bond to form an abasic site and release the base, there is no
known glycosylase for O6-alkylguanine. It may be difficult to provide an active site that has
the very high degree of discrimination to distinguish between guanine and O6-alkylguanine.
This discrimination is necessary to prevent the removal of a significant number of guanine
residues. Such loss would lead to toxicity in an analogous way to that demonstrated with
overproduction of known glycosylases and an inbalance in the activities of the enzymes in
the base excision pathway (71-75). The alkyl transfer mechanism adopted by AGT avoids
this problem since it merely relies on placing the alkyl adduct in the correct position to the
reactive Cys for transfer to occur. If a normal base is transiently placed in this position, there
is no reaction and DNA scanning can continue with no deleterious effects. This may explain
the unusual reaction mechanism employed by AGTs. Although the fact that the protein can
be used only once is a disadvantage, this mechanism has the advantage that it does not rely
on absolute discrimination of the target base or on other proteins for rapid and efficient
repair and maintaining a balance with other repair proteins.

The studies described above provide a convincing explanation for the mechanism of alkyl
transfer once a substrate has been recognized and bound at the active site. However, it is not
yet well understood how AGT, which requires no cofactors or energy source to carry out
repair, carries out its DNA scanning function to allow rapid repair even when there are only
a few sites of repairable damage. E. coli Ada AGT slides along DNA at near to the one-
dimensional diffusion limit (76). There is evidence that movement of human AGT along the
DNA occurs preferentially from the 5′ to 3′ end (62, 77). A local asymmetry in binding may
allow such movement (78) and it is known that human AGT binds to DNA in a cooperative
fashion (79-81). These complexes contain overlapping protein molecules where there is little
contact between the nth protein and proteins n+1 and n+2, but the N-terminal surface of the
nth protein is positioned to contact the C-terminal surface of protein n+3. Such binding could
facilitate rapid directional scanning and the efficient repair of lesions contained within the
chromatin structure.

The ability of AGT to bind into the minor groove of DNA and its compact shape and size
may allow easy access to chromatin DNA. This unusual binding can also allow interactions
with other proteins that may also assist in repair. Numerous proteins that may interact with
AGT were identified using MS techniques (82) but, with the exception of the interactions
with papillomavirus oncoprotein E6 protein (83) or BRCA2 (84), the consequences have not
been described. Mutations of BRCA2 that delete a 29-amino-acid region in a conserved
domain prevent its binding to human AGT and resulted in an increased sensitivity to the
presence of O6-methylguanine (84).

Structures of wild type human AGT and double-stranded oligodeoxynucleotides show that
the protein binds over approximately a seven base pair region (62) and optimal repair of
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DNA requires substrates of 8-12 nucleotides (1, 2). Experiments using a footprinting
technique indicated a larger region of DNA contact (85) but this can be explained by the
cooperative binding of multiple AGT molecules. Lesions contained within double stranded
DNA are the best substrates for AGTs but single stranded DNA is also repaired efficiently.
O6-Methylguanine present in RNA is a very poor substrate for AGT and is unlikely to be
repaired significantly in vivo (86). RNA repair is prevented by a steric clash of the 2′
hydroxyl group with Gly131Cα, which is only 3.5Å from the ribose C2 atom (6, 62). This is
advantageous as it prevents the AGT pool from being used up after exposure to alkylating
agents by acting on the less important RNA substrate thus allowing all of the AGT to be
employed for correction of DNA.

3.5. Fate of the alkylated form of AGT
The structural alteration caused by the addition of an alkyl group to Cys145 of human AGT
leads to recognition by ubiquitin ligases and degradation by the proteasome (87-89). Such
degradation may be needed for continued repair since the alkylated form or inactive mutants
of AGT such as C145A interfere with repair by active AGT molecules (90). Alkylation of
AGT at Cys145 leads to a sterically driven movement of a helical region that contains
Met134 and Arg128 and an opening of the Asn137 hinge. These changes, which presumably
reveal a site for ubiquitination, are brought about the close contact of the alkyl group with
the carbonyl oxygen of Met134 (see Fig 3A) and the steric collision with Asn137 (61). This
destabilizes the protein (91) but does not greatly reduce the binding to DNA (92) so the
ubiquitination may be needed for release. It was reported that S. cerevisiae AGT is targeted
for degradation by a synergistic action of both the Ubr1/Rad6-dependent N-end rule
pathway and the Ufd4/Ubc4-dependent ubiquitin fusion degradation (UFD) pathway (93).
Details of the site of ubiquitination and the ligase involved are not known for human AGT.
Constructs where a GFP sequence is placed at the N-terminus of the human AGT sequence
are active and their alkylation products are degraded (94) suggesting that a site other than
the amino terminus can be used. The interactions of human AGT with E6 (83) and with
BRCA2 may be related to its turnover (84). BRCA2 degradation is also enhanced by
methylation damage and alkylation of AGT (84).

3.6. Repair of O4-methylthymine by AGTs
AGTs also repair O4-methylthymine in DNA (Figure 1). This adduct is formed at lower
levels than O6-methylguanine but may be an even more potent inducer of mutations (95-99).
However, only some AGTs, such as Ogt, repair O4-methylthymine efficiently. Ada is less
effective (100-102) and human and other mammalian AGTs have much less activity (103,
104). Indeed, although some AGT-mediated loss of O4-methylthymine in rat liver was
reported, albeit after removal of O6-methylguanine was virtually complete (105), expression
of human AGT in E. coli actually retards the removal of O4-methylthymine (104, 106). This
is due to its interference with the slow removal of O4-methylthymine by nucleotide excision
repair (NER). When a strain in which NER is eliminated was used, a weak activity of the
human AGT to prevent T:A to C:G mutations caused by MNNG was revealed (106). This
contrasts with the total reduction in these mutations when Ogt was expressed at a similar
level.

The key factor in whether AGTs can repair O4-methylthymine appears to be the ability of
amino acid residues in the active site pocket to position the target O4-methylthymine
sufficiently close to the reactive Cys acceptor site. Mutants of human AGT containing
alterations in the active site residues can repair O4-methylthymine (106-108). An effective
human AGT mutant was obtained by replacing the sequence -V149CSSGAVGN157- with the
corresponding Ogt sequence -I143GRNGTMTG151- (106). This protein resembled Ogt in
effectively preventing T:A to C:G mutations due to O4-alkylthymine formed by methylating,
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ethylating or propylating agents (106). This contrasts with the inability of mammalian AGTs
to repair larger O4-alkylthymine residues (106, 109, 110).

3.7. Repair of larger O6-alkylguanine lesions by AGTs
Another important species difference in AGTs relates to the ability to repair different alkyl
groups attached to the O6-position of guanine. The mechanism for repair described above
requires only that the carbon of the alkyl group liked to the oxygen of guanine be placed in
proximity to the reactive Cys. Indeed, human and rodent AGTs can repair a variety of O6-
alkylguanine lesions (1, 31, 33-36, 111) (Figure 1). The relative rates of repair are benzyl >>
methyl > ethyl> n-propyl, n-butyl. Other adducts such as 4-oxo-4-(3-pyridyl)butyl-, iso-
butyl, tert-butyl are also repaired but at slower rates (31, 32). However, repair can only take
place if the 2′-deoxyguanosine with the alkyl adduct can be accommodated in the active site
pocket. Some AGTs have a steric restriction in this space (33, 60, 61) and are less able to
repair bulky adducts (1, 2, 33, 102, 112). For example, the S. cerevisiae AGT and the E. coli
Ada AGT are virtually inactive with O6-benzylguanine adducts in DNA as a substrate (17,
31, 33, 34, 100). The active site of these AGTs is restricted by the bulky side chain of a
tryptophan residue and the absence of the Pro140 residue that is present in human AGT,
whose role is described in section 6.1.

O6-(2-Chloroethyl)guanine is an important AGT substrate. Although the repair cannot be
assayed directly due to the instability of this adduct, it is clear that it is repaired very rapidly
since expression of human AGT provides effective protection against chloroethylating
compounds such as the anti-cancer drugs ACNU, N,N′-bis(2-chloroethyl)-N-nitrosourea
(BCNU), 4-methyl-N-(2-chloroethyl)-N′-cyclohexyl-N-nitrosourea (MeCCNU) and
cloretazine (113-118). As first described by Ludlum and colleagues (119, 120), the
cytotoxicity of these compounds is due to the formation of DNA interstrand crosslinks.
These result from a non-enzymatic reaction of an initial O6-(2-chloroethyl)guanine adduct to
form 1, O6-ethanoguanine, which then reacts with the cytosine in the complementary strand
of DNA to produce a 1-(3-deoxycytidyl)-2-(1-deoxyguanosinyl)ethane interstrand crosslink.
This reaction occurs very quickly from the initial monoadduct and its prevention by AGT
shows that O6-(2-chloroethyl)guanine is a good AGT substrate.

The 1-(3-deoxycytidyl)-2-(1-deoxyguanosinyl)ethane crosslink does not involve the O6-
position and is unaffected by AGT. However, cyclic derivatives that do contain O6-adducts
such as 1, O6-ethanoguanine or 1, O6-ethanoxanthine are substrates for the protein (Figure
1). In this case, reaction leads to the covalent attachment of the AGT protein to the DNA
(62, 121). Human AGT is actually able to repair an interstrand crosslink DNA damage
where the two DNA strands are joined by a 7-carbon alkyl linker via the guanine-O6 in each
strand (122, 123). Such a heptane crosslink was repaired with initial formation of an AGT-
DNA complex and further reaction of a second AGT molecule yielding a human AGT dimer
and free DNA (see Figure 1). Although this crosslink has never been characterized from
treated cells, it is likely to arise after exposure to the developmental drug hepsulfam since
human AGT expression protected cells from killing by this drug (123). AGT was not
effective in repairing a similar four-carbon crosslink that could be produced by the drug
busulfan. This is due to the limited conformational flexibility preventing sufficient rotation
of the butyl-linked substrate to allow the access of the protein to the adduct. The Ada
protein, which has a more restricted active site, could not repair either the seven-or the four-
carbon O6-2′-deoxyguanosine-alkyl-O6-2′-deoxyguanosine interstrand DNA cross-links
(122).

Surprisingly, in view of the rapid repair of O6-(2-chloroethyl)guanine by AGT, O6-
hydroxyethylguanine is a very poor substrate (32, 35). One possible reason for this is that
the hydroxyethyl-group may favor the adoption of the anti-conformation of the O6-adduct
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(35). The crystal structures of O6-methylguanine in DNA bound to human AGT shows that
it is located with the methyl group in the syn-position pointing towards Cys145 (62) (Figures
1 and 3A). This conformation, which is needed for reaction, would be favored by the
hydrophobic nature of the binding pocket. The hydrophilic group of O6-
hydroxyethylguanine may not readily assume this conformation (35).

3.8. Sequence specificity of repair by AGTs
AGT-mediated repair of O6-methylguanine shows only slight sequence specificity as
expected from structural data showing binding via the minor groove with few potentially
sequence-specific interactions but there are exceptions to this rule [reviewed by (124)].
There was a slightly slower rate when the O6-methylguanine was 3′ to guanine residue (1,
124-126). A somewhat larger effect has been reported for a neighboring 5-methylcytosine
but these effects were highly dependent on the overall sequence context (124, 127, 128).
Interestingly, a greater sequence dependence was seen in the repair of O6-[4-oxo-4-(3-
pyridyl)butyl]guanine adducts by mammalian AGTs (35, 124, 129). This may be due to
sequence effects changing the orientation of the O6-[4-oxo-4-(3-pyridyl)butyl]guanine
adduct in the active site pocket. This could affect the proximity to the reactive Cys or the
propensity to adopt the syn conformation of the alkyl group needed for repair. Sequence
specificity of repair of O6-[4-oxo-4-(3-pyridyl)butyl]guanine in the 12th codon of the H-ras
gene was greater with rodent AGTs than with human AGT (129). It should be noted that,
because of the stoichiometric nature of the AGT reaction and its saturation when all
molecules of AGT are used up, it is possible that even a small difference in substrate
preference may lead to some lesions having a significantly higher chance of being
unrepaired. With agents such as NNK that can generate both methyl and 4-oxo-4-(3-
pyridyl)butyl adducts (130), the least preferred adduct/sequence may be rendered highly
persistent since de novo synthesis of AGT would be required for its repair.

4. DNA damage mediated by AGT
4.1. Effect on damage caused by dihaloalkanes

After exposure of E. coli to dibromomethane or 1,2-dibromoethane, there was an increased
incidence of cell killing and mutations when human AGT, Ada-C or Ogt were expressed
(131-133). More detailed investigation of the mechanism of this paradoxical enhancement of
DNA damage by a DNA repair protein showed that 1,2-dibromoethane reacts with the
reactive Cys in AGT to generate a AGT-S-(2-bromoethyl) intermediate, which rearranges
into a highly reactive half-mustard (134). This is unstable and in vitro in the absence of
DNA it rapidly forms an inert -S(CH2)2-OH adduct. In the presence of DNA, the DNA-
binding property of AGT brings this intermediate into close contact with DNA. It then
reacts, predominantly at guanine residues, to form a covalent adduct, thus crosslinking the
AGT to DNA (Figure 4A). DNA-AGT crosslinks formed in this way have been detected in
cells treated with 1,2-dibromoethane.

An N7-guanine adduct formed in this way was characterized by MS analysis (Figure 4C).
The release of the adduct by spontaneous depurination or further processing of the DNA
damage to reduce the size of the protein-DNA conjugate allows synthesis by bypass DNA
polymerases causing mutations (135, 136). Toxicity may result from an inability to bypass
the protein-DNA conjugate efficiently. An essentially similar mechanism occurs with
dibromomethane forming a AGT-S-CH2Br intermediate (137) (Figure 4A). In both cases,
virtually all of the mutations were at G:C sites and both G to T transversions (which can be
derived from AP sites after depurination of the adduct) and G to A transitions were
produced. The N7-adducts formed by dihaloalkanes and other bis-electrophiles (see below
section 4.2) are the only DNA-AGT derivatives that have been fully characterized, but there
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are multiple possibilities for other adducts that could lead to the transition mutations,
including an adduct at the N2 position (Figure 4C).

A similar mechanism of protein-DNA crosslinking and AGT-enhanced mutagenicity and
toxicity was readily demonstrated for other dihaloalkanes containing bromine or iodine, as
well as BrCH2Cl and Br(CH2)2Cl (Figure 4A). Among a series of α,ω-disubstituted
dihaloalkanes containing Br or I, the initial reaction with AGT increased with methylene
chain length. Dichloroalkanes were ineffective at generating such AGT-DNA adducts due to
the lack of reaction with AGT (136-138).

Mutants of AGT in which Cys145 was altered to alanine or serine did not promote the
genotoxicity and mutagenicity of dihaloalkanes and in vitro experiments showed that there
was no formation of an AGT-protein complex with these proteins (134). This is consistent
with the mechanism described above in which the ability to react with the reactive Cys is a
critical step. Studies with other mutants at key residues needed for the displacement of DNA
bases into the active site pocket such as Arg128 and Tyr 114 also blocked the ability of AGT
to mediate the genotoxicity of 1,2-dibromoethane. The ability to form the AGT-Cys145S-
(CH2)2Br adduct was not impaired with these mutant proteins but the production of a
covalent adduct with DNA was greatly diminished (139).

4.2. Effect on damage produced by other bis-electrophiles
Subsequently, it was shown that a number of other bis-electrophiles can also cause AGT-
mediated DNA damage by virtue of their ability to generate DNA-AGT crosslinks. These
compounds include 1,2,3,4-diepoxybutane (138, 140, 141), nitrogen mustards (142) and
epibromohydrin (143).

Although one pathway to such crosslink formation is similar with these bis-electrophiles,
there are two significant differences with the results with dihaloalkanes (Figure 4B). Firstly,
these compounds can also react initially with DNA to form a reactive DNA-adduct, which
then reacts with AGT (140, 141). Incubation of AGT with N7-(2′-hydroxy-3′,4′-
epoxybut-1′-yl)-2′-deoxyguanosine led to a covalent adduct at Cys145 and the same adduct
was seen when AGT was linked to DNA in the presence of 1,2,3,4-diepoxybutane (140).
Similarly, N7-guanine adducts were characterized as a result of the reaction of AGT, DNA
and chlorambucil and mechlorethamine (142). This contrasts with studies of the 1,2-
dibromoethane-derived AGT-DNA cross-links where in vitro experiments using [14C]-1,2-
dibromoethane showed no reaction when incubated with DNA alone but labeling of AGT
and subsequent crosslinking when DNA was added as the last component to the reaction
mix (134, 135).

Secondly, the interaction with human AGT can also occur at a second Cys residue in the
binding pocket (Cys150) (140, 142). Thus, some AGT-DNA crosslinks were formed with
the C145A(S) mutants and only the double mutation C145A/C150S abolished the ability of
AGT to increase mutagenesis (141, 143). Although increased transitions and transversions at
G:C pairs were observed, there was also a significant increase in transversions at A:T sites
when 1,2,3,4-diepoxybutane was used (141). This may be due to the ability of 1,3-1,2,3,4-
diepoxybutane to react with DNA at A:T pairs (144).

4.3. AGT-mediated enhancement of toxicity and mutations in mammalian cells
Most of the studies showing that AGT enhances the genotoxicity of bis-electrophiles in vivo
have been carried out with bacterial cells as hosts for expression of bacterial or mammalian
AGTs since these systems are easier to manipulate, but there is evidence of a similar effect
in mammalian cells. Chinese hamster lung fibroblasts, which contain little or no endogenous
AGT, were sensitized to the growth inhibitory effects of dihaloalkanes by expression of E.
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coli AGTs (145). More extensive studies carried out with CHO cells stably transfected with
a plasmid that expresses human AGT showed that the cytotoxicity of 1,2-dibromoethane,
dibromomethane and epibromohydrin was significantly increased by the presence of AGT
(146). Mutations caused by these agents in the hypoxanthine-guanine
phosphoribosyltransferase gene were increased by 2-3-fold in the presence of AGT. Both
base substitution mutations and the formation of large deletions (> or = 3 exons) were
increased. The increases in mutations were statistically significant but much less than those
seen in the bacterial systems whereas the effects on increased toxicity were similar. Some of
this difference may be due to the reporter systems involved, although it is probably related
to the greater ability of the bacterial cells to replicate DNA, albeit with errors, when it
contains DNA-protein crosslinks. The strong effect of AGT expression to increase the
cytotoxicity of these bifunctional agents in mammalian cells would be consistent with a lack
of capacity to replicate DNA in the presence of such damage. At present, the mechanisms by
which protein-DNA crosslinks are dealt with are poorly understood but are thought to
involve proteolysis, NER and homologous recombination (147, 148).

AGT-DNA crosslinks were detected in nuclear extracts after treatment of AGT-transfected-
CHO or Hela cell extracts with mechlorethamine (149) or 1,2,3,4-diepoxybutane (150)
respectively. Numerous other proteins were also detected as DNA-conjugates in these
analyses. It is possible that with these reactive drugs, the contribution to overall genotoxicity
by the AGT-mediated route is masked by the ability to form DNA-DNA crosslinks, DNA-
monoadducts and other protein-DNA crosslinks. It should be noted that many proteins
contain sites reactive to electrophiles and theoretically can be conjugated to DNA by bis-
electrophiles as observed in the experiments with nuclear extracts (149, 150). Such reaction
has been noted for glyceraldehyde 3-phosphate dehydrogenase and histone 2b but their
expression in E. coli did not increase mutagenesis by dihaloalkanes or 1,2,3,4-
diepoxybutane (151, 152). At present, AGT is the only protein that clearly enhances bis-
electrophile-induced genotoxicity. This may be due to a combination of the reactivity of its
active site residue, the ability of its DNA-binding domain to displace a base into the activity
site pocket close to the reactive cysteine derivative and possibly to the cellular processing of
the AGT-DNA crosslink, which could differ from responses to other DNA-bound proteins.
Therefore, although AGT is only present in small amounts, these may be sufficient to
influence the toxic effects of bis-electrophiles. Evidence supporting this concept is provided
by studies showing that AGT enhances the neurotoxic effects of mechlorethamine in mice
and cultured cells (49).

5. Chemically induced loss of AGT activity
5.1. Reactants causing inactivation of AGT

In addition to forming the DNA-AGT crosslinks, exposure to agents that react readily with
the active site Cys causes a direct loss of AGT activity. A significant fraction of the AGT-S-
X formed reacts with water rather than DNA but this reaction inactivates AGT (Figure 4).
This inactivation can occur with monofunctional agents such as 2-bromoethanol (134)
(Figure 4A) and these could render cells more sensitive to alkylation damage. Exposures to
aldehydes such as acrolein, formaldehyde and acetaldehyde also inactivate AGT by reaction
at the active site Cys (153-155). Direct alkylation also occurs with many alkylating agents
that form adducts repairable by AGT (1, 156) but these agents react much more extensively
with DNA and there is no evidence that the direct loss of AGT is important.

5.2. Degradation of AGT after reaction with nitric oxide
Exposure to nitric oxide readily nitrosylates the active site Cys residue of AGT. This is
theoretically a reversible reaction but the presence of S-nitrosylcysteine at Cys145 causes
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the structural change leading to polyubiquitination of the protein and its proteasomal
degradation (157). Thus, conditions that enhance the generation of nitric oxide such as the
formation of reactive oxygen species during inflammatory responses cause loss of AGT
activity. The ability of S-nitrosoglutathione reductase to limit S-nitrosylation may be
important in preventing such inactivation (158). Mice lacking this reductase showed
impaired repair of O6-alkylguanine. It was suggested that the incidence of hepatocellular
carcinoma, which is associated with elevated expression of inducible nitric oxide synthase,
may be increased by lack of AGT-mediated DNA repair particularly if S-nitrosoglutathione
reductase activity is low (158).

6. Resistance to chemotherapy
Since AGT-mediated removal of O6-alkylguanine adducts prevents cell killing by
methylating agents such as dacarbazine and temozolomide, and by chloroethylating agents,
such as BCNU, ACNU and MeCCNU, the presence of high levels of AGT in tumor cells
provides a powerful resistance mechanism to cancer chemotherapy using these agents.

AGT activity has also been linked to resistance to 6-thioguanine (159). A melanoma cell
refractory to this drug expressed high levels of AGT and was sensitized by inhibition of
AGT. After incorporation into DNA, 6-thioguanine is readily methylated by S-
adenosylmethionine to form S6-methylthioguanine, which is then recognized by MMR
leading to cell death (160, 161). AGT does bind to S6-methylthioguanine, but this adduct is a
very poor substrate for AGT repair (162, 163) so it is possible that binding of AGT prevents
the toxicity without direct adduct repair.

6.1. Irreversible inhibitors (pseudosubstrates)
Several procedures aimed at reducing tumor AGT activity have been suggested but the only
one that has reached clinical trials is the use of irreversible inhibitors (1, 164-167). This
work was initiated through in the laboratory of the late R. C. Moschel. His synthesis of the
pseudosubstrate O6-benzylguanine and the finding that it was able to effectively inhibit
human AGT and thus sensitize tumor cells to killing by BCNU provided a proof of principle
for this concept (115). O6-Benzylguanine was designed as an inactivator of AGT based on
the hypothesis that it would be accepted as a substrate and form S-benzylcysteine at the
active site releasing guanine (Figure 5). Since benzyl- is better than methyl- as a reactant in
such displacement reactions, it was hoped that the faster rate would compensate for the lack
of DNA-mediated binding to the active site. Experimental studies have confirmed that this
reaction mechanism is correct since inactivation is time dependent and accompanied by the
formation of S-benzylcysteine at the active site and stoichiometric release of guanine (61,
168). Another important reason that O6-benzylguanine is effective as an AGT inhibitor is
that the benzyl group interacts with the Pro140 residue in human AGT to facilitate its
binding in the correct orientation within the active site (61). This Pro is not conserved in
AGTs and those AGTs lacking this residue are less readily inactivated by O6-benzylguanine.
Some AGTs including those from S. cerevisiae and E. coli Ada not only lack the Pro residue
but also have smaller active site pockets, which are unable to accept O6-benzylguanine,
rendering them almost totally resistant (33, 168). It was therefore fortunate that the original
studies with O6-benzylguanine were carried out with human AGT and human cells rather
than bacterial and yeast models, which have been heavily advocated as more convenient
surrogates for drug development. It is also noteworthy that mammalian cell membranes are
readily penetrated by the lipophilic O6-benzylguanine whereas the E. coli membrane limits
the uptake unless its lipopolysaccharide is mutated (169). O6-Benzylguanine is now a
commercially available reagent useful for experimental studies examining the role of AGT
activity in mammals. Benzylation of AGT via reaction with O6-benzylguanine has the same
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effect in causing the structural change as that seen after alkylation following DNA repair,
and therefore also leads to rapid degradation of the protein (87).

Numerous other AGT inhibitors based on the same principles have been described (112,
116, 165, 167, 170) including some such as O6-[3-(aminomethyl)benzyl]guanine and O6-
benzylfolate that are significantly more potent (167, 171-173) (Figure 5) but only O6-
benzylguanine and O6-(4-bromothenyl)guanine (170, 174) have entered clinical trials. Early
trials showed that these inhibitors alone were non-toxic. Phase II trials in combination with
therapeutic alkylating agents showed only limited responses. A significant problem is an
enhanced hematopoietic toxicity, which limits the amount of the alkylating agent that can be
given in these combinations (167, 175-177). These inhibitors are not tumor specific and loss
of AGT activity in bone marrow increases the myelosuppressive action of the alkylating
agents.

6.2. Tumor specific inhibition
Several approaches to overcome this problem have been proposed. A simple solution is to
use regional administration techniques where possible to limit the effect on sensitive normal
tissues. This can be accomplished for brain tumors by using implanted polymers that slowly
release BCNU (Gliadel wafers) along with systemic treatment with O6-benzylguanine (178).
The more potent and water-soluble AGT inhibitors (171, 172) may also be useful for direct
application to some localized tumors. Another method would be to use derivatives or
prodrugs that are more tumor specific (171, 173, 179, 180).

6.3. O6-Benzylguanine-resistant mutants of AGT for protection and selection
There has been much interest in using the expression of O6-benzylguanine-resistant mutants
of AGT to protect bone marrow stem cells. It is relatively easy to generate mutants of the
human AGT sequence to provide such resistance (169, 181-183). Even some single amino
acid changes, such as a P140K alteration, produces resistance without greatly affecting the
ability to repair DNA damage (164, 169). This change not only removes the Pro residue that
aids binding, but also restricts the size of the active site pocket and places a charged side
chain in this pocket. These alterations increase the IC50 for the inhibitor 0.2 μM to >2 mM.
Expression of this resistant mutant using viral vectors can provide good resistance of bone
marrow cells to the combination of O6-benzylguanine and alkylating agents (4, 184, 185).
This approach to overcoming the toxicity of such combinations in cancer therapy may be
limited by the cost, complexity and concerns over safety of the vector delivery systems.
However, the use of viruses containing an expressible P140K-AGT and another desired gene
may have general value in gene therapy. Treatment with O6-benzylguanine and an alkylating
agent provides a powerful selection method allowing for enrichment of cells that express the
desired gene (186-190).

7. Consequences of low AGT levels
7.1. Effects on carcinogenesis or cancer prognosis and therapy

There are no clear studies with human populations showing conclusively that a lack of AGT
expression increases the probability of developing cancer, and it should be noted that mice
with the inactivated MGMT gene do not show an increased spontaneous tumor incidence in
the absence of exposure to DNA damaging agents (191, 192). However, in light of the
overwhelming experimental data showing that AGT protects against mutations caused by
alkylating agents and that humans are exposed to such agents, it seems highly probable that
low AGT expression levels would be linked to a rise in tumor development if the
appropriate groups were followed.
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There is very good data based on both retrospective and prospective studies that the lack of
AGT expression increases the likelihood of a positive response to cancer therapy with either
chloroethylating or methylating agents (193-196). This is in keeping with the multitude of
studies showing that AGT activity protects from cell killing by these agents and provides
resistance to them.

7.2. Epigenetic silencing of the MGMT gene
It has been known for many years that some tumor cell lines lack AGT expression (197,
198). These cells are often described as Mer− (Methyl Excision Repair negative). Early
studies by Brent and others indicated that many of these cell lines did not express AGT due
to epigenetic silencing of the MGMT gene linked to methylation at certain sites in the
promoter region (199, 200). Although this process is still not fully understood, particularly
in the early stages of silencing, many studies support the concept that specific gene
methylation at key sites is an important factor in this inactivation (201-205). Susceptibility
to such inactivating methylation is increased by a SNP in the MGMT gene (206, 207).
Methylation may also be increased by p53 and reduced by estradiol (117, 208-210).

The frequency of the Mer− status in immortalized cell lines is quite high. The reason for this
is unknown. It is possible that lack of AGT expression may aid in unrestricted growth. In
contrast, the incidence of a total absence of AGT content in primary tumor samples is quite
low although levels in human tumors and normal tissues are highly variable and a greater
proportion of tumors may contain a small population of cells that lack AGT. Nevertheless,
the rapid development of methods for assaying DNA methylation has provided a means of
generating a myriad published studies describing methylation of the MGMT gene promoter
and possible correlations with therapeutic response. At least 275 such papers have been
published in the last two years. Some, but not all, of these studies suggest that there is a
correlation between MGMT methylation status and susceptibility to tumor development, and
between MGMT methylation and a favorable response to therapy [see (196, 211-219) and
references therein]. However, in only a limited number of cases, has the actual AGT activity
or mRNA level been measured and not all of the methylation sites measured have been
shown to cause a lack of MGMT expression. Also, correlations with response have been
seen even when treatment did not include drugs forming adducts repaired by AGT.
Silencing by DNA methylation may involve many genes, and MGMT promoter methylation
may only be an indicator of such events rather than being directly responsible for them.
Altered methylation may simply reflect a more general increase in aggressive tumor growth
and resistance to therapy rather than indicate that the AGT status is affected. Experiments
where AGT activity and/or protein have been measured show this is not always associated
with the methylation pattern measured or resistance to alkylation. The fact that most tumor
samples are also heterogeneous with different levels of AGT expression in various cells is
another indication that global measurements of MGMT gene methylation status are unlikely
to be useful in guiding therapy.

Recently, it has been observed that some antiepileptic drugs including levetiracetam
decrease AGT expression and protein by activating the HDAC1-corepressor complex to
enhance p53 binding on the MGMT promoter (210). This may be clinically useful since it
increases the response to temozolomide, and also provides a warning that use of such drugs
in patients with malignant gliomas must be controlled for in clinical trials.

8. Polymorphisms affecting AGT
A number of genetic variants in the human MGMT gene, which is located on chromosome
10 at 10q26, have been reported. Because of the central role of AGT in response to
carcinogenic and therapeutic alkylating agents, there have been many studies that have
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attempted to correlate the alterations with either cancer incidence or response to therapy of
cancer [see (207, 220-224) and references therein]. The results of these studies do not
provide a clear or consistent picture. This may be due to the variants having only a small
effect and the limited sample size of the affected group in the populations investigated,
although recent attempts to deal with this problem by meta analysis have been published
(225).

Genetic variations located within the promoter and enhancer regions of AGT can alter
expression levels and thus affect sensitivity to toxic and therapeutic alkylating agents (206,
207, 226, 227). It is currently difficult to evaluate the significance of these changes
experimentally since many factors may influence AGT levels particularly in the cells such as
lymphocytes that are readily available from patients.

There are two relatively common SNPs affecting the AGT protein sequence in 20-25% of
the population. These are L84F and I143V/K178R (the changes at codons for 143 and 178
are in almost perfect disequilibrium). Many surveys have been reported in which these
alterations have been examined for correlation with alterations to cancer risk or response to
treatment. The L84F polymorphism did not change any of the properties of the purified
AGT protein in repair of a variety of DNA substrates (129, 220, 228) or the response of cells
to the methylating agent temozolomide (94). Despite this, a meta analysis study based on
more than 30,000 samples indicated that there was an increased risk of cancer in individuals
with the L84F alteration (225) and lymphocytes from these individuals showed an increase
in sensitivity to the production of chromosome aberrations by NNK (229) and an increased
mutation frequency in smokers (230). It is possible that some other property of AGT is
revealed in these studies but the possibility of a linkage of the polymorphism to some other
genetic factor is not ruled out.

The I143V/K178R AGT has an alteration close to Cys145 acceptor site but it is unlikely that
this change has a significant effect on activity towards methyl adducts since this residue is
not conserved and is Val in some AGTs. However, the I143V change did cause a difference
from wild type human AGT in being less sensitive to sequence considerations in the repair
of O6-[4-oxo-4-(3-pyridyl)butyl]guanine (129). Based on assays of peripheral blood
mononuclear cells, it is also possible that the I143V/K178R variant may be present at a
higher steady state level (226). This could indicate increased synthesis, decreased
inactivation or degradation of the polymorphic form. These results would support the
concept that this variant may protect against cancer and a reduced incidence was seen in a
study of heavy smokers and lung cancer (231). Despite this, meta analysis data suggested
that there actually may be a slight increase in lung cancer incidence and no association with
overall cancer risk (225).

The W65C and G160R variants in AGT are very uncommon (c.1% or less) but may have
more drastic effects. The W65C is highly unstable and rapidly degraded (228). The G160R
variant was much less effective than wild type human AGT in the repair of DNA containing
bulky adducts and was resistant to inactivation with the free base O6-benzylguanine (34,
129, 228). This is consistent with relatively large and highly charged side chain of the Arg in
the substrate binding pocket that discriminates against larger adducts. These changes are
therefore likely to reduce DNA repair capacity, but their rarity suggests that they will not
have a significant impact on human disease.
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9. Bridge to other DNA repair pathways and transcription
9.1. Alkyltransferase-like proteins (ATLs)

A protein termed ATL with some primary sequence similar to the C-terminal domain of
AGT is present in many species including bacteria, fungi, archea and sea anemones (232,
233) (Figure 1 lower panel). ATLs are found in a number of species that lack AGTs
including S. pombe, T, thermophilus and Deinococcus radiodurans. ATLs lack the Cys at
the -PCHR-acceptor site, which is replaced most commonly by Trp (c 89%) but also by Ala
(9%) or occasionally by other amino acids. They do contain the DNA binding domain with
the conserved Arg and Tyr residues (Figure 1). ATL proteins have been characterized from
E. coli (234, 235), Vibrio parahaemolyticus (236), S. pombe (234, 235, 237),Thermus
thermophilus (238, 239) and the starlet sea anemone Nematostella vectensis (S. Kanugula
and A. E. Pegg, unpublished).

Structures of the ATLs from S. pombe (234) and V. parahaemolyticus (236) have been
obtained by X-ray crystallography and NMR respectively (Figure 6A). These structures
show that ATLs have a very similar shape to the C-terminal domain of AGTs and bind to
DNA in a similar manner to AGT but bend the DNA more extensively by c. 45° (234, 236).
In in vitro assays, ATLs bind tightly to DNA with O6-alkylguanine adducts and block repair
by AGTs. As expected, binding is reduced and interference with AGT-mediated repair is
reduced by mutation of the key Arg and Tyr residues (Figure 6B-D). ATLs have no intrinsic
alkyltransferase, glycosylase, or endonuclease activities (234-238).

In vivo expression of ATLs in strains lacking AGTs enhances repair of O6-alkylguanine and
reduces mutations caused by methylating, ethylating, propylating and hydroxyethylating
agents (234, 239, 240). This protective effect requires an intact NER system and interactions
between ATL and proteins in the NER complex have been demonstrated (234, 239, 240).
These results collectively support the hypothesis that ATLs enhances repair of O6-
alkylguanine adducts by forming a complex that allows recognition by the NER system.
Since O6-alkylguanine adducts cause little distortion of the DNA structure, they are poorly
recognized by the NER system in the absence of ATLs.

The E. coli ATL is not very effective in promoting repair of O6-methylguanine but is much
more active on larger adducts such as hydroxyethyl-, 1-hydroxypropyl-, 2-hydroxypropyl-
and n-propyl- (234, 240, 241)(S. Kanugula and A. E. Pegg, unpublished). The two E. coli
AGTs are very efficient in the repair of O6-methylguanine but are ineffective with bulkier
adducts and the ATL/NER pathway may be needed for efficient repair of such O6-adducts
including O6-hydroxyethylguanine. The structures of ATLs bound to DNA with either an
O6-methylguanine or an O6-[4-oxo-4-(3-pyridyl)butyl]guanine adduct show that the binding
pocket is significantly larger than that of AGTs and can readily accept bulkier adducts (233,
234).

There may be some species specificity in the repair of O6-alkylguanine by the ATL/NER
mechanism. S. pombe and Thermus thermophilus do not contain any AGTs so these species
may rely on the ATL/NER pathway for repair of O6-methylguanine (237, 239) and their
ATLs promote repair of this adduct efficiently. Inactivation of the ATL gene in these species
causes increased sensitivity to MNNG and other alkylating agents.

Although the hypothesis that ATL exerts its effects via interaction with NER proteins has
strong experimental support, it is quite possible that it also interacts with other DNA repair
pathways including MMR. Binding of ATL not only blocks AGT-mediated repair but also
MMR-initiated DNA degradation (241). Spontaneous mutations in T. thermophilus lacking
NER are reduced to background levels when ATL is also eliminated (239).
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ATLs have not yet been identified in vertebrates. The AGTs in these organisms are better
able to repair bulky O6-alkylguanine adducts so it is possible that the ATL gene has been
lost. However, as described above, vertebrate AGTs are very inefficient at the repair of O6-
hydroxyethylguanine, which is repaired by the E. coli ATL/NER pathway and there is an
ATL in the starlet sea anemone N. vectensis. This protein binds to O6-alkylguanine adducts
in DNA in similar way to the E. coli, V. parahaemolyticus and S. pombe ATLs but species
specificity in the interactions with NER proteins and the lack of genetic tests available for
this organism have prevented studies of its potential in vivo substrates (S. Kanugula and A.
E. Pegg, unpublished). It is certainly possible that further investigation will reveal proteins
that perform the same role as ATL in vertebrates. There is a clear parallel to the XPE/DDB2
component of the NER pathway that is required only for the recognition of certain types of
DNA damage (242, 243).

9.2. AGTs as transcriptional regulators
The Ada protein present in E. coli and some other gram-negative bacteria, which was the
first characterized AGT, contains an N-terminal domain (N-Ada) that is responsible for
regulating the adaptive response by increasing repair capacity after alkylation damage (14,
244, 245). This domain is joined by a readily cleaved linked region to the C-terminal domain
(C-Ada), which is responsible for the AGT activity. The N-Ada region contains a second
Cys acceptor site, which attacks the methylphosphotriesters that are formed in DNA by
alkylating agents (246). This Cys, located at residue Cys38 in E. coli Ada (245), is highly
reactive as a result of its activation by coordination with a Zn atom, which also bound to
three other Cys residues (247). In fact, only one of the two methylphosphotriesters
diastereomers, the Sp form, is recognized and it seems more likely that transcriptional
activation rather than DNA repair is the function of this reaction. The formation of S-
methylcysteine by this reaction activates a latent transcriptional-activation of the N-Ada
domain, which then binds to DNA regions containing the ada promoter sequence and
activates the expression of genes including Ada itself that provide resistance to alkylating
agents (245, 248, 249).

Mammalian AGTs lack any domain corresponding to N-Ada and not inducible by alkylation
damage. However, it is intriguing that the N-terminal domain of the human AGT contains a
bound zinc coordinated with residues Cys5, Cys24, His29, and His85 (61). This domain
when expressed separately can react with O6-alkylguanine if zinc is added although much
more weakly than the true AGT activity of the C-terminal domain (65). The presence of zinc
is not essential for activity of the complete form of human AGT but its presence increased
the rate of repair and provided conformational stability (250).

There are reports suggesting that AGT may play a role in mammalian transcription.
Immunostaining with specific antibodies to AGT showed that it is concentrated at active
transcription sites and interacts with CREB binding protein CBP/300 (251, 252). The
alkylated form of AGT blocks the ability of the estrogen-receptor to stimulate transcription
(252). It was suggested that alkylation exposed the region containing the sequence -
V98LWKLLKVV106- in AGT. allowing it to bind to the estrogen receptor and thus
preventing association with the steroid receptor coactivator-1 and the stimulation of cell
growth. Mutation of this AGT region blocked the effect and its similarity to the -LXXLL-
motif of steroid receptor coactivator-1 supports this hypothesis although further structural
and biochemical studies will be needed to establish its significance. Recently, it was shown
that AGT expression reduces angiogenesis with a decrease in some tyrosine kinases (253).
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10. AGT and ATL-fusions to other proteins or histones
10.1. Experimental use of AGT fusions for protein tagging

The ability of the active site of AGT to react with O6-benzylguanine to form a covalent
adduct at Cys145 has been taken advantage of to generate a reagent for the specific labeling
of recombinant proteins (254-256). Since the para-position of benzyl group is directed
towards the opening of the active site pocket it can be modified with quite large additions
without affecting the ability to react with AGT (257). Such additions can be used to devise
cell permeable O6-benzylguanine derivatives that will react and covalently label the protein
with a variety of useful chemical probes including fluoroscein, biotin, methotrexate, Ca2 -
sensing indicators, and reagents for studying protein isolation, protein immobilization and
protein:protein crosslinking and interactions (258-262) (Figure 5). Mutations of the AGT
sequence to prevent DNA binding and enhance reaction with such derivatives and convey
stability were selected using molecular evolution screening techniques to obtain a protein
that can be expressed as a fusion with any cloned sequence and used for biochemical
investigations (255, 263, 264). This reagent and the derivatives are now commercially
available as a SNAP-tag. Recently, AGT mutant proteins that react with O2-benzylcytosine
have been selected and can provide a second protein, which can be expressed as a fusion and
tagged in a similar way using derivatives of O2-benzylcytosine (265). This allows for
simultaneous labeling with different probes (266) and should be a valuable addition to this
technique.

10.2. AGT and ATL fusions with Endo V
Many archea that live under extreme conditions contain a protein termed AGTEndoV. This
consists of a single polypeptide bifunctional protein having an N-terminal domain encoding
an AGT activity and a C-terminal domain encoding an EndoV activity (267). EndoV is an
endonuclease, which nicks DNA at the second phosphodiester bond 3′ to a deaminated base
substrate, commencing an excision/polymerase repair pathway (268). Both AGT and Endo
V functions are active when recombinant AGTendoV is assayed in vitro. AGTEndoV
protected from both oxidative damage and MNNG when expressed in E. coli. In fact, it was
actually slightly more effective in preventing mutations than human AGT expressed at the
same level. This suggests that the combination of activities provides a more efficient repair
system (267). One explanation for this, and for the combination of two DNA proteins in the
same polypeptide chain, would be that the presence of two distinct DNA binding domains
aids in the rapid scanning of DNA and the recognition of DNA lesions.

A number of archea genomes contain ATL EndoV fusions (234). This could also facilitate
DNA scanning for lesions and the EndoV domain might have an XPG-like function
contributing to NER in these organisms.

A protein termed c-AGT2 is present in C. elegans and related nematodes, which also contain
a conventional AGT termed cAGT-1. The cAGT2 protein has AGT activity although it lacks
the N-terminal domain of most AGTs. The region equivalent to the C-terminal domain of
most AGTs, which contains the DNA binding and active site is located in the N-terminal
region of c-AGT2. This is fused to a C-terminal domain that has a sequence resembling
histone 1C (269). The histone domain may provide a structural role similar to that of the
AGT N-terminal domain (65) but could also accelerate DNA scanning or play an entirely
different role relating to gene expression.

11. Conclusions
The mechanism of action and function of AGTs to repair DNA and prevent mutations and
cytotoxicity are now generally well understood although some fundamental questions
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remain. Answering these questions may provide significant general advances in
understanding the responses to DNA damage as well as filling in these gaps concerning
AGTs. The ability of AGTs to repair some O6-alkylguanine adducts in DNA so rapidly is a
particularly interesting property, but the mechanism for such rapid scanning is not
understood. The cooperative binding of AGT to DNA may aid in this scanning. Further
study of this and of the AGTs or ATLs that occur as fusions with other proteins providing a
second DNA binding domain, which are found in organisms that grow under extreme
conditions, are needed. Also, the interaction of AGTs with other proteins is an important
area in which experimental clarification is required. These proteins could be involved in
DNA repair either by enhancing the scanning for lesions or via contributing to the removal
and degradation of alkyl-AGT. They may also link AGT to a variety of other cellular
functions.

The existence of ATLs and the evidence that O6-alkylguanines can be repaired efficiently by
NER after recognition and DNA distortion brought about by the binding of ATLs may
explain the absence of AGTs in some microorganisms and the ability of others to repair O6-
alkyl adducts in DNA that are too large for the active site of their AGTs. Repair via the
ATL/NER pathway may permit transcription-coupled repair of O6-alkylguanines, which
does not occur with AGT alone. It is possible that in mammalian cells AGT itself might act
as a recognition signal for some adducts such as S6-methylthioguanine and O6-
hydroxyethylguanine. Clues provided by the studies of ATLs suggest that AGT might also
be able to act to promote repair of adducts, which it binds to but does not repair well, is
worth considering. However, it is still unclear why neither AGTs nor ATLs have been
detected in plant cells and how plants respond to DNA damaging agents that form O6-
alkylguanines.

The ability of bis-electrophiles to crosslink AGT to DNA not only indicates an additional
route for their genotoxicity but also provides a useful method to generate protein-DNA
crosslinks for experimental purposes in order to study their further processing, repair and
mutagenic and cytotoxic properties. Not only does this reaction generate defined lesions
each containing a known protein sequence but, by using AGT mutants and fusion to other
polypeptides, these adducts can be manipulated experimentally. As long as the reactive Cys
and the DNA binding domain of the AGT are maintained, any required protein sequence
could be crosslinked in this way. The extent to which normal cellular levels of AGT
contribute to the toxicity and mutagenicity of dihaloalkanes and other bis-electrophiles as
compared to other routes of metabolism such as glutathione S-transferase conjugates, P450-
dependent activation and direct formation of DNA adducts is not yet clear. The availability
of mice that lack or overexpress AGT due to inactivation or increased expression of the
MGMT gene provides a means to evaluate this. The importance of AGT-DNA crosslinks in
the toxicity and mutagenicity of bis-electrophiles can only be demonstrated conclusively by
conducting studies in both mutant mouse lines.

At present, despite a large number of publications, none of the AGT polymorphisms or very
rare variants have been clearly linked to human disease or cancer therapy and there is no
clear parallel between the properties imparted by these MGMT gene variations and the
phenotypes attributed to them. This work may be clarified by studies with larger numbers
and better-defined human populations that will enable confounding factors to be excluded. It
is also possible that linkages between the polymorphisms and some other functions brought
about either via AGT interactions or presently unknown gene linkages may contribute to the
epidemiological findings.

It should be noted that the MGMT gene is very large (>170kb) and contains 4 long introns,
each exceeding 40 kb. It is possible that some of these sequences have effects either on AGT

Pegg Page 17

Chem Res Toxicol. Author manuscript; available in PMC 2012 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression or the expression of other genes. Global estimations of the methylation status of
the MGMT gene promoter region are not likely to be useful as sole markers of the response
to cancer therapy whereas actual measurements of AGT protein and activity, although more
methodologically challenging, may be more helpful. The problems of cell heterogeneity in
tumor tissues also raise difficulties in these studies. It has been shown that an experimental
tumor in mice containing a small percentage of Mer+ tumor cells mixed with Mer− tumor
cells becomes almost exclusively Mer+ after therapy with an alkylating agent. Nevertheless,
it is possible that more detailed comparisons where both AGT protein levels and specific
sites of gene methylation are correlated with therapeutic outcome using methylating or
chloroethylating agents may allow refinement of this type of screening to identify patients
with a good chance of response. These comparisons might also be useful for identifying
patients who should be considered for treatment with AGT inhibitors. Similarly, analysis of
selected and better-defined populations might also be helpful in establishing a protective
role of AGT against human cancer.

The preliminary results suggesting a role of a mammalian AGT as a transcriptional regulator
are intriguing and further study of this possibility is needed, particularly in the light of the
clear evidence from bacteria that a zinc-conjugated alkylation site motif can be used as an
activation switch for such regulation. The relatively rapid degradation of the alkyl-AGT may
limit the extent to which this type of regulation can occur, but the t1/2 of the alkyl form is
several hours, which, while unstable compared to the unmodified protein (t1/2 >24 h), is
quite sufficient for such regulation. More details of the conformational changes in the
alkylated form of AGT and its interaction with other proteins as well as the mechanism of
ubiquitination and the sites of ubiquitin attachment would be very helpful.

O6-Benzylguanine is an established research tool to abolish AGT activity and its derivatives
are also useful reagents for labeling the modified AGT polypeptide used for protein tagging.
It remains to be seen whether O6-benzylguanine or related compounds will prove to be
useful drugs to enhance chemotherapy or whether O6-benzylguanine-resistant AGT mutant
vectors can be used clinically. However, these studies have provided important experimental
evidence supporting the underlying concepts that will be a framework for future studies.
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Figure 1.
AGT reaction and substrates
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Figure 2.
Key sequences in AGTs and ATLs. (A) shows the amino acid sequence alignment of the C-
terminal domain containing the active site of AGT proteins from different species. The AGT
sequences are from Homo sapiens (Hs), Mus musculus (Mm), Rattus norvegicus (Rn),
Oryctolagus cuniculus (Oc), Escherichia coli (Ec), Salmonella typhimurium (St),
Aeropyrum pernix (Ap), Methanococcus jannaschii (Mj) and Sulfolobus solfataricus (Ss).
The amino acids that are conserved in the above AGTs are shown in red. The amino acids
that similar or identical to human AGT protein are indicated in blue. The numbers on the left
side of the sequences indicate the position of the amino acid in the AGT primary sequence.
(B) shows amino acid sequence alignment of ATL proteins from different species and a
comparison with conserved AGT residues. The ATL sequences are from
Schizosaccharomyces pombe, Ustilago maydis, Escherichia coli, Deinococcus radiodurans,
Vibrio parahaemolyticus, Yersinia pestis and Nematostella vectensis. The amino acids that
are highly conserved in ATLs are indicated in red. The tryptophan residue that replaces the
AGT alkyl acceptor site cysteine is indicated in blue. The amino acids that are highly
conserved in AGTs from figure 1 are shaded grey and shown at the top of the aligned ATL
sequences. The numbers on the left side of the sequences indicate the position of the amino
acid in the primary sequence.
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Figure 3.
AGT:substrate complex and reaction mechanism. (A) Complex of C145S AGT mutant
bound to DNA containing O6-methylguanine showing key residues Y114, R128, C145S and
M134 in green. The DNA is shown in orange and the protein ribbon in blue. (B) Reaction
mechanism of AGT showing activation of Cys 145 via interactions with Glu172-His146-
water-C145. Redrawn with permission from refs (61, 62).
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Figure 4.
Formation of DNA-AGT crosslinks in the presence of dihaloalkanes and other bis-
electrophiles. (A) Reactions of dihaloalkanes to generate crosslinks at Cys145. (B)
Reactions of bis-electrophiles to generate crosslinks at Cys145 and Cys150. The chemical
can react directly with AGT at either Cys145 or Cys150 as shown in 1A and 1B
respectively. Further reaction with DNA then forms the AGT-DNA crosslink. The bis-
electrophile may also react with DNA directly to generate a reactive species that can then
react with AGT to produce the AGT-DNA crosslink at either Cys residue as shown in 2A
and 2B. (C) The AGT-crosslinks can cause mutations or cytoxicity. (i) Attachment at the
guanine N7 position generates an unstable linkage that can spontaneously depurinate to form
an AP site which on DNA replication can then lead to the observed G:C to T:A
transversions. (ii) More stable adducts, possibly at the guanine N2, although this has not
been characterized, can be processed and copied by bypass polymerases to lead to the
observed G:C to A:T transitions.
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Figure 5.
Inhibitors of AGT activity. References to the inhibitors and many related compounds are
found in (112, 116, 165, 167, 170-174, 270). Although not shown here, additions to the N9
position are well tolerated and can be used to design additional inhibitors with improved
solubility and other useful properties. The bottom section shows some of the compounds
that can be used to label SNAP tags with useful chemical probes as described in section
10.1. Many additional compounds and variants of these probes have also been synthesized
(254-262).

Pegg Page 40

Chem Res Toxicol. Author manuscript; available in PMC 2012 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Properties of ATLs. Panel A shows overlay of the V. parahaemolyticus ATL (vpARL)
structure (cyan) with the crystal structure of S. pombe ATL (spATL) bound to DNA
containing O6-methylguanine (grey) The side chains of Tyr23, Arg37, and Trp54 are shown
in red, blue, and yellow, respectively. Panels B-D show the inhibition of human AGT
activity by ATLs and mutants at key residues. Panel B effect of vpAtl (triangles) and spAtl1
(circles). Panel C shows effect of mutating Tyr23 in vpAtl; wild type (black) triangles,
Y23A (red triangles), and Y23F (red circles). D shows the effect of mutating Arg37 and
Trp54 in vpAtl; wild type (black), R37A (blue) and W54A (gold). Reproduced from Figure
3 of reference (236).
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