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1. Introduction

1.1. Overview of Direct Repair of DNA Alkylation
Damage

Cellular DNA is constantly subjected to modifications by
intracellular and extracellular chemicals, which can result
in covalent change’s? Alkylating agents are one group of
such chemicals that can lead to DNA daméagdéese agents
are prevalent in the environment and are used as anticancer
compounds in the clinical settirfgl® Alkylating agents also
exist endogenously inside cells; for instanS@denosylme-
thionine, a methyl donor for many cellular reactions, has been
shown to produce methylation damagé? The attack on
DNA by these alkylating agents can lead to various types of
lesions on the heterocyclic bases or backboiiet> Most
of these resulting adducts are mutagenic or toxic, and cells
have evolved various proteins to detect and repair thié.
Interestingly, many of these alkylation lesions are repaired
through the direct removal of the adduct. Other than the
photolyase that catalyzes direct reversal of the thymine dimer
created by UV light&all known direct DNA repair proteins
are engaged in alkylation DNA damage repair. These are
the N-terminal domain of thEscherichia coli(E. coli) Ada
protein, the G-alkylguanine-DNA alkyltransferase family,
and the AIkB family?
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removed by AIKA inE. coli and 3-methyladenine-DNA-
glycosylaseg® 25

The S1 type methylating agents such as MNU and
N-methylN'-nitro-N-nitrosoguanidine (MNNG) are highly
mutagenic because they attack the oxygen atoms on DNA
bases to give a significant amount of-@ethylguanine (&
meG) and a small amount of “@nethylthymine (Figure
1).131408-meG mispairs with thymine during DNA replica-
tion, which gives rise to a transition mutation of G:C to
A:T.?672% Thus, this lesion must be rapidly located and
removed in order to maintain the integrity of the genome.
The G-alkylguanine-DNA alkyltransferase family of proteins
1.1.1. Alkylation of DNA performs this important task in almost all organisihs?

Alkylating reagents can be divided intaBand K2 types The §2 type methylating agents such as MMS and methyl
based on the mechanism of the alkylation attack. The halides can react with single-stranded DNA (ssDNA) to
alkylation susceptibility of each site on the bases or backbonegenerate large portions of'Anethyladenine and Nmeth-
varies depending on the reagent used (Figure 1); the resultingﬁ'cytOSIne (Figure 1§:°1314These two positions are protected
lesions also have different mutagenic and cytotoxic effects. Py hydrogen bonding in dsDNA but are quite nucleophilic
The N'-position of guanine is the most vulnerable site on When exposed in ssSDNA or replication forks. When these
DNA, ur']surprising'y7 it also serves as the best ||gand on sites are eXpOSGd, they al’_e Vulnera_ble to nucleophlllc attaCk,
the DNA for metal ions such as platinum(®).Treating  the Kas of these two nitrogen sites are 4.1 and 4.5 in
double-stranded DNA (dsDNA) with methylating agents such SSDNA, which are higher than that of iguanine?*~*® The
as methy'methane sulfonate (MMS, aﬁQSype methy|at|ng reS‘_,ultlng_ lesions preven_t formation of Watsﬁ_ﬁ”_ck base )
agent) or N-methylN'-nitrosourea (MNU, an @ type pairs Wh|_ch could be toxic for cells. The protein involved in
methylating agent) typically results in 780% of the the repair of these _IeS|ons has been rgvealed only very
methylation occurring on the Nposition of guanine. Despite ~ recently. A family of iron(ll)-dependent dioxygenases was
being the most abundant product of a|ky|ation damade1 N found to Cata|ytlca||y remove these alky|at|0n |ES|@ﬁ%f‘°
methylguanine is relatively innocuous and is removed mostly  The phosphodiester DNA backbone is also subject to
through spontaneous depurinatfiThe resulting abasic site  alkylation damage. For instance, 17% of the total methylation
is toxic and repaired enzymaticaf§The N--methyladenine  occurs on the backbone to yield methylphosphotriesters when
is the second most abundant alkylation lesion formed in dsDNA is treated with MNU (Figure 1). The neutral
dsDNA. This lesion can block DNA replication and is phosphotriester can be hydrolyzed by water much faster than
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Figure 1. Methylation patterns of the DNA bases and phosphate backbone with MMS and MNU. The blue arrows indicate methylation
sites that are repaired by glycosylases; the red arrows are for sites repairéeatiyyl@uanine-DNA alkyltransferases; the purple arrows
are for sites repaired by the AlkB proteins; and the green arrow is the site repaired by N-Ada.
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Figure 2. A Cys residue is used by the AGT proteins to remove the alkyl adducts onftpe<iion of guanine (A) and the“osition
of thymine (B). A zinc-bound Cys residue is also used by the N-terminal domain &.tbeli Ada protein to displace a methyl group from
S,-methylphosphotriester (C). All these alkyl transfers from DNA lesions to Cys residues are irreversible.

the diester, which leads to cleavage of the backbone. Theto nucleophilic Cys residues in repair proteins-Akyl-
S-methylphosphotriester is repaired by the N-terminal guanine and ®alkylthymine are repaired in such a manner
domain of the Ada protein (N-Ada) i&. coli.*”#' This repair by the sacrificial protein ®alkylguanine-DNA alkyltrans-
serves mostly as a signaling pathway to induce expressionferase (AGT or MGMT 174245 A nucleophilic Cys residue
of methylation resistance genes, as will be discussed below.is utilized to receive the alkyl lesion in a&manner (Figure
The other diastereomdR;-methylphosphotriester, cannot be 2A and B). The alkylated protein cannot be regenerated and
repaired by N-Ada. There is no homologue of N-Ada found is degraded after the repair. In this case, the protein serves
in eukaryotes. It is unclear whether methylphosphotriester as an alkyl transfer reagent instead of as a strictly defined
is repaired in eukaryotes. enzyme. TheS,-methylphosphotriester is also repaired by a
) direct transfer of the methyl group from methylphosphotri-

1.1.2. Direct Removal of the Alkyl Damage by ester to a reactive Cys residuein coli N-Ada*! N-Ada is
Nucleophilic Cys Residues the prototype of proteins that catalyze zinc(Il)-mediated alky!

A common strategy used by nature to directly repair transfer to thiols. The reactive Cys residue in N-Ada is a
alkylation damage is to irreversibly transfer the alkyl groups ligand of an active site zinc(ll) ion (Figure 2¢3%’ The
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Figure 3. Novel oxidative dealkylation mechanism used by the AlkB proteins to remove methyl or other alkyl groups drpth&ithdn
of adenine and the Nposition of cytosine.
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Figure 4. TheE. coli Ada protein is a multiple function protein that proteEtscoli against methylation challenge. (A) Ada is a transcriptional
activator. Methylation of N-Ada increases Ada’s affinity to DNA and converts it into a potent transcriptional activator. N-Methylated Ada
binds several promoter sites and recruits RNA polymerase to initiate transcriptional activatioadé thgulon that includes the methylation
resistance genexla alkB, alkA, andaidB. (B) Ada possesses two repair activities: the N-terminal domain of Ada utilizes a zinc-activated
Cys residue to repaff,-methylphosphotriester; the C-terminal domain contains a nucleophilic Cys residue to remove alkyl groups on the
OS-position of guanine and the“osition of thymine.

methyl transfer process mediated by N-Ada is irreversible made toward understanding the structure, function, and
as well. The methylated Ada is converted into a potent mechanism of these proteins. Inhibition of human AGT

transcriptional activatof’ (hAGT) as a potential strategy to improve the efficacy of
o ) anticancer alkylation chemotherapies will be discussed, as
1.1.3. Oxidative Dealkylation well as recent strategies to utilize this protein forzivo

The transfer of alkyl adducts to Cys residues was the only imaging and protein-immobilization applications. The func-
known mechanism for direct alkylation repair before the tion of AlkB was revealed only three years ago. We will try
function of AIkB was elucidated. In 2002, two groups to cover most of the advances in studying this family of
simultaneously demonstrated thatcoli AIkB performs an proteins.
unprecedented oxidative dealkylation repair dfrethyl- ; ; ) ;
adenine (1-meA) and Nmethylcytosine (3-meC) lesions in é %ﬁ%i\?a” of S P Methylphosphotriesters by
ssDNA340 The AIkB protein belongs to the family of - Lol N-Aaa
a-ketoglutarate/iron(ll)-dependent dioxygena&e#t acti- 2.1. The Ada-Regulated Adaptive Response in  E.
vates dioxygen to oxidize the methyl group. The resulting Colj

oxidized product decomposes spontaneously in aqueous \any bacteria can defend against abnormally high levels
solution to give formaldehyde and the repaired base (Figure o enyironmental methylating agents by mounting an induc-
3). Human homologues have been identified and exhibit jp|e respons@916.17.5456 This so-called adaptive response

similar functions:*® This exciting discovery opens new paq heen studied extensivelyEn coli, in which expression

frontiers in DNA repair and cancer research. of four genesada, alkA, alkB, andaidB is activated through
. a post-translational modification of the Ada protéinthe
1.2. Scope of Review three gene products, Ada, AIkA, and AIkB, are all engaged
This review covers the three direct dealkylation repair in repair of DNA alkylation damage; the function of AidB
protein families: N-Ada, &alkylguanine-DNA alkyltrans- is still unknown. The Ada protein, a protein with only 354

ferase, and AIkB. Excellent reviews and articles have beenamino acids, possesses three different functions (Figure 4)!
written on these subjects in the past; due to space constraintsit has two distinct domains: a 20 kDa N-terminal domain
we apologize for any references that we may have (N-Ada) repairs theS,-configurated methylphosphotriester
omitted3°16:5+53 We hope to emphasize the chemical aspects (Figure 4B)}#+58and a 19 kDa C-terminal domain (C-Ada)
of these repair functions and focus on the recent advancesepairs one of the most mutagenic DNA base lesiorfs, O
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meG, as well as ®Gmethylthymine (Figure 4B} The two R %

domains can be separated and still retain their corresponding .g -s-R

repair activities. Ada is unique in that it is also a transcrip- \Zné+/'s

tional activator that regulates the methylation resistance :

adaptive response pathway (Figure 4A)75° - VS i
N-Ada performs a direct, irreversible transfer of the methyl

group from theS,-methylphosphotriester to one of its Cys

residues! This simple modification converts N-Ada into a o° 0

much tighter DNA binder; it was estimated that methylation |

of N'Ad,a Increases its DNA f”‘,ﬁ'mt,y by 1991000—f0|d!58v6"3 Figure 5. A CysyZn cluster accumulates negative charges. A Cys

After this methylation, Ada utilizes its methylated N-terminus  residue, which may transiently dissociate from the zinc(1l) center

to recognize the promoter regions of thdaregulon and  while still kept as the deprotonated form, can attack a methylphos-

recruits RNA polymerase to initiate transcriptional activation photriester to transfer the methyl group.

of the methylation resistance genes (Figure #&§:6+63 ) o ) ) .

Thus, Ada is a chemosensor for DNA methylation damage Prior to this discovery, Cydigated zinc(ll) sites were

in E. coli cells. known for their structural roles in numerous transcriptional
factors. The binding of zinc(ll) to a Cys residue gives a
2.2. A Zinc(ll)-Mediated Methyl Transfer in N-Ada deprotonated thiolate at neutral pH. This thiolate is typically
o . ) inert due to its interaction with the zinc(ll) ion; however,
2.2.1. Identification of the Active Cys Residues: Only with four thiolates bound to a zinc(ll) ion, the accumulation
One Cys Residue Is Selectively Activated of negative charges on the whole cluster could induce a

An early work showed that the methylphosphotriester transient dissociation of one thiolate which becomes a good
repair activity of Ada is contained in the N-terminal nucleophile (Figure 5¥5°Most structural Cy&n sites have
domain®4%5 A Cys residue in N-Ada was assigned as the evolved to suppress this activity. Hydrogen-bonding interac-
potential methyl acceptor which is converted into a thioether tions from the protein backbone amides to the sulfur atoms
after the methyl transfer stép>8 The repair reaction was  of cysteines are frequently observed in these clusters, which
found to be stoichiometric, and the methylation could not shield the Cys residues and alleviate the accumulation of
be reversed. Only th§,-configurated methylphosphotriester negative charges on the clustés! However, the Cygn
is repaired, leaving the other diastereomers intact. The site in N-Ada possesses a unique mechanism to selectively
mechanism underlying this selectivity was not clear at the activate one Cys residue, Cys38, as a nucleophile. In fact,
time. N-Ada contains six Cys residues; the correct assignmentN-Ada is the prototype for the zinc-mediated biological alkyl
of the active Cys residue in N-Ada was only achieved very transfer to thiol groups. Since the discovery of this function
recently through biochemical analysis of the methylated for N-Ada, similar activities were found for cobalamin-
protein and structural characterization of the methylated dependent and -independent methionine synthase, protein
N-Ada bound to DNA Although the reactive residue was farnesyltransferase (FTase), geranylgeranyltransferase (GTase),
previously considered to be Cys69, Cys38 now has beenand possibly methanogenic methyl transferases and epoxide
identified as the methyl acceptd.This Cys residue is  carboxylasé!.72"74 All of these proteins utilize zinc(ll) to
selectively activated, because treating N-Ada with methyl generate a nucleophilic thiolate at neutral pH. N-Ada has
iodide (Mel) resulted in almost exclusive methylation of provided an opportunity to understand the general principles
Cys38% Apparently, Cys38 in N-Ada possesses an intrinsi- of this process.
cally higher nucleophilicity than the other Cys residues. This
residue turns out to be a ligand to an active site zinc(Il) ion 2-2-3. NMR Structure of N-Adal0

that is also bound by three other Cys residtfé45’ N-Ada can be further divided into two separate subdo-
- . . . mains: N-Ada and N-Ada (Figure 4B). The zinc(ll) cluster
2.2.2. N-Ada Utilizes a Zinc(ll)-Activated Cys Residue and the methy! transfer activity are contained in the 10 kDa

The overexpression of soluble N-Ada20 (residu€el¥9) N-Aday subdomain (N-Adal0, residues-92)54%5N-Adac
was discovered to be dependent on the availability of excesshas a helix-turn—helix motif, which contributes to the DNA
of zinc(ll) ions in the growth mediurff This was the first binding of the proteirf> A low-resolution structure of
indication that N-Ada might be a zinc(ll)-containing protein. N-Adal0 solved by NMR showed that it consists gi-aheet
An experiment was performed to replace zinc(ll) ion with sandwiched between twa-helices, with the zinc site
cadmium(ll) ion by using minimum medium containing stabilizing the overall fold at the edge of tResheet (Figure
cadmium(ll). The resulting Cd(ll)-substituted N-Ada retained 6A).67."6 The zinc atom is tetrahedrally ligated by four Cys
the ability to repairS,-methylphosphotriester, but the rate residues, as suggested ByCd NMR experiments. This
was one-fourth that of the native Zn(Il)-containing prot¥in.  metal site is located at the bottom of a cavity on the protein
This experiment suggested that metal is directly involved in surface. Cys38, Cys42, and Cys69 are all fairly exposed to
the rate-determining step of the repair. To determine the solvents; however, how Cys38 is selectively activated cannot
ligands around the metal iof3Cd-substituted N-Ada20 was  be explained by this low-resolution structure, nor could the
prepared for'*Cd nuclear magnetic resonance (NMR) structure shed any light on the enhanced DNA binding
investigations® A single peak at 684 ppm was observed from affinity of the protein after methylation of Cys38.
the spectrum, which indicates a tetrahedral geometry with  X-ray absorption spectroscopy of N-Ada and its methy-
four Cys residues as ligands. Further NMR studies, togetherlated form indicates that the SMeCys38 thioether is still
with biochemical experiments, assigned the four Cys ligands ligated to the zinc(Il) centef There is no ligand exchange
to zinc(ll) as Cys38, Cys42, Cys69, and Cys72 with the process after methylation, which rules out the possibility of
active Cys residue bound to the zinc(ll). The presence of inducing a protein conformation change to enhance the
this zinc(ll) ion is also essential for the folding of N-Ada. protein’s affinity toward DNA.
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A. N-Ada10

Figure 6. NMR structure of N-Adal0 (PDB accession code 1EYF). (A) The overall fold and thgZ@yduster. (B) An electrostatic

surface (GRASP) representation of N-Adal0 in the unmethylated state. Red, negatively charged surfaces; blue, positively charged surfaces;
white, neutral. (C) An electrostatic surface (GRASP) representation of N-Adal0 with a methyl group added to the sulfur atom of Cys38
(modeled from the NMR structure). Note the change in charge state of th&rCyscket that interacts with DNA.

2.2.4. Repair and Transcriptional Activation Mechanism of renders this part of the DNA backbone neutral, which will
N-Ada not exhibit repulsion to the negatively charged (Ars
N-Ada presents several quite interesting chemical prob- surface on N-Ada. While the undamaged phosphodiester
lems: (i) how is one Cys residue selectively activated among backbone is repulsed away from this surface, the neutral
all four Cys ligands? (ii) how does methylation of one Cys triester is selectively recognized due to reduced unfavorable
residue attenuate the protein’s affinity to DNA so dramati- repulsion?® This methylphosphotriester recognition serves
cally? (iii) why is only theS,-configurated methylphospho- ~as a convenient signal to trigger overexpression of other
triester repaired? These questions could only be answeredepair functions which are crucial for the survival of cells.
with a high-resolution structure of the protein bound to DNA.  The adaptive response toward the methylation challenge
Very recently, a crystal structure of methylated N-Ada bound does not occur in eukaryotes. Not surprisingly, no N-Ada
to DNA has been obtained.This structure and subsequent homologues have been found in humans, and there has been
biochemical studies reassigned Cys38 as the active residueno evidence that methylphosphotriesters are repaired in
The structure also showed that the sulfur atoms of the otherhuman cells.
three residues, Cys42, Cys69, and Cys72, are “masked” by , ) .
hydrogen bonding to the protein main chain amide protons. 2.3. Converting N-Ada into A Catalytic Enzyme
Their nucleophilicity is suppressed due to these interactions. The sacrificial DNA repair protein N-Ada repairs g
Cys38 is selectively activated since it is the only Cys ligand methylphosphotriester through an irreversible methyl transfer
that is not engaged in any hydrogen-bonding interaction. The to a reactive Cys residue, Cys38 (Figure 48Jhe methy-
stereoselectivity of the N-Ada’s repair function can be lated Cys38 cannot be regenerated, and each Ada can only
explained as well. N-Ada aligns tH& oxygen atom of the  repair one methylphosphotriester lesion. A strategy to convert
nearby DNA phosphodiester backbone toward the sulfur N-Ada into a catalytic enzyme through protein engineering
atom of Cys38; the other oxygen atom points in the opposite was employed. Cys38 was mutated to Gly, and the mutant
direction, which cannot be accessed by Cys38. protein was produced and purifi€dA water may occupy
How does one methyl transfer significantly increase the the fourth coordination site on zinc(ll) in this mutant protein
affinity of N-Ada to DNA? The structures of the protein and  (Figure 7A). Addition of methanethiol, an external thiol, to
the protein/DNA complex do not give the answer to this the solution of the protein may replace the bound water
question at first glance since there is no significant conforma- molecule and generate a zinc(ll)-bound thiolate (Figure 7B).
tional rearrangement of the protein caused by methylation. pue to the accumulation of negative charge on the cluster,
However, an inspection of the protein surface that interacts this newly formed thiolate should be nucleophilic since it is
with DNA indicates the presence of a negatively charged not “masked” by hydrogen bonding. When an ssDNA
area localized on the zinc site for the wild type N-Ada (Figure substrate containing a methylphosphotriester was added to

6B).>*7® The CysZn cluster has a total charge ef2 with this solution, repair activity was observed only when both
each sulfur atom of the Cys residues, including the surface the mutant protein and methanethiol are present.
exposing ones, bearing a negative charge#f. This locally Since external thiols are used as the methyl acceptor in

negatively charged surface will repulse the negatively this case, turnovers were observed, as expected. The repair
charged DNA backbone, which will result in weak binding s protein-based because the deprotonated methanethiol alone
between protein and DNA, as would be expectddthyla-  could not remove the methyl group from the triester.
tion of Cys38 neutralizes this negagly charged surface of  Furthermore, only th&-diastereomer was repaired, leaving
N-Ada and reduces the chargehargerepulsion between  the other diastereomer intact, which confirms the requirement
the protein and the DNA backbone (compare part C of Figure of the protein to place the two reactants together for a stere-
6 with part B). This elimination of unfavorable charge  oselective methyl transfer. Rarely is a stoichiometric reagent
charge repulsion gives rise to enhanced DNA affinity for protein converted into a catalytic enzyme. The strategy may
the methylated N-Ada. In essence, N-Ada has evolved ayork for other protein systems that use similar mechanisms.
methylation-dependent electrostatic switching mechanism to

control its DNA binding affinity and transcriptional regula- 3. OG-Alkylguanine-DNA Alkyltransferases

tion. . . . .
The same electrostatic argument also explains N-Ada's 3-1- Direct Repair of O>-Alkylguanine and O*-Alkylthymine

ability to selectively recognize the methylphosphotriester The C-terminal end of Ada is responsible for the second
damage on the DNA backbone. A methylphosphotriester repair function of the protein, the repair of-@lkylguanine
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A.  C38G mutant N-Ada B. Catalytic DNA repair by C38G mutant
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Figure 7. Strategy to convert N-Ada into a catalytic enzyme. (A) The active Cys38 residue is mutated to Gly to open a coordination site
on the zinc(ll) center. (B) A methanethiol molecule can bind to zinc(ll) and perform methyl transfeiSiramethylphosphotriester.

and O-alkylthymine (Figures 2 and 4). The first lesion is H

produged in Iqw amounts by alkylating agents bu.t is f\j)\ NCH'OQ;H R
especially detrimental to all organisms due to its direct YN N g L
mutagenicity?® If the damaged strand is used as the template Asp348 % \-/QO

for DNA replication, a thymine base will be preferentially s e NAS-N
incorporated opposite%alkylguanine, which when followed His322 Cys321 )g) >
by a second round of replication gives rise to a G:C to A:T HoN ( NTN
mutation®? This is the most common mutation seen after H DNA
cells are exposed to alkylating agents. C-Ada removes an X /

alkyl lesion on the G&position of a guanine when it is \_QO
opposite a cytosine; however, it is unclear if C-Ada is capable Tyr290

of efficiently repairing O-alkylguanine when it forms a Figure 8. A conserved hydrogen bond network is present in the
stable base pair with an opposite thymifi&uch a function active site of the AGT proteins to facilitate the repair.
can be performed by the human homologue of C-Ada,
hAGT;” the resulting G:T base pair is recognized and the sulfur atom of Cys321 to generate a nucleophilic thiolate
converted back into G:C by mismatch repair systéins. anion that could perform the alkyl transfer function (Figure
Like N-Ada, repair by the C-Ada domain is also carried 8). ] ] .
out by a direct transfer of the alkyl group from the damaged ~ The structure did present an interesting problem: the
base to a reactive cysteine residue, Cys321, viaya S reactive Cy3321_re5|_due is buried in a pocket within the
mechanism (Figure 2A). This action is irreversible and Protein. Its position in the ab.sence of a bound substrate
therefore inactivates this domain of the protein in a stoichio- indicates that either the protein or the DNA must make a
metric fashion; one C-Ada is depleted for each repaired conformational change for the alkyl group to come into
basel’” C-Ada is actually capable of removing a variety of contact with Cys321. At '_[he time, C|r_cul_ar dichroism stud|e§
alkyl groups from guanine in DNA including etf§land and fluorescer_lce analysis of hAGT mdpatgd that the protein
benzyl adduct8! although the latter is repaired very slowly May change its conformation upon binding to DRAA®
and is not repaired at all as the free b#sarhile early studies ~ Based on these results it was proposed that part of C-Ada
indicated that the ®methylguanine was repaired better than Would twist away to present the active cysteine to the bound
the O-methylthymine’®82 a more recent study avers that DNA. While no crystal structures of the C-Ada/DNA
they are repaired with equal efficientyThe protein prefers ~ complex have been solved, hAGT/DNA complex structures

lesions in dsDNA over ssDNA? obtained recently make this hypothesis unlikely.
32 E Coli C-Ada 3.2.?. Other Homologqes . .
Since G-alkylguanine is one of the most harmful kinds
3.2.1. Structure of C-Ada of mutagenic damage that all cells must avoi&alkylgua-
The crystal structure of C-Ada was solved in 1997 his nine-DNA alkyltransferase is widespread among almost all

domain of the Ada protein is divided into two subdomains. organisms. The family is easily recognized by the conserved
The first subdomain (residues 17860) contains @-sheet sequence of its active site,(I/V)PCHR(V/I)—. In addition
sandwiched between two helices. The second subdomairto the inducible AdaE. coli possesses a second copy 6f O
contains the conserved active site residues of the AGT family alkylguanine-DNA alkyltransferase known as Ogt which is
and folds into a previously unseen structure comprised expressed constitutively as a house-keeping protein. Ogt
primarily of helices and coils including a hetisturn—helix shows a preference for repairing adducts larger than the
motif that is known to bind DNA. The structure suggested methyl group®* and it also prefers @alkylguanine over &

a mechanism by which Cys321 is activated for a nucleophilic alkylthymine although it is reasonably capable with b6t#.
attack of the lesion. At biological pH, alkanethiol groups Several archaea versions have been identified, including one
should be predominately protonatedK(p~ 8.4). In this from Pyrococcus kodakaraensifor which the crystal
protonated form, Cys321 would be unlikely to displace the structure was solve®. The agt genes in many eukaryotes
alkyl group of the lesioned base. However, within the protein have been cloned and expressed as #el. Aside from

a hydrogen bonding network was observed that involves the active site and some other residues in the C-terminal
His322, Glu348, and a structured water to help deprotonatesubdomain, the sequences of these proteins show rather low
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similarity, although most contain a N-terminal domain that the damaged base is flipped out and inserted into the active
does not seem essential for the alkyl transfer reaction. Insite to be repaired. The exact mode of damage-recognition
fact, in the case of the yeast homologue, this domain doesand DNA binding by the AGT proteins has only been
not even have the same predicted secondary structure as thatecently revealed from the structures of hAAGT/DNA com-
of C-Ada®® The function of this domain remains unknown. plexes (Figure 9). These structures show an unprecedented
Two homologues have been found that contain only the base flipping from the minor groove of the DNA duplex
C-terminal domain of AGT with an extra domain following. (Figure 9A and B}%¢1%° The protein interacts with DNA
This domain inCaenorhabditis elegans homologous to predominantly through phosphate backbone contacts. The
histone 1G% while in Ferroplasma acidarmantis has been base is inserted into the active site pocket while an Arg

proved to be an active endonuclease V donain. residue from the protein, Arg128, invades into the DNA
helical stack to fill the space left by the flipped base. The
3.3. Human O 5-A|ky|guanine-DNA Alkyltransferase side chain of this residue forms hydrophobic interactions with
(hAGT) neighboring bases and hydrogen bonds to the opposite base.
Tyrl14 was found to disrupt the normal curve of the DNA
3.3.1. Substrate Preferences backbone by occupying the space normally taken by the

phosphate group ®f the flipped base (Figure 9). The DNA

hAGT, encoded by the humaagt (mgm) gene, is more s hont away from the protein in all the structures; these

homologous toE. coli Ogt than C-Ad&* It contains 207 distortions ma o -
X . \ ; y facilitate base flipping.

amino acids (MW= 22 kDa) with Cys145 as the reactive The preference for DNA as opposed to RNA repair is
cysteine. It also_shares the substrate preferences of Ogt, a8 used by the & of Gly131 which is too close to the sugar
it is able to repair ®BG as a free base and actually prefers

. y 1 : g ring to allow for the extra hydroxyl group. In the first
gﬁ?r\;\eerG@mnc:r'GeGSef;irc];iggﬁ;?ﬁgfgggtshﬁhyrililn2833 fsp?cl)rrmg structure published with the inactive hAGTC145S mutant

the case of C-Ada, the preferred substrate is the B-form bound to an GmeG-containing oligonucleotide (Figure

: : - g 9A),'%8 several residues are found to recognize the flipped
dsDNA. Little neighboring sequence specificity has been —” .
found for the targeting of specific dama®f&? and it was O°*-meG. Tyr114 forms a hydrogen bond to the N3 nitrogen

found that hAGT is able to repair®meG paired with any atom which is the main contact that may select- O

other basd®.101 alkylguanine over the other bases (Figure 9C). The carbonyl
' oxygen atoms of Vall48 and Serl45 are positioned to
33.2 Structure of hAGT hydrogen bond to the Namino group of the guanine, and

the main chain amide of Ser159 forms a hydrogen bond to

Several forms of the hAGT structure are now available. the O6 atom. Some of these interactions may also help
The first to be published showed it to have a similar fold to stabilize the transition state of the repair reaction.
C-Ada even in the N-terminal domain where the two proteins  The structure of the wild type protein bound to a modified
share lower sequence similari§#.A second native structure  cytosine having a hydrophobic group attached to the N4
published shortly after, along with the structure of the nitrogen atom reveals contacts which may be important for
benzylated form, revealed a surprising finding that the the recognition of damaged thymine (hAGT-A in Figure
N-terminus contains a zinc(ll) site bound by Cys5, Cys24, 9B).1 In this case the phenol group of Tyrl14 forms a
His29, and His85 in a tetrahedral geoméftyThese four hydrogen bond to the exocyclic O2 atom of the base (Figure
residues are conserved in all mammalian sequences of théD). No interaction was observed that may help protonate
protein but are missing from bof cereisiaeand bacterial the N3 nitrogen atom of the base. The hydrophobic group is
homologues® Further biochemical studies showed that packed between Tyr158 and Pro140, confirming the predic-
although the zinc(ll) site is far from the reaction center, tion from the benzylated protein structufg.
binding a zinc(ll) ion serves to lower th&pof the Cys145
even further than that is in the apo protein, which increases 3.3.4. Fate of the Alkylated hAGT
the reactivity of the proteif?>1%A detailed Cys145 activa-
tion and repair mechanism was proposed based on theb
stcuturel®® A hydrogen bonding network is used to activate
the Cys145 residue, and a key Tyr residue, Tyrll4, is
employed to recognize the damaged guanine and provide
proton to facilitate the removal of the alkyl adduct (Figure
8). The increased preference of hAGT for large aromatic

substrates is highlighted by the benzylated structure in which core when compared to the native structi¥eWhile this

i:hitgi?\rg%ls gr:;fe’ dcggalveenethl F?rté?%edste(ﬁlg'ge gﬁgv1e_ f’itgsseems to have little effect on the binding of the protein to

tgrough ,hydrF:)phobic interaction® In C-Ada the proling DNA, it does lead to increased proteolysis and susceptibil-

is replaced with an alanine, and é glycine, GIy160, on the ity to urea unf_oldlng in the presence and absence of DNA.

other side of the hAGT pocket is replaced with a tryptophan. A recent discovery suggested that methylated hAGT

Thus, C-Ada has a narrow substrate binding pocket, which hijacks the estrogen receptor, the crucial transcription factor
' ' that regulates cell proliferation, from its transcriptional

helps explain its preferences for small lesicffs. complex!'?2 Thus, the alkylated hAGT may briefly perform
3.3.3. DNA Binding a signaling role after repairing the damage similar to that of
Ada in E. coli. In this case it may act as a repressor of cell
Further studies of the AGT proteins, including NMR proliferation. This new discovery opens up possibilities for
work,1%7 shifted the preferred hypothesis for AGT binding further investigation of mammalian responses to alkylation
to DNA from protein conformational change to one in which damage.

After alkylation it is known that hAGT is quickly degraded
y the ubiquitin pathway It has been postulated that the
signal for this degradation is the disruption of a salt bridge
between Asn137 and the carbonyl oxygen of Met134 due to
%teric clash of the new S-alkylcysteitf Crystal structures
of the benzylated form of hAGT show a shift in the position
of the guanine-binding loop 0-5L.5 A away from the protein
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A. hAGTC145S mutant

- 7 ¥ -
Figure 9. Structures of the hAGT/DNA complexes. (A) Overall structure of an inactive mutant hAGTC145S bound to a dsDNA containing
a damaged base®@neG. The lesioned base is flipped out of the minor groove of the DNA and inserted into the active site of the protein
(PDB accession code 1T38). (B) Overall structure of the native hAGT bound to two different regions of DNA: hAGT-A flips a modified
cytosine in DNA, and hAGT-B binds two ends of the DNA and recognizes a terminal overhanging T (1YFH). (C) Recognition of the
0%-meG in the active site of the hAGTC145S mutant. (D) Binding of the modified cytosine in the active site of the native hAGT-A.

A. DNA repair protein B. DNA repair protein C. DNA repair protein  Extrahelical

G T o w ST
' YXOOOOOAX XORX X AXAX

Actively lipping Detecting unstable or i i i
] every rm-wasu% Chick pair Locating extrahelical lesion

XXXXXX&%& XXXXX%%%X XXXXXX%%X
Figure 10. Three potential damage-searching mechanisms for DNA repair proteins that recognize and process damaged bases extrahelically.
(A) An active damage-searching mechanism. In this mechanism, the protein flips every base out and checks it in its active site pocket until

the lesion is located. (B) A repair protein selectively detects the unstable/non-W#tschk base pair that contains the damaged base. (C)
A mechanism of simply capturing a transiently extrahelical base lesion by the repair protein.

3.4. Potential Damage-Searching Modes for the transiently extrahelical base lesion is captured by the repair

AGT Proteins protein (Figure 10C). Studies on base-flipping glycosylases

. . have been performed to help provide insights!’” The

3.4.1. Proposed Mechanisms of Detection AGT proteins can also be used as models to probe this
The genomes of mammalian cells contain billions of base intriguing problem.

pairs. A base-flipping repair protein such as AGT may have

to search through millions of base pairs to find a single point 3-4.2. Study of C-Ada and hAGT

of damage. How these proteins efficiently locate base lesions A disulfide cross-linking strategy was designed to probe

has been an interesting and long-standing question. AssuminddNA base flipping by the AGT proteins8 In this strategy,

a repair protein first binds DNA nonspecifically and then a chemically modified base, which can trap the DNA/protein

moves in one dimension, there are three potential damage-complex in the flipped position, was incorporated into stable

locating mechanisms (Figure 10): (i) every base is actively and unstable base pairs in DNA probes. The probes were

flipped and inserted into the active site by the protein until used to cross-link with botk. coli C-Ada and human AGT.

the damage is located (Figure 10A); (ii) a repair protein The result indicates that C-Ada only detects unstable base

selectively detects an unstable/non-Wats@nick base pair pairs and cannot actively flip bases in stable, matched base

that contains the damaged base (Figure 10B); (iii) a pairs in DNA. hAGT, however, can efficiently locate dam-
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aged bases in unstable base pairs, but hAGT is also capable
of extruding base lesions that are stabilized intrahelic¢afly.
A recent kinetic and fluorescent analysis of hAGT repair

( Sias O/\ S145

indicates, however, that only é@lkylguanine in an “un-
stable” base pair is flipped by hAG? Normal G:C or A:T
base pairs do not seem to be affected by the protein. 0 OH
The structure study of hAGT bound to DNA suggests that
the protein imposes a strain on DNA and searches for DNA {Nf\N {Nf\N
regions that have already been destabiliZ8é?°*While this N N)\NH N NANH
. . . .. 2 2
explains the efficient recognition of unstable alkylG:C base H H
pairs, it does not address the ability of hAGT to break stable 0%-BG
base paird?-101.118More intriguingly, hAGT binds DNA Figure 11. O°-BG irreversibly inactivates hAGT.
from the minor groove while &alkylation is in the major
groove. How does the protein locate the lesions buried in tumor regression in nitrosourea-resistant malignant glioma
stable base pairs? Further investigations are required topatients; however, some patients did exhibit stable disease
understand the search modes of AGT proteins, especiallyfor up to 18 weeks with the treatmefit. These trials

the differences between homologues. highlight the need for more advanced inhibitors with
R . . increased potency, bioavailability, and cancer cell targeting
3.4.3. Directional Bias of SSDNA Repair by hAGT abilities.

Recent work from Pegg and Tainer et al. has suggested ) -
an interesting directionality of sSSDNA repair by hAG¥ It 3.5.3. Developing More Potent Inhibitors
appears that hAGT may preferentially locate damage near Since the discovery of @BG, many derivatives of &
the B end of ssDNA. The protein does not show this bias BG have been synthesized and tested for their ability to
with dsDNA. It was proposed that perhaps this phenomenoninhibit hRAGT. Although G-BG was unmatched in terms of
arises from a cooperative mechanism: hAGT recruits anothersimplicity and activity, some trends did emerge from this

monomer of itself faster on the Side than on the'Side, work 120 The ortho-substitution at the benzene ring renders
and the repair is a cooperative event. More work is required the compound inactive, anghra-substituents are better than
to shed further light onto this observation. metasubstituents. The recent crystal structure of hAGT
o ) . . bound to DNA containing a modified cytosine indicates that
3.5. Inhibition of hAGT in Anticancer Alkylation hydrogen bond donating groups substituted on plaea-
Chemotherapy position of the benzene ring may aid binding of the modified
3.5.1. Alkylation Chemotherapy base to the proteitf® Heterocyclic alkyl groups attached at

the CF-position of guanine were developed and tested as well.
The cytotoxic effects of alkylation damage on thé-O  One compound, €4-bromoethenyl)guanine (PaTrin 2), had
position of guanine can be used as a pathway for battling been tested in a phase | clinical trial in combination with
cancer. To this end many alkylating agents have beenthe methylating agent temozolomide with positive restffts.
developed and are used clinically as antitumor drugs. Those|n addition to tweaking the Balkyl group, the effects of
which are known to attack the®osition of guanine are  sybstitutions elsewhere on the guanine base have been
the family of nitrosoureas and®@2-chloroethylating) agents  investigated. These substitutions may serve either as a

such as carmustine (BCNU).Cyclophosphamide is also  method of increasing the affinity of the small molecule to
believed to attack this site through one of its metabolites. the protein, or as a site to attach a cancer cell targeting

In this case the function of hAGT is undesired since it repairS moiety. The obvious Nsubstitution’ where the guanine

the damage caused by the chemotherapeutic agents. Moreconnects to a sugar in DNA, proves to be the most tolerant
over, increased production of hAGT is one of the leading sjte 127 So far substitution at this site has not produced an
causes of resistance to su_ch thera&ﬁb‘ﬁher_efore, |nh|b|t|0rj increase in activity, but recent work appending glucose to
of hAGT as a strategy to improve the efficacy of aIkyIatpn Ob-alkylguanine derivatives may prove useful due to the
agents in chemotherapies has been a goal for some time. compound’s ability to target tumor cells and its increased

3.5.2. Inhibition of hAGT by 0°-Benzylguanine water solubility:?®
Due to its lack of turnover, the most obvious way to inhibit o P
hAGT is to alkylate its active site cysteine. For gome time 3.6. Application of hAGT m Biotechnology .
the canonical substrate@neG as a free base was thought ~ The unusual covalent linkage that can be established
to be a possible compound to achieve ##2 but the between the AGT protein and its substrates has been
insolubility of this pseudosubstrate and its failurdrirvizo exploited for biological applications ranging from the specific
studies started the search for more efficacious inactivators.quantification of AGT to using hAGT fusion proteins for
05-BG was quickly found to be much more effective than vivo fluorescent labeling. All of the uses are made possible
the methylated form and has been tested extensively sincedue to the high tolerance of hAAGT toward transfer of various
then (Figure 11). Preincubation of cancer cell lines with this large alkyl groups on the @position of guanine.
small molecule was repeatedly found to increase the cell's .
sensitivity to subsequent treatment with the CNU type 3.6.1. Quantification of AGT
agents?* Phase | clinical trials of ®&BG and BCNU set AGT catalyzes a simple transfer of an alkyl group from
the maximum-tolerated dose for human patients at 100 andO®-alkylguanine to its active site cysteine. The most straight-
40 mg/m, respectively:?® The study also proved that®%0 forward way to monitor this event is to radioactively label
BG is quickly converted to 8-0x0EBG in vivo, which is the alkyl group and track its addition to the protein. A DNA
still a good inactivator for hAGT. Phase Il trials of the same substrate (for example, calf thymus DNA) can be methylated
drug combination (120 mg/f0f-BG dose) did not produce  with N-[3H]methyl-N'-nitrosoured?® The methylated DNA
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is incubated with hAGT or extracts containing hAGT, experiments that followed, the alkylation sensitive mutant
precipitated, and hydrolyzed. The tritium-labele&®eG was found to be extremely responsive to the treatment of
is then separated from other nucleosides by HPLC, and theSy2 type alkylating agentsit-1*2which uncovered the pos-
radioactive counting is recorded. Because of the stoichio- sibility that AIkB was involved in protecting bacteria from
metric nature of AGT’s repair reaction, the amount of active the lethal effects of alkylation damad®:}43144 Further
protein can be assessed from the radioactivity remaining. Thisfindings that MMS-treated phage survived better in wild

is the primary technique used to evaluate the potency of type cells compared talkB mutant cells suggested that AlkB
hAGT inhibitors. Other methods that exploit the unique alkyl influenced the way cells handle alkylated DNA. Specifically,
transfer process of the AGT proteins have also been AlkB did not seem to prevent MMS-induced DNA alkylation

developed for the activity assa}8. 133 but appeared to be involved in repairing MMS-induced DNA
damagé#! The AIkB protein, composed of 216 amino acids
3.6.2. Radioactive Imaging of Tumors with a molecular weight of 23.9 kD¥? was soon cloned

Since some types of tumors, especially those that have@nd purified:# This allowedE. coli AkB to be expressed
developed resistance to alkylating chemotherapeutic reagentsg:kallkylat'on sensitive r:juman cgll I||r|1esf Wh"ﬁ;‘M‘?nfzrred 4
show increased production of hAGT, finding areas in tissues ylation resistance and rescued cells from -Inducea
with high levels of hAAGT may be useful as a way to monitor death, 5“9965“{19 that increased alkylation resistance is
those tumors. A potential method for accomplishing this Mtrinsic to AlkB.** However, the explicit function of AIkB
noninvasively may be through the recently developed conjmued to remain unldenfufled for.almost 20 years despite
technique of positron emission tomography (PET) whéte various efforts to discover its function.

or 18F are incorporated into tracer molecules. The distribution 4.1.2. Puzzle of AlkB

of this tracer is followed using a scanning instrument which "~ . . .
detects they radiation emitted when the positron collides  Through protein sequence comparisons, AlkB proteins
with an electron. The tracer can be a labeled alkyl group in Were proposed to be a member of the oxidoreductase super-
an O-BG derivative for transfer to hAGT. Aim vivo study amily, converting alkylated bases to other forffisHow-
using ©-3-[131]iodobenzylguanine in xenographic mice €Ver. the activity of AlkB remained elusive becausedti®
bearing human rhabdomyosarcoma cells showed tumorMutant did not appear to possess the functions of existing
uptake, but in amounts iess than that of some normal PNA modifying enzymes, such as DNA-methyliransferases,
tissues® Further work needs to be done before this will be PNA-glycosylases, and DNA-nucleases; * and its repair

a clinically useful technique for monitoring hAGT vivo. activity could not be observed witro. The pursuit to identify
the function of AIkB was driven forward by the discovery
3.6.3. hAGT Fusion Proteins in Biotechnology that the alkB mutants were defective at repairing DNA

_ o methylation damage induced byn3 type methylating
hAGT has been exploited for other applications completely 54ent and that AlkB preferentially binds SSDNi& vitro
removed from its DNA repairing function. Kai Johnsson's 4nq specifically repairs ssDNA alkylation damagei vo.
group has pioneered the use of hAGT fusion proteingias | addition, AIKB was found to bind slightly more efficiently
vitro and in vivo biotechnology tool$2® This group has g the methylated form of ssDN&6 These results indicated
evolved hAGT mutants that possess high reactivity for 4t AIKB may repair damage on ssDNA and that its target

transferring large alkyl groups on thé-Position of guanine might be 1-meA and 3-meC, sites most vulnerable for attack
free base to the reactive Cys residue of the prof&imhus, by Su2 methylation in ssDNA (Figure 2f6

bif;mé:ttiﬁnal Shn?[ﬁ” rt?olecrles Wh{Ch contgirﬁ-@? colnju- be_ Another important lead was provided by results from a
gated through the benzyl group to a probeé MoIeCUE can begeqence alignment study of protein fold and sequence

prepared as good substrates for the hAGT mut&htshe homology on AIkB? This study suggested that AKB is a

mutant hAGT can be fused with other proteins of interest. . bar of thex-ketoglutarate ¢KG)- and iron(ll)-depend-
Expressing the fusion protein inside cells followed by ¢ gigyygenases, a family of proteins that utilize iron(il) to
incubation with the bifunctional molecule leadsitovivo activate dioxygen and perform oxidation of various sub-
labeling of the fusion protein with .the prob@.F!uorescent trates. The iron(IIKG-dependent dioxygenase superfamily
probes have been used to determine the location of the targefS widespread in eukaryotes and bact8rémd is the largest
protein’** The probe molecule can also be chosen to induce | 0. family of oxidizing enzymes without a heme
p_rotein _di_merization by cggpturing an endogenous protein with group4™149 This sequence alignment study predicted that
high affinity to the probé>*The same concept has been used A\ 5" may use an unprecedented oxidative dealkylation

for in vitro immobilization of fusion proteins as well. In this ; ; ;
case the alkyl group of ®alkylguanine is a tether attached mechanism to repair DNA base damage (Figuré’s).

to a surface. Transfer of the alkyl group to hAGT anchors 4.1.3 The Unique Repair Function of AlkB

the fusion proteins to that surfat®This offers a mild condi- 2002 i di d th Ik | he di

tion for fixing a wide range of proteins on a surface for eval- N 2 |tfwas |scov§re that A Bdcat_ayzesdt e direct

uating their functions. Many of these hAGT-based techniques "€Version of 1-meA and 3-meC to adenine and cytosine,
respectively, with the use of iron(IlixKG, and Q, through

may become important tools in the biotechnology arsenal. S ; . X
Y P 9y a proposed oxidative dealkylation mechanism (Figures 3 and

4. AlkB Proteins 12)3940 Subsequent isolation and characterization of the
o ) native iron(ll)-containing AIkB further confirmed that this

4.1. Oxidative Dealkylation by AlkB protein is a member of the iron(IlKG-dependent dioxy-

4.1.1. E. Coli AIkB genase$® Almost all of the known members of this broadly

studied superfamily have a conserved requirement for iron-
AlkB was first discovered in 1983 through genetic studies (Il) and catalyze two-electron oxidatiok§:'5* A possible
revealing that mutation of thedkB gene ofE. coli specifically general mechanism for these proteins is that they mediate a
sensitizes the bacteria to the alkylating agent M¥fSn reaction between the active site iron(ll) andtO first give
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Figure 12. Proposed mechanism for dioxygen activation and dealkylation repair of the AIkB proteins.,;Teadds with the active site
iron(ll) and theo-keto carbon of an iron-bounaKG to give a bridged peroxo type intermediate. This intermediate undergoes a concerted
decarboxylation and a heterolytic cleavage of the@bond to form the key active species, which is speculated to be a high-valent
iron(IV)—oxo intermediate. This high-valent species oxidizes the alkyl group (3-meC is shown as an example) to afford an unstable alcohol

which decomposes to an aldehyde and the repaired base.

o ssDNA poorly or not detectably repairééf AIkB repairs 1-meth-
yldeoxyadenosine 'Sriphosphate (1-medATP) as well as
HO\ His;5; SSDNA Oy o, T Hisss 1-meATP with low activity. However, 1-medAMP has been
-5 o—Fe' Qe HOo o S ;Fe'LA found to be the smallest substrate that can be efficiently
'LiSm e T2 » o J“S SP133 repaired by AIkB52 Studies with trimers have also shown
187

Figure 13. Change of the geometry of the active site iron(ll) in
E. coli AlkB from 5-coordinate to 6-coordinate with the addition
of ssDNA.

a superoxo radical anion (O bound to iron(lll). Subse-
quently, the nucleophilic superoxide attacks at th&eto
carbon of an iron-boundKG to give a bridged peroxo type

intermediate. This bridged intermediate then undergoes a

concerted decarboxylation oKG and a heterolytic cleavage
of the O-O bond to form the key active species, which
is speculated to be a high-valent iron(P¥)xo interme-
diate#14% A high-valent iron(IV)-oxo intermediate can
be used by the dioxygenases to hydroxylateHCbonds of

various substrates depending on the function of each protein,

(Figures 12 and 13). Thus, one of the oxygen atoms from
O, is incorporated into the succinate and the other is
incorporated as a hydroxyl in the product. In the case of
AlkB, the initial hydroxylation of the methyl group on the
NZ-position of adenine or the dposition of cytosine by the
iron(IV)—oxo intermediate leads to the resulting hydroxyl-
methylated product decomposing to yield formaldehyde and
an unmodified base (Figure 12). The overall effect leading
to the direct repair of DNA damage is the same as that of
AGT, but the mechanism of repair is quite different.

4.1.4. Substrates

The lesions 1-meA and 3-meC are currently believed to
be the physiological substrates for AIkB. Thé-aHenine
and N-cytosine positions are involved in hydrogen bonding

efficient repair, comparable in effectiveness to those of
polynucleotides. Thus, a polynucleotide is not essential for
efficient repair; although a'$hosphate is required and
essential for efficient repaiP? possibly to correctly position
the methyl group for oxidation.

Since the initial discovery of substrates 1-meA and 3-meC,
other modifications at these sites have been found to activate
the repair function of AIkBIn vivo studies, which examined
the survival of alkylated bacteriophage in &n coli alkB
mutant, have extended the AIkB substrate range to include
methyl, ethyl, propyl, hydroxyethyl, and hydroxypropyl DNA
adduct$P145.152154 |n yitro studies have confirmed that
1-ethyladenine is repaired by AlkB to form adenine and
acetaldehyd® and have also successfully verified the
substrate preferences of AlkB.

Methylations on the R&position of thymine (3-meT) as
well as the N-position of guanine (1-meG) can also be
repaired by AlkB!3 155 AlkB and its human homologues
ABH2 and ABH3 are all able to demethylate 3-meT in DNA
oligonucleotides, and 1-meG lesions introduced by chemical
methylation on both DNA and tRNA were efficiently
removed by AlkB. A study on the mutagenicity, cytotoxicity,
and repair of 3-meT and 1-meG in wild type aalldB mutant
strains ofE. coli further indicates that these two lesions are
indeed AIkB substrateis viv0.1% The physiological impor-
tance of these lesions and their repair remains to be unveiled.
One study showed that, unlike 1-meA and 3-meC, these
lesions did not stimulate the uncoupled AlkB-mediated
decarboxylation 06KG, suggesting that these damages may
be recognized differently by the enzyrté.

and are inaccessible in dsDNA. Once alkylation has occurred The N-position of adenine and the*Nposition of cytosine
on either of these two sites, the damaged bases can no longeh most RNAs are exposed in a similar way as they are in

form Watson-Crick base pairs. Failure to repair these lesions

in DNA leads to cell death in both. coliand human cells*
AlkB prefers 1-meA and 3-meC in a polynucleotide, but

it is capable of demethylating smaller substrates as well.

ssDNA. In fact, 1-meA and 3-meC occur naturally in transfer
RNA in both prokaryotes and eukaryotéd>Repair of these
lesions in RNA is required for correct RNA folding to allow
efficient and accurate translation. AIkB and its human

Although 1-methyldeoxyadenosine was reported to be very homologue ABH3 were found to effectively repair 1-meA
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Figure 14. Sequence alignment of several homologues of AIkB, including the first three human homologues<{3BH4 well as mouse

and viral homologues, generated using ClustalW. The accession numbers of the aligned sequences are NP_311128, NP_006011,

NP_001001655, NP_631917, XP-132383, and AAA47787.

and 3-meC lesions on RNA, a potentially important defense shifted by 9 nm to a higher energy with the addition of excess

function for cells against alkylation damatfe>®

4.1.5. Side Reactions: Uncoupled Turnovers of aKG and
Self-Hydroxylation

Enzymes in the iron(lIHKG-dependent dioxygenase

ssDNA, suggesting a DNA-binding-induced geometry change
of the active site. X-ray absorption spectra were collected
on the native AIkB and its complex with ssSDNA. The ana-

lysis of the data suggested that AIkB has a 5-coordinate iron-
(I) center in the absence of DNA, which becomes 6-coor-

oxidation can be uncoupled froaKG decarboxylation, both
with or without substrate¥'®15"This uncoupled turnover of
oKG results in the decomposition ofKG into succinate

of this protein form provides a means to further investigate
the metal center and perform mechanistic investigations.

and CQ and usually leads to enzyme deactivation. Further- 4.2. Homologues

more, this decomposition oiKG may account for the
oxidation of the iron(ll) center to form the inactive iron-
(1IN. This oxidation process can be reversed with addition
of ascorbat®'% as it is considered to act as an electron
source in the uncoupled reacti&i These uncoupled conver-

4.2.1. Homologues of E. Coli AIkB

It is now known that thealkB gene is conserved from
bacteria to humaff164-166 pytative yeast genes have been
shown to complement the MMS sensitivity Bf coli alkB

sions possibly occur due to incorrect orientation of substratesmytant cells as well, but these yeast genes do not share any
in the active site, such that the substrates are never ap-amino acid sequence homology with the AkB prottih.

propriately oxidized>’

The uncoupled reaction, leading to irreversible modifica-
tions of AlkB,'*° was demonstrated aKG decomposition
was found to be partially uncoupled from DNA repair,
accounting for the observed stimulation of AlkB activity in
the presence of ascorb&td>¥The uncoupledKG turnover

Thus, to date, no yeast homologue has been identified. The
first human homologue, now called ABH1, is 52% similar
and 23% identical to th&. coli AlkB. This 34 kDa protein
was reported to convey MMS resistance to Eheoli mutant

and partially complement the sensitivity of & coli alkB
mutant toward an alkylating agelt, although this activity

was also stimulated by binding of the small molecules could not be confirmed in a recent stuthyt was also shown
1-meA, 1-methyldeoxyadenosine (1-me(dA)), 3-meC, and through chemical cross-linking that ABH1 does not seem to

3-methyldeoxycytidine (3-me(dC)), but they were not re-
paired by AlkB%8 Unmethylated nucleosides did not stimu-
late o KG turnover, indicating that the presence of a methyl
group in the substrate is important in initiating oxidation of
oKG.158

Furthermore, in the absence of methylated DNA but in
the presence of the other substraiek®, O,, and iron(ll))
AIkB was found to catalyze self-oxidation of an amino acid
side chain, Trpl78. As Psaturated water is added, the

interact with DNA® Two other human homologues , ABH2
and ABH3, discovered through sequence and fold similarity,
were shown to function like AlkB and could complement
the E. coli alkB mutant phenotypé’5° Furthermore, five
more human genes are predicted (ABHY¥BHS8) to be
phylogenetically and functionally related to the AIkB fam-
ily48166 The importance of AIkB homologues in RNA
processing was further shown by its discovery in RNA
viruse€® and the fact that AlkB-like domains are found in

sample produces a blue chromophore at 590 nm, a peakat least 22 different sSSRNA positive-strand plant viru$és.

attributed to the LMCT transition of OH-Trp coordinated to
iron(lll). The motivation for this aberrant reaction that
hydroxylates Trp178°is still uncertain, but the generation

AlkB homologues were also classified into subfamilies based
on phylogenetic properties, and a small number of bacteria
have been found to have an additional AlkB homologue.

of a highly reactive intermediate in the absence of a substrateThe conservation of the AIkB proteins is indicative of their
has been seen in other non-heme iron(ll) dioxygenases asmportance in cellular defense against alkylating agéits.

wel|.160-162

4.1.6. Characterization of Iron(ll)-AlkB

The essential residues for enzymatic activity are conserved
for all the homologues. A HXD motif, a single H, and a
RXXXXXR motif are conserved when the sequences of the

Recently, the overexpression and isolation of the native homologues are aligned (Figure 14). The two histidines and

AlkB with bound cofactors directly fromE. coli have
facilitated the characterization of the iron(ll) cent&tin
all of thein vitro activity studies thus far, the cofactors, iron-

(I and oKG, have been added in excess to an apo-

AlKB. 39:4049,152,154,155,158,159, 1§ e purified native AlkB protein
exhibited an UV-vis band at 560 nm, which was assigned
as the iron(ll) too-KG charge-transfer banid® This peak

the aspartic acid are ligands to the active site iron(ll), whereas
the first arginine is probably involved in binding to the
aKG.*850Chemical cross-linking studies, in which the inter-
actions of human and bacterial AlkB proteins with DNA were
probed, also supported the three residues as the active site
ligandst®®17%In these studies, each of these residues in AIkB
was mutated to a cysteine, and the mutant proteins cross-
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DNA/RNA methylations that can be repaired by the AlkB type proteins:

NH, NH; o 0o
E O CE e e
/ A
NTON Voo Voo NTONT K,

DNA DNA DNA DMNA
N'-methyladenine N3-methylcytosine N3-methylthymine N'-methylguanine
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Figure 15. Sites that may also be subject to oxidative dealkylation repair. Exocyclic DNA adducts suchfanthdhoadenine could be
repaired as well.

link with DNA containing a modified thiol-tethered cytosine. chelation byaKG.%® Analogues ofoaKG, including 2-mer-
The cross-linking was inhibited by the addition of metal, as captoglutarate, were found to specifically inhibit AIkB. The

the cross-linking site was also the metal binding %ite. 2-keto group ofoaKG can be replaced with a thiol or an
alcohol to eliminate the carbonyl group that reacts with
4.2.2. Substrates for Homologues dioxygen. Good inhibition was observed with the thiol-

A|though the first human h0m0|ogue ABH1 was |n|t|a”y substituted form, but there was no inhibition with the C-2
thought to behave similarly to AkB, the purified gene alcohol form, up to a high concentration.
product showed no activit§?:°%168 However, ABH2 and . o
ABH3 complement thalkB mutant phenotype, and they both  4.3. Questions Remaining
show repair activities for both 1-meA and 3-meC with the
same cofactors as AlkB. It has been shown that ABH2 prefers
1-meA while ABH3 prefers 3-me®:>°Perhaps due to their
different subcellular localizations in human cells, these
proteins may have unique cellular roles. ABH2 and ABH3
were also able to demethylate 3-meT in DNA oligonucle-
otides. Both homologues, however, seem to need longer ) o . .
polynucleotides, as they have a low activity or no activity 4.3.1. Potential Oxidative Dealkylation Functions
with trimers!®2 Another difference between these two human So far the AIKB proteins have been shown to repair

homologues is that ABH2 prefers dsDNA while ABH3 is  glkylation damage on the Mpositions of adenine and
more like AlkB; it prefers ssDNA and even RNA%1t guanine and the ®positions of cytosine and thymine (Figure
should be noted that ABH2 and ABH3, although optimized 15) |n principle, the oxidative dealkylation mechanism can
(for pH and cofactor requirements) previously, had only 0.7 pe ytilized to remove the alkyl adducts attached to most
and 2%, respectively, of AlkB's activityn vitro, when heteroatoms on DNA and RNA. As shown in Figure 15,
assayed with 1-meA in poly(dA}? methylations on Rtadenine, ®guanine, R-guanine, M-
" cytosine, N-thymine, or N-thymine may all be subject to

4.2.3. Inhibitors the oxidative dealkylation repair; the oxidized alcohol

Since it has been shown that inhibition of the human AGT products are unstable and decompose to give back the
activity can help modulate the efficiency of alkylation unmodified bases. In principle, the exocyclic DNA adducts
chemotherapy, it is reasonable to speculate that inactivationsuch as 1,Rethenoadenine and 3'Mthenocytosine could
of AIkB may increase the efficacies of therapeutic reagents. be oxidatively repaired (through a potential epoxide inter-
Developingin vivo inhibitors for AIkB and its homologues  mediate) in water as well. In fact, very recent studies indicate
could also help reveal their physiological roles. AIkB was such a repair process of Pidthenoadenine can be catalyzed
found to be inhibited by high concentrations oKG, by the AIkB proteins-’1172In addition, methylations ocurring
regardless of the concentration of iron(ll), which suggests on the N-positions of adenine and guanine and the backbone
that this AlkB inhibition was unlikely a result of iron(ll)  phosphodiester may be oxidatively dealkylated in some

From the first genetic study identifying ttekB gene as
being responsible for protecting cells against alkylation DNA
damagé{* much has been discovered about this mystifying
protein. Still, there are questions that need to be addressed
with much anticipation.
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Figure 16. Alternative strategies to repair a 1-meA or 1-meC lesion involving a nucleophile to directly displace the alkyl adduct from the
damaged base.

organisms. These possibilities need to be considered wherWhat are their roles? Selective inhibition of these proteins
the biological oxidative dealkylation function is explored in may help reveal their roles inside human cells.
the future.

4.3.2. An Alternative Strategy 5. Concluding Remarks

The oxidative dealkylation mechanism utilized by Ak~ Most of the DNA lesions processed by the direct repair

raises an interesting chemistry question. The heterocyclesPrOteins are either highly mutagenic or cytotoxic. Nature has
in 1-meA and 3-meC are good leaving groups. An alternative evolved two d|fferent_ strategies to dlre_ctly remove alkylation
strategy involving a nucleophile to directly displace the alkyl DNA damage: one IS a st0|ch|ometrlg trqnsfer of the alkyl
adduct from the lesioned base can be envisioned (Figure 16)3r0UP. and the other is a catalytic oxidation of the adduct.
Metal ions are known to activate water to form a metal- | NES€ repair processes play essential roles to defend against
bound hydroxide which may attack the methyl adduct to aIkyIatmg. agents in almost aII_orgamsms. In some bacteria
produce a methanol and the unmodified base. A thiol, bound the two direct removal strategies are used and regulated to-

or unbound to a metal, could also be activated to participate I6ther iﬂ the S";‘]me regullondlt_irshint'&ilglg(lgnfg to think how tf:e
in such a process. Nature has already been utilizing this WO Pathways have evolved. The unction was only

strategy in N-Ada and AGT proteins to directly reverse the recently elucidated. Studies on the structure, function, mech-
damage; why doesn't it use the same method to repair 1-meA2niSm. and physiological roles of the AlkB proteins have
and 3-meC? Perhaps this process exists somewhere. Co _ttract_ed ar_1d will continue to attract extensive attention from
ceivably, under anaerobic conditions cells may turn on such POt biologists and chemists. Even fof-lkylguanine-DNA
an alternative pathway or other potential pathways to remove alkyltransferases, many important questions remain to be
alkylation damage. More mechanistic investigations on Alkg 2ddressed. How do these proteins locate base lesions? What
and the AIkB type proteins may provide further insight. cgllular factors ml_ght they interact \{wth, and does the methyl-
ation of the protein serve a signaling role? Can we develop
4.3.3. Structure/Function Relationship more potent inhibitors for the human protein which may
improve the efficacy of alkylation chemotherapies in the
To date there has been no structure of an AIkB type clinic? Future efforts may lead to answers for these questions.
protein. Despite the existence of many structures for the  Among the four proteins activated during the adaptive
aKG/iron(ll)-dependent dioxygenases, our understanding of methylation resistance response proces icoll, three have
the structure/function relationship of the AlkB proteins is oo 'shown to repair alkylation damage on [3NA or RNA.
very limited. A high-resolution structure will help address Two proteins use direct repair mechanisms to process the
many mechanistic issues. The AIkB proteins bind and repair damage. The protein AidB is a homologue to a family of
damage on dsDNA, ssDNA, and ssRNA. How does the q5in_containing dehydrogenases that use a FAD or FMN
protein interact with different nucleic acid structures? How ¢ ~tor to oxidize ©H bonds in various substrates. The
does the protein recognize the_ lesioned base? How does it ~tion of AidB has not been revealed, but it has been
search for the damaged base in both dsDNA and sSDNA?g, 1o play a role in methylation resistance in bactéfia.
The crystal structures of this protein and of its DNA or RNA  peniially, AidB may also be involved in the oxidization
complex are highly anticipated; thus far, only the theoretical of methyl br alkyl adducts on heteroatoms of proteins or
model of the enzyme structure has been repdfted. nucleic acids to facilitate their removal, much like the
function of AIkB. Considering the pervasiveness of dehy-
drogenases in biology, AidB may play a general role that
The function of ABH2 and ABH3 has been shown to be has yet to be discovered.
similar to that of AIKB. It was suggested that AIkB and
ABH3 act predominantly on ssDNA or ssRNA, but AIkB ¢ Acknowledgments
was found to be 3-fold more reactive on dsDNA than
ssDNA3? What is the exact role of these proteins inside cells?  We thank the W. M. Keck Foundation, The Searle Scholar
After the oxidative repair, what happens to the formaldehyde Program, The Arnold and Marble Beckman Foundation, the
that is released, since formaldehyde can also damage DNAZG&P Foundation for Cancer Research, the Research Cor-
The exact functions of ABH1 and other human homologues poration, and the National Institutes of Health for supporting
ABH4—-8 are still unknown. Some of them have been ourresearch. E.M.D. is supported by the Burroughs Wellcome
hypothesized to either be back-up enzymes for ABH2 and Fund Cross-Disciplinary Training Program (Grant No.
ABH3 or novel DNA or RNA repair/modification enzymes. 1001774C).

4.3.4. Physiological Roles
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7. Abbreviations

1-meA N-methyladenine

1-me(dA) 1-methyldeoxyadenosine

1-medAMP 1-methyldeoxyadenosinerBonophosphate
1-medATP 1-methyldeoxyadenosinetBphosphate
1-meG N-methylguanine

3-meC N-methylcytosine

3-me(dC) 3-methyldeoxycytidine

3-medCMP 3-methyldeoxycytidineé-fnonophosphate
3-meT N-methylthymine

8-0x0G 8-oxoguanine

AGT Of-alkylguanine-DNA alkyltransferase
oKG a-ketoglutarate

BCNU carmustine

C-Ada C terminal domain of Ada

dsDNA double-stranded DNA

E. coli Escherichia coli

FTase farnesyltransferase

GTase geranylgeranyltransferase

hAGT human AGT

HPLC high-performance liquid chromatography
Mel methyl iodide

MNNG N-methyl-N'-nitro-N'-nitrosoguanidine
MNU N-methyl-N'-nitrosourea

N-Ada N terminal domain of Ada

NMR nuclear magnetic resonance

05-BG Of-benzylguanine

05-meG G-methylguanine

PaTrin 2 O-(4-bromothenyl)guanine

PET positron emission tomography

ssDNA single-stranded DNA
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