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Abstract Alkyltransferase-like proteins (ATLs) play a

role in the protection of cells from the biological effects of

DNA alkylation damage. Although ATLs share functional

motifs with the DNA repair protein and cancer chemo-

therapy target O6-alkylguanine-DNA alkyltransferase, they

lack the reactive cysteine residue required for alkyltrans-

ferase activity, so its mechanism for cell protection was

previously unknown. Here we review recent advances in

unraveling the enigmatic cellular protection provided by

ATLs against the deleterious effects of DNA alkylation

damage. We discuss exciting new evidence that ATLs aid

in the repair of DNA O6-alkylguanine lesions through a

novel repair cross-talk between DNA-alkylation base

damage responses and the DNA nucleotide excision repair

pathway.
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Abbreviations

AGT O6-alkylguanine-DNA alkyltransferase

ATL Alkyltransferase-like protein

Atl1 S. pombe ATL

BER Base excision repair

eAtl E. coli ATL

GGR Global genomic repair

hAGT Human AGT

HelD E. coli DNA repair helicase IV

HTH Helix-turn-helix

MGMT O6-methylguanine-DNA methyltransferase

MMR Mismatch repair

MMS Methyl methanesulfonate

MNNG N-methyl-N0-nitro-N-nitrosoguanidine

MNU N-methyl-N-nitrosourea

NER Nucleotide excision repair

nvAtl N. vectensis ATL

O4-mT O4-methylthymine

O6-alkylG O6-alkylguanine

O6-bG O6-benzylguanine

O6-btG O6-(4-bromothenyl)guanine

O6-HOEtG O6-hydroxyethylguanine

O6-1hpG O6-1-hydroxypropylguanine

O6-2hpG O6-2-hydroxypropylguanine

O6-mG O6-methylguanine

O6-pobG O6-4-(3-pyridyl)-4-oxobutylguanine

PNU N-propyl-N-nitrosourea

TCR Transcription-coupled repair

TRCF Transcription-repair coupling factor

TTHA1564 T. thermophilus ATL

Introduction

Some of the most prevalent cytotoxic and mutagenic DNA

lesions arise from alkylation of DNA bases. Consequently,

the continual repair of DNA alkylation damage is vital for
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maintaining genome stability. However, this repair can also

provide a major resistance factor for alkylating chemo-

therapies. Therefore an understanding of the processes that

are involved in this repair is crucial.

Alkylating agents that give rise to DNA alkyl lesions

can be derived from endogenous sources (such as S-aden-

osylmethionine) [1], environmental toxins [2], or

anticancer chemotherapies [3]. DNA bases are susceptible

to alkylation to varying degrees at all of the exocyclic

oxygens and most of the ring nitrogens [4]. Alkylating

agents generate similar types of damage, but in different

proportions depending on their mode of reaction. Most

alkylating agents produce the innocuous 7-methylguanine

and the highly cytotoxic 3-methyladenine lesions. In

addition, bimolecular nucleophilic substitution (SN2)

alkylating agents, such as methyl methanesulfonate (MMS)

and methyl halides, produce large quantities of such lesions

as 3-methyladenine and 3-methylcytosine, which block

DNA replication and result in cytotoxicity [4]. The highly

mutagenic and cytotoxic O6-methylguanine (O6-mG)

(Fig. 1) and O4-methylthymine (O4-mT) lesions mainly

result from unimolecular nucleophilic substitution (SN1)

alkylating agents, such as N-methyl-N0-nitro-N-nitroso-

guanidine (MNNG) and N-methyl-N-nitrosourea (MNU)

[4]. Although O6-mG and O4-mT lesions are not usually

generated in abundance, they are highly cytotoxic and

mutagenic and their repair is critical [4]. O6-mG lesions are

mutagenic because they mispair during replication with

thymine, resulting in G:C to A:T transition mutations

[5–8]. The high cytotoxicity of these lesions results from

the recognition of O6-mG:T mispairs by the DNA mis-

match repair (MMR) pathway, which attempts to repair

them by removing the thymine, leading to a futile cycle of

nucleotide removal and synthesis that generates DNA

single- and double-strand breaks and eventually results in

apoptosis (Fig. 2). A thorough understanding of how cells

deal with the mutagenic and cytotoxic effects of DNA

alkylation damage is thus critical to the development and

improvement of cancer prevention strategies.

In cells, DNA alkylation damage is mostly repaired

through one of two strategies. Most alkyl lesions are

removed by lesion-specific DNA glycosylases that excise

modified bases to create abasic sites and initiate the

base excision repair (BER) pathway [4, 9, 10]. Some

lesions are repaired through a direct damage reversal by

Fig. 1 Chemical structures of

the lesions recognized by ATL

that are discussed in this review.

The lesions are abbreviated as

follows: O6-mG,

O6-methylguanine; O6-bG,

O6-benzylguanine; O6-pobG,

O6-4-(3-pyridyl)-4-

oxobutylguanine; O6-btG,

O6-(4-bromothenyl)guanine;

O6-HOEtG, O6-

hydroxyethylguanine, O6-1hpG,

O6-1-hydroxypropylguanine;

O6-2hpG, O6-2-

hydroxypropylguanine

Fig. 2 Proposed mechanisms for repair of O6-alkylG (indicated by a

red star)
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alkyltransferase proteins (AGTs) [6, 11] or Fe(II)/2-oxo-

glutarate-dependent dioxygenases of the AlkB family [10,

12]. Recently, catalytically inactive alkyltransferase-like

(ATL) proteins were discovered to promote a novel repair

mechanism of DNA alkylation damage through cross-talk

between DNA-alkylation base damage responses and the

DNA nucleotide excision repair (NER) pathway, thereby

linking two classically distinct DNA repair pathways. Here

we review recent work on deciphering the role of alkyl-

transferase-like proteins in cellular protection.

Cellular protection against O6-alkylguanine lesions

DNA O6-alkylguanine (O6-alkylG) lesions are mostly

repaired through the action of alkyltransferase proteins,

such as Ada and Ogt in Escherichia coli, and O6-alkyl-

guanine-DNA alkyltransferase (AGT) (also known as

O6-methylguanine-DNA methyltransferase, MGMT, in

humans), which are widespread amongst prokaryotes and

eukaryotes [5]. The recent availability of the genome

sequences for the moss Physcomitrella patens [13], the

green algae Chlamydomonas reinhardtii [14], and the red

algae Cyanidioschyzon merolae [15] has allowed us to

identify here the first putative plant AGTs (GenBank

accession XM_001778913, XM_001778913, and

AP006502, respectively) (Fig. 3) (J.L.T. and J.A.T.,

unpublished observation). AGTs are two-domain a/b fold

proteins. The catalytic C-terminal domain possesses an

active site -PCHR- motif, which contains the absolutely

conserved nucleophilic cysteine residue (Cys145 in

humans) [16, 17], along with the nucleotide rotating resi-

dues (Arg128 and Tyr114 in humans) [5, 6, 11]. AGT

selectively transfers the damaged guanine O6-alkyl adduct

to the nucleophilic cysteine in a stoichiometric, irrevers-

ible, damage reversal reaction [5]. AGT specifically repairs

O6-mG lesions, and to a lesser extent O4-mT. It also

repairs, though some less efficiently, larger O6-alkylG

lesions, including O6-benzylguanine (O6-bG) [18], O6-(4-

bromothenyl)guanine (O6-btG) [19], O6-4-(3-pyridyl)

-4-oxobutylguanine (O6-pobG) [20], and O6-guanine-alkyl-

O6-guanine interstrand crosslinks [21]. Alteration of resi-

dues in and near the AGT active site can have profound

effects on the rate and/or ability of AGT to repair various

types of damage [22–25]. AGT-mediated repair of O6-alkylG

DNA lesions prevents mutations, but also promotes tumor

resistance to therapeutic alkylating agents that are com-

monly used in cancer treatments [6, 26], making it a prime

drug target for alkylation chemotherapies. Structures of

human AGT (hAGT) [27, 28] and hAGT in complex with

small-molecule [27] or DNA [29, 30] substrates have aided

in understanding the mechanism of hAGT-mediated resis-

tance to anticancer therapies [6].

Alkyltransferase-like proteins are a newly identified

family of AGT homologs with sequence similarity to the

AGT catalytic domain, with the notable exception that the

AGT Cys alkyl acceptor is replaced by tryptophan, alanine,

or another residue (Figs. 3, 4) [31, 32]. ATLs co-exist with

AGTs in some organisms, and are absent in others [32]. No

recognizable ATL has been identified in higher eukaryotes

or plants [32]. Most known ATLs are from bacteria, and

the three best-studied bacterial ATLs are from E. coli [33–

35], Thermus thermophilus [36], and Vibrio parahaemo-

lyticus [37] (Table 1). ATL proteins are also found in some

fungi, with the one most characterized from the fission

yeast Schizosaccharomyces pombe [38, 39] (Table 1).

Interestingly, S. pombe lacks an AGT and only has an ATL,

whereas the budding yeast Saccharomyces cerevisiae has

an AGT but no ATL [32, 38]. Recently, new ATLs were

identified in the Archaea Candidatus Korarchaeum cryp-

tofilum and Nanoarchaeum equitans, ancestral to the two

established phyla of Archaea [39]. Also, the first ATL

in any multicellular organism, the starlet sea anemone

Nematostella vectensis (Table 1), was discovered [39].

Therefore, ATLs exist in all three domains of life.

ATLs tightly bind single- and double-stranded DNA, but

are not alkyltransferases, as no alkyltransferase activity

could be detected in vitro for ATLs from S. pombe (Atl1)

[38], E. coli (eAtl; also referred elsewhere as the YbaZ

protein) [33, 34], or T. thermophilus (TTHA1564) [36]. In

addition, eAtl displayed no demethylase, glycosylase, or

endonuclease activity [33]. Thus, ATLs do not cleave the

alkyl group, base, or oligonucleotide near the lesion.

Mutation of Trp to Cys in eAtl was insufficient to restore

alkyltransferase activity, indicating other mutations are

necessary to restore this activity [33]. The repair of

O6-methylguanine (O6-mG) by human AGT (hAGT) is

inhibited by pre-incubation of alkylated oligonucleotides

with Atl1, eAtl, N. vectensis ATL (NvAtl), or Vibrio

parahaemolyticus ATL (vpAtl) [33, 37–39], but this inhi-

bition is reversible over time [32, 33].

Overexpression of eAtl in E. coli increased sensitivity of

wild-type strains to MNNG, whereas it had no effect on

AGT-deficient strains [33]. However, the induced mutation

frequency for cells treated with the propylating agent

N-propyl-N-nitrosourea (PNU) was approximately two-fold

higher for an eAtl deletant E. coli strain as compared to

wild-type E. coli [35], suggesting that eAtl provides pro-

tection against larger alkylation adducts. Overexpression of

S. pombe Atl1 in E. coli cells protected these cells against

MNNG-induced alkylation damage, demonstrating that

ATLs can act across species [39]. Significantly, inactiva-

tion of ATL genes in the AGT-deficient organisms

S. pombe and T. thermophilus reduces alkylation damage

resistance in these organisms [36, 38]. In S. pombe, atl1

deletants exhibit a marked increase in sensitivity to SN1
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Fig. 3 Sequence alignment of select ATLs (top) and AGTs (bottom), showing conservation of key tyrosine, arginine, and binding/active site

residues, highlighted in black. The S. pombe Atl1-binding site and C-terminal loop is shaded gray
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versus SN2 alkylating agents [38]. Similarly, in T. ther-

mophilus, Dttha1564 strains showed a five to eight-fold

increase in spontaneous mutation frequency measured by

His? G:C to A:T reversions compared to wild-type strains

in the presence of methylating agents, suggesting that

TTHA1564 aids in the prevention of G:C-to-A:T transition

mutations [36]. Also, the spontaneous mutation rate in

T. thermophilus Dtttha1564 strains was significantly higher

than in WT strains and comparable to that of DmutS strains,

implicating TTHA1564 in DNA repair in vivo. Together,

these results suggested that ATLs protect cells against the

deleterious biological effects of DNA alkylation damage.

DNA binding by ATLs

Measurements of ATL-DNA binding have established that

ATLs tightly and specifically bind O6-alkylG. Atl1 binds

ssDNA containing O6-mG, O6-bG, O6-btG, or O6-hy-

droxyethylG (O6-HOEtG) [38], and dsDNA containing

O6-mG or O6-pobG [39], but not dsDNA containing an

abasic site (see Fig. 1 for chemical structures) [39]. Surface

plasmon resonance experiments measuring Atl1 binding to

dsDNA containing O6-mG or O6-pobG indicated a disso-

ciation constant (KD) of 0.35 ± 0.04 nM for O6-mG and

0.016 ± 0.004 nM for O6-pobG, revealing Atl1 stably

binds O6-mG and larger O6-alkyl groups [39]. In contrast to

Atl1, experiments probing an E. coli proteome chip with

dsDNA containing mismatch or abasic site lesions revealed

eAtl binds dsDNA containing an abasic site opposite a C,

G, A, or T, but not G:T or A:C mismatches or normal,

unmethylated DNA [34]. A KD of 3.5 9 10-12 M was

determined for eAtl bound to abasic site-containing dsDNA

opposite adenine [34]. eAtl also binds short ss- or dsDNA

containing O6-mG with C, T, G, or A opposite an O6-mG

lesion, but not O4-mT [33]. Neither eAtl nor Atl1 bind

DNA containing 8-oxoguanine, 5-hydroxymethylcytosine

or ethenoadenine [33, 38], indicating that ATL binding is

specific for guanine O6-alkyl lesions. Gel-shift assays

estimated a KD of 3.7 and 0.41 lM for TTHA1564 binding

to normal unmethylated or O6-mG-containing DNA,

respectively, revealing that TTHA1564 binds O6-mG

containing DNA with nine-fold higher affinity than normal,

unmethylated DNA [36].

Sedimentation equilibrium analysis of Atl1-dsDNA

complexes revealed that in solution dominant complexes

for 13-mer oligonucleotides containing O6-mG have a 1:1

stoichiometry, whereas 16-mers and 26-mers form 2:1 and

3:1 limiting complexes, respectively [39]. Saturated Atl1-

nonmethylated DNA complexes were formed in one step

without the accumulation of intermediates, suggesting Atl1

cooperatively binds nonmethylated DNA. The build-up of

cooperative assembly is preceded by specific binding to

O6-mG sites, as indicated by the formation of 1:1 com-

plexes between Atl1 and O6-mG-containing DNAs before

proceeding to saturation in an additional concerted step.

The binding site size for Atl1 was estimated to be roughly

8 bp, which is twice the 4 bp/protein-binding site size for

AGT [40]. Since the two proteins have similar structures

but ATL lacks the N-terminal domain present in AGT,

Fig. 4 Crystallographic

structure of S. pombe Atl1,

showing the overall fold. Key

residues and loops are mapped

to the web logo sequence

alignment shown below
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these results suggest that the differences may be due to

structures located in AGT’s N-terminal domain and the

open-to-closed switch (not seen in AGT) that exposes the

C-terminal loop (the ATL structure is discussed in the next

section). Therefore, ATLs tightly and specifically bind

O6-alkylGs.

ATL structure and DNA bending

VpAtl solution structures [37] and Atl1 crystal structures

without and with damaged DNA containing O6-mG or

O6-pobG [39] have aided the understanding of ATL–DNA

damage interactions. Both VpAtl and Atl1 conserve the

fold of the hAGT catalytic domain where DNA binding

and alkyl transfer occur (Figs. 3, 4 and 5a) [39]. In addi-

tion, identities and roles of key AGT DNA-binding and

nucleotide rotating residues are conserved in ATL [37].

Notably lacking in ATLs are the AGT N-terminal domain,

active site Cys (Trp in Atl1), and Asn hinge that couples

helix-turn-helix (HTH) DNA binding and active site motifs

(Figs. 3, 4). The hAGT-binding site loop, proposed to

confer substrate specificity, is also present in ATL,

although in a different conformation (Fig. 5a). ATL has a

C-terminal loop, not seen in AGT. This loop in Atl1 makes

additional contacts with DNA (Fig. 5a) [39]. Both the

C-terminal and binding site loops in VpAtl are shorter than

those for Atl1 [37]. Sequence conservation of other ATL

sequences mapped onto Atl1 and VpAtl structures indicate

the most conserved residues line the lesion-binding pocket

or act in DNA binding, and suggest Atl1 and VpAtl

structures are typical of other ATLs [37, 39].

Atl1 binds the DNA minor groove, like hAGT, via an

HTH motif (Fig. 5a) [29, 39], with damaged-strand

contacts to the phosphate groups of the O6-alkylG and

two 30-adjacent nucleotides [39]. Residues from the

DNA-binding site loop (Ser67 and Lys70) and C-termi-

nal loop make DNA contacts not found in AGT. The

buried surface area for Atl1 is *1,050 Å2, in compari-

son to 788 Å2 for hAGT, consistent with Atl1 DNA-

binding experiments and supporting the concept of

tighter DNA binding.

The Atl1-binding site loop switches conformations

between ‘open’ DNA-free and ‘closed’ DNA-bound Atl1

(Fig. 5a) [39]. This loop is flanked by glycines, which

suggest flexibility, as was observed for AGT mutants with

improved activity toward O4-mT [25]. The Atl1-binding

site loop acts in conjunction with the amino terminus to

induce an approximately 45� bend in the DNA (Fig. 5a)

[39]. This bend is significantly greater than the *30� DNA

bend caused by hAGT (Fig. 5a) [29]. Therefore, Atl1

induces greater DNA bending than hAGT, although the

two proteins have similar folds.T
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ATL DNA nucleotide flipping and lesion interactions

Fluorescence-measured flipping for a base opposite an

abasic site in eAtl [34] or an O6-mG in TTHA1564 [36],

and crystal structures of Atl-DNA complexes [39] estab-

lished that ATLs use nucleotide flipping from the DNA

double helix to access damaged nucleotides, like AGT

[29]. However, unlike AGT and most other known DNA

nucleotide-flipping proteins, this flipping is not connected

to an alkyltransferase activity or any other type of enzy-

matic activity or catalysis [33, 34, 36, 38, 39], suggesting

that it is a switch for pathway activation, rather than

catalysis [39].

Atl1 crystal structures showed the flipping of the dam-

aged guanine and established O6-alkylG interactions within

the lesion-binding pocket [39]. Atl1 rotates O6-mG and O6-

pobG into a specificity pocket containing -PWHR- motif

Trp56 (Fig. 5a, b). The extra-helical O6-alkylG is stabi-

lized by Arg39, whose side chain intercalates the DNA

base stack and hydrogen bonds with the orphaned cytosine

(Fig. 5a). Trp56 does not p-stack with the O6-alkylG as

originally expected, but rather hydrophobically packs with

the alkyl group. Instead, the Arg69 guanidinium group

stacks against the O6-alkylG base in a cation-p interaction.

Hydrogen bonds to the O6-alkylG base side and main chain

are conserved from ATL to AGT.

Atl1 has an approximately three times larger binding

pocket than hAGT (Fig. 5b, c) [39]. This larger pocket is

the result of moving out from the protein core, with respect

to AGT, one wall of the binding pocket and the Lys45–

Pro55 cap that interacts with larger alkyl groups. Also, the

bulky hAGT Tyr158 is replaced by the smaller Atl1 Ile71

to prevent a clash with the Atl1 Trp56 side chain in its

DNA-bound, closed position. The VpAtl-binding pocket,

partially buried by binding site loop and binding pocket cap

residues, is smaller than that for Atl1 [37]. However, VpAtl

NMR relaxation data suggest conformational flexibility in

this pocket, suggesting VpAtl may adopt conformations in

which the substrate binding pocket is more exposed, like

for Atl1.

The larger Atl1 pocket readily accommodates the O6-

pobG lesion [39], a bulky and toxicologically relevant

adduct that results from metabolically activated tobacco-

specific nitrosamines [20]. The pob group only makes

hydrophobic protein interactions to Trp56 and Pro50 of the

binding cap, which is *5.3 Å further out than the com-

parable AGT Pro140 (Ca to Ca distance). No major

structural changes between O6-mG- and O6-pobG-bound

Atl1 were observed in the DNA conformation or lesion-

binding site. The pob conformation observed in the Atl1

structure would clash with the hAGT-binding site loop and

is incompatible with smaller E. coli AGT (Ada-C and Ogt)

active site pockets [39]. The backbone conformational

dynamics observed for the VpAtl guanine-lesion recogni-

tion cavity may account for the broader recognition of

various alkyl guanine lesions for ATLs versus AGT [37].

Therefore, ATLs flip damage into a large binding pocket

that accommodates a broader range of DNA lesions than

AGTs.

Fig. 5 Lesion binding by ATL and AGT. a Structural overlay of

S. pombe Atl1- (gray, pdb 3gx4) and human AGT- (black, pdb 1t38)

O6-mG-DNA complexes. Key residues, loops, and O6-mG from the

ATL-DNA complex structure are indicated by arrows. b Stereo view

of Atl1-O6-mG DNA complex, with the binding pocket overlayed as a

molecular surface. c Stereo view of hAGT-O6-mG DNA complex,

with the binding pocket overlayed as a molecular surface
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ATL connection to nucleotide excision repair

One of the most puzzling mysteries surrounding ATLs was

that they paradoxically protect cells from the biological

effects of DNA alkylation damage, despite lacking the

AGT reactive cysteine and alkyltransferase activity. Yet, it

was clear that ATL must be playing a role in protection in

vivo, since organisms without an AGT, such as S. pombe

and T. thermophilus, were rendered more sensitive to

alkylating reagents upon inactivation of their ATL genes

[36, 38]. Tight binding affinities [34, 36] for, yet inability

to repair [33, 38] O6-alkylG lesions led to the conclusion

that ATLs are damage sensors or play a role in the DNA

nucleotide excision repair (NER) pathway [32, 35, 36, 38,

39], which excises bulky, DNA-distorting lesions. Through

a series of genetic and biochemical experiments described

below, Atl1 function was indeed discovered to be linked to

NER.

The existence of in vivo ATL-DNA complex binding

partners was suggested by the tight binding of ATLs to

O6-alkylG-containing oligonucleotides and the resulting

conformational change that exposes the C-terminal loop for

possible intermolecular interactions [39]. In vitro, eAtl

interacts with E. coli NER proteins UvrA [35, 39] and

UvrC [39], but not UvrB [35, 39]. Similarly, TTHA1564

interacts with T. thermophilus UvrA with a KD of 30 nM,

indicating this interaction is significant [36]. Pulldown

experiments with TTHA1564 identified other possible

binding partners, including the a, b, and b0 subunits of

RNA polymerase, the PIWI motif protein, putative Rad52

homologue, and UvrD helicase, although the number of

matched peptides for UvrD was not significant. An inter-

action was also identified between eAtl and E. coli DNA

repair helicase IV (HelD) [34], which is involved in the

RecF pathway of DNA recombination repair, DNA meth-

ylation-based damage, and possibly limited UV damage

repair in combination with the Rep protein [41]. Intrigu-

ingly, S. pombe Atl1 interacts with E. coli UvrA in vitro,

suggesting conservation of ATL features for NER recog-

nition [39].

ATL’s connection to NER is also supported by both

microbial and eukaryotic genetic evidence. In S. pombe,

Drad13 cells exhibit an increased spontaneous mutation

rate that is strikingly suppressed to wild-type levels in

Datl1 Drad13 mutants [39]. Reversion rate of the ade6-485

mutation and spot and clonogenic assays revealed Atl1 is

epistatic with Rad13 and Swi10, but not Rhp14 or Rad2

(homologs of human XPG, ERCC1, XPA and Fen-1,

respectively) for MNNG toxicity [39]. In humans, XPG

and ERCC1 are part of the NER pathway, where XPG is

the endonuclease that is responsible for the 30 incision of

DNA lesions and the XPF-ERCC1 endonuclease complex

cuts at the 50 side. Atl1’s epistasis with Rad13 and Swi10,

therefore indicate Atl1 has a role in the NER pathway. In

E. coli, chromosomal mutagenesis data revealed that eAtl

and UvrA are epistatic, and a complementary relationship

was discovered between the AGT and NER pathways for

repairing O6-alkyl adducts roughly related to size [35].

Quantitative determination of the fraction of mutations

induced by adducts of varying size in mutant E. coli strains

with inactive AGT and/or NER revealed that O6-mG was

repaired by AGT, whereas O6-1-hydroxypropylguanine

(O6-1hpG) and O6-2-hydroxypropylguanine (O6-2hpG)

(see Fig. 1) were repaired by NER, and O6-HOEtG was

repaired by both repair pathways [35]. Together, these data

strongly suggest that ATL function is connected to NER.

Proposed mechanisms for ATL-mediated DNA repair

pathway cross-talk

NER is a versatile repair mechanism that removes bulky,

unrelated, helix-distorting lesions through the excision of a

long DNA patch that contains the lesion [42]. The large

variety of structurally unrelated lesions processed by NER

has led to the proposal that the repair machinery recognizes

the distortion of the helical structure of the DNA induced

by the presence of the lesion, such as DNA bending or base

pair disruption, rather than the lesion itself [43]. In higher

eukaryotes, the global genomic repair (GGR) subpathway

of NER is initiated by XPC recognition of bulky lesions

and results in damage removal on non-transcribed DNA

[43]. The efficient repair of lesions from actively tran-

scribed DNA is carried out by the NER transcription-

coupled repair (TCR) subpathway [42, 44]. TCR is

recruited to sites of transcription arrest of a stalled elon-

gating RNA polymerase, and subsequently engages

downstream damage recognition components of GGR for

lesion removal in higher eukaryotes [42, 44]. Both these

mechanisms of NER-mediated repair of damaged DNA are

distinct from the classical alkylated DNA base damage

repair processes by direct damage reversal proteins or

BER.

Previous studies suggested that NER may play a role in

the processing of O6-alkylG lesions [45–47], but the

extent of this role and how it was accomplished was

unknown. Particularly puzzling was how weakly distort-

ing O6-mG lesions [45–47], which are also insufficient to

stall transcription [48], could recruit NER, especially

since NER recognition of damage appears to be dependent

on large distortions in the DNA [43]. Atl1 structures

provided a plausible explanation, by showing a confor-

mational switch accompanied by large DNA bending

upon binding O6-alkylG damage [39], which could be

suitable to recruit NER. These structures, together with

ATL genetic experiments and the other recent ATL
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studies described in the previous sections of this review,

provide a basis to aid in understanding how ATLs pro-

mote a cross-talk DNA repair pathway connection

between base repair and NER to recruit NER to sites of

O6-alkyG damage.

Specific NER complex protein–protein and protein–

DNA interactions govern the coordinated assembly of

NER protein factors required for effective DNA lesion

recognition and repair. Initial structures existing for part

of the NER pathway are providing structural and

mechanistic insights into this process. In eukaryotic NER

systems, initial damage recognition by S. cerevisiae XPC

orthologue, Rad4 reveals DNA binding by the normal

strand with the damaged strand evidently exposed for

recognition [49]. This is consistent with the DNA-dam-

aged strand binding observed for the DDB2 subunit of

the UV-DDB complex of mammalian GGR [50], which

binds UV-induced and other weakly distorting DNA

lesions to aid recruitment of the XPC complex. Struc-

tures for the XPB [51] and XPD [52] helicases suggest

specific recognition motifs and domains to distinguish

damaged sites and transcription sites. The highly specific

and stable complex formed upon association of XPA and

ERCC1 for recruitment of the ERCC1–XPF nuclease is

mediated by only a small region of XPA that perfectly

fits into a central domain groove of ERCC1 [53]. In

bacterial NER systems, structures of bacterial UvrA

reveal conformational flexibility, asymmetry, and a likely

open-to-closed DNA-binding mechanism [54, 55]. Con-

formational flexibility was also observed for UvrC and is

likely significant for its function [56]. Geobacillus ste-

arothermophilus UvrA and UvrB interact through a polar

interface that contains several highly conserved charged

residues [57]. The E. coli transcription repair coupling

factor Mfd likely recruits UvrA recruitment at stalled

transcription forks by structural but not catalytic mimicry

of UvrB [58].

Protein–DNA interactions for the recognition and

cleavage of ds-/ssDNA junctions by crenarchaeal XPF

from Aeropyrum pernix are mediated by coupling move-

ment of its nuclease and helix-hairpin-helix DNA-binding

domains through a flexible linker to accommodate the large

distortion of its DNA substrates to promote strand cleavage

[59]. Similarly, structural and biochemical studies on the

XPF-related dimeric Pyrococcus furiosus Hef nuclease that

cleaves the 50 side of nicked Holliday junctions showed a

bipartite binding mode that is likely conserved in the XPF/

Rad1/Mus81 nuclease family [60]. DNA binding-induced

dramatic conformational changes of extended loops within

the ssDNA-binding protein RPA DNA-binding domain

imply DNA binding regulation for and/or by protein–pro-

tein interactions [61]. Overall, these NER structures

suggest a general theme of conformational flexibility and

specific binding partner interactions to drive repair, which

appears to be preserved in ATLs.

ATLs may invoke the GGR subpathway of NER

(Fig. 6). ATLs present damage to NER for processing in a

way that resembles the UV-DDB complex of mammalian

GGR. Atl1 binds the DNA damaged strand [39], as also

seen for DDB2 [50]. DNA damaged strand binding by ATL

is accompanied by open-to-closed conformational flexi-

bility of a loop, somewhat reminiscent of UvrA. This

damaged strand binding could increase the single-stranded

nature of the undamaged strand to favor recruitment and

binding of proteins that initiate repair by NER [35], such as

mammalian XPC. Alternatively, ATLs may directly recruit

the nucleases XPG and ERCC1/XPF to damage sites to

initiate NER, independently of XPC, and facilitate the

remainder of the response.

ATLs may also recruit NER by binding O6-alkylG

lesions to block elongating RNA polymerase and initiate

TCR (Fig. 6). TTHA1564 interactions with both UvrA and

RNA polymerase led to the proposal that TTHA1564 may

play a role analogous to transcription-repair coupling factor

(TRCF) in TCR, where TTHA1564-O6-mG may stall RNA

polymerase at the damaged site [36]. Such a role could be

reflected in the similar binding affinities for T. thermo-

philus UvrA with TRCF and TTHA1564 [36]. Similarly,

Fig. 6 Possible participation of ATL in NER responses
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the eAtl-UvrA interaction was suggested to recruit the

UvrA2�UvrB complex in a way analogous to the E. coli

transcription-repair coupling factor Mfd [35]. Further

experiments are needed, however, to establish ATL’s role

in GGR and/or TCR.

Although presentation of damage to NER by ATLs is

similar to NER lesion recognition factors, ATLs recognize

and bind lesions similarly to AGT and BER glycosylases.

Notably, ATLs use a positive channel for lesion binding

and 180� nucleotide flipping [39], which allows protein

handoffs without release of toxic and mutagenic DNA

intermediates that are characteristic of BER and recombi-

nation repair pathways [62–66]. Yet ATLs are not

alkyltransferases, glycosylases, or long-patch BER or

alternative UV excision repair proteins, and in S. pombe,

increased spontaneous mutation rates for Drad13 strains

are drastically reduced in Datl1 Drad13 strains, indicating

that ATL redirects endogenous damage from other repair

pathways to NER. Thus, ATLs recognize damage as base

repair but present it as NER, thereby adopting elements of

damage recognition and processing from both base repair

and NER pathways [39] and supporting their role in cross-

talk between these two pathways [35, 39].

ATL could promote cross-talk in some organisms by

blocking AGT-mediated recognition and repair of O6-al-

kylG and redirecting this repair to NER. Such an action

was discovered in E. coli, where O6-alkyl adducts are

repaired by the AGT or NER pathways according to size

[35]. This observation prompted the proposal of an

‘‘enhanced-NER’’ pathway in E. coli, where eAtl binds

large O6-alkylG adducts to improve their repair by NER

through a direct interaction between eAtl and UvrA,

whereas O6-mG is repaired by AGT [35]. To explain the

observation that ATL does not promote O6-mG repair by

NER when AGT is inactivated in E. coli, eAtl was pro-

posed to bind O6-mG with a weaker binding affinity than

larger O6-alkylGs [35]. Although such a hypothesis would

have to be confirmed by further binding affinity experi-

ments on various O6-alkylG lesions, it is supported by the

fact that Atl1 has a higher affinity for bulky O6-pobG than

for O6-mG [39]. ATL-mediated cross-talk between AGTs

and NER is further supported by Atl1-O6-pobG DNA

crystal structures, where the observed conformation of pob

would conflict with the smaller active site pockets of AGTs

[39]. This is consistent with the poor repair of O6-pobG by

E. coli AGTs, and could explain why organisms with

multiple AGTs, like E. coli, would need an ATL. It is

worth noting that this proposed ATL-enhanced repair by

NER in E. coli would differ in organisms without an AGT,

like T. thermophilus and S. pombe.

Interestingly, ATLs from ancestral Archaea exist as

fusion proteins with BER nuclease Endo V, suggesting that

ATL may be an ancient link between BER and NER [39,

67]. Such a connection is implied from recent structures of

Endo V [68] and the UV-DDB complex [50], where a

mutual, wedge-based binding mechanism that would allow

recognition of minimally distorting DNA lesions was dis-

covered [69]. This binding mechanism uses a 3- or

4-amino-acid wedge to extract the lesion from the DNA

helix into a shallow binding pocket that can accommodate

a variety of damaged bases, reminiscent of DNA binding

by ATLs. ATL-Endo V fusions in Archaea suggest that in

these organisms ATL and Endo V may act together in a

coordinated pathway [67], where Endo V may have an

XPG-like function. Similar AGT-Endo V fusion proteins

have also been discovered, and these proteins retain

both activities [70]. It will be interesting to see if these

ATL- and AGT-EndoV fusion proteins are biologically

significant.

Overall, ATL studies suggest a general repair mecha-

nism (Figs. 2 and 6) in which ATLs bind weakly distorting

O6-alkylG adducts to sculpt them into bulky lesions that

are redirected to and repaired by the NER pathway [35,

39]. In this way, ATLs make visible DNA lesions that are

more likely to be overlooked by DNA repair machinery

[71]. In some organisms, like E. coli, that contain AGT and

ATL, small lesions are repaired by AGT, whereas ATL

targets larger, bulky lesions for processing by NER nuc-

leases and promotes competition for O6-alkylG repair

between the AGT and NER pathways, which otherwise

function independently in the absence of ATL [35].

Therefore, ATLs use non-enzymatic nucleotide flipping as

a switch to control DNA pathway activation, by channeling

DNA base damage into the nucleotide excision repair

pathway [39].

Conclusions and outlook

The discovery of ATLs presented the puzzling challenge of

how these proteins, which bind DNA alkylation damage but

do not repair it, are able to protect cells against the detri-

mental effects of DNA alkylation damage. Recent studies

on ATLs have provided valuable insight into how they

function by revealing that they bridge alkylated DNA base

damage responses with NER: two DNA repair pathways

that were previously thought to function independently

from each other. ATL’s connection to NER was an unex-

pected discovery, since alkylated DNA base damage was

classically thought to be recognized and repaired by direct

damage reversal proteins like AGT or by lesion-specific

DNA glycosylases, which excise modified bases to create

abasic sites and initiate the BER pathway of DNA repair.

However, despite the advances in understanding the role

of ATLs in DNA repair, key questions remain to be

answered. For example, do ATLs engage NER through
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TCR or GGR or both? What protein or proteins act imme-

diately downstream of ATL? Do NER proteins participate

in protein–protein interactions with ATL for a direct lesion

handoff or in protein–DNA interactions with ATL-DNA

complexes for an indirect lesion handoff? If protein–protein

interactions are relevant, what is the interaction interface

and how easily can it be disrupted? Does ATL have higher

affinity for certain types of O6-alkylG damage, e.g., larger

or bulkier alkyl groups, over AGT? The answers to these

questions are eagerly anticipated.

Also of interest is whether ATLs or their analogs are

present in higher eukaryotes, including mammals and

humans. It is unclear why no recognizable ATL has been

identified in humans, plants, or other higher eukaryotes.

Nevertheless, the possibility of discovering ATL functional

analogs in these organisms is not excluded. Since the

function of ATL is to bind DNA damage to bridge DNA

repair pathways that otherwise function independently

from one another, it is possible that another protein per-

forms this role in higher eukaryotes. Interestingly, a similar

question was raised for the existence of archaeal NER

proteins XPA and ERCC1, because although homodimeric

XPF-like endonucleases exist in Archaea, homologs for

XPA and ERCC1 have only been identified in eukaryotes,

and the ERCC1–XPA interaction is less conserved in lower

eukaryotes, such as yeast [53]. The proposal that this

observation for XPA and ERCC1 may be attributed to

added complexity and distinct functional organization for

eukaryotic NER in comparison to bacterial NER [53], may

also extend to ATL. However, the recent discovery of a

multi-cellular eukaryotic ATL in N. vectensis, whose

genome is more similar to vertebrates than invertebrates

and has aided in genome characterization of the long-

extinct last common ancestor of all eumetazoans [72], is

promising. Although it is possible that mammalian cells

may use lesion recognition factors, such as the DDB

complex, to enhance NER-mediated repair of O6-alkylG

lesions [35], the existence of ATL in a multi-cellular

eukaryote, yeast, bacteria, and ancestral Archaea shows

ATL is present in all three domains of life and argues ATL

interactions are ancestral to present-day repair pathways.

Together, these observations suggest that although no ATL

has yet been discovered in higher eukaryotes and mam-

mals, it is likely that an ATL or similar protein functional

analog exists in these organisms.

Equally intriguing is why ATLs lack alkyltransferase

activity. As mentioned previously, mutating in an active

site cysteine was insufficient to restore repair activity,

raising the question, ‘‘What other protein elements are

required for alkyltransferase function?’’ Unfortunately,

available ATL structures do not identify obvious candi-

dates for mutation to restore this activity. However, these

structures do suggest that ATL is missing two AGT

elements that may be essential for activity. The first is an

AGT-like N-terminal domain. Although the precise func-

tion of the AGT N-terminal domain remains unknown,

experiments where the two hAGT domains were separately

characterized indicated the C-terminal domain required the

N-terminal domain and Zn2? for activity, whereas the

N-terminal domain surprisingly had weak AGT activity

that required Zn2?in the absence of the C-terminal domain

[73]. From these data, the N-terminal domain was proposed to

play an important structural role in orienting the C-terminal

domain for efficient alkyltransfer [73]. The second is a

catalytically essential well-ordered water molecule that is

part of a hydrogen bonding network with the catalytic

cysteine, a histidine, and a glutamate. In AGT, this water

participates in four, nearly tetrahedral hydrogen bonds to

nearby side and main chain atoms [27]. This water is

absent in Atl1 structures, likely because of steric hindrance

by the active site tryptophan side chain and the removal of

two of the water’s hydrogen bonding partners by the

moving out of a loop. In AGT, this loop is anchored

through contacts with the N-terminal domain, again sug-

gesting that the absence of this domain in ATL may

contribute to ATL’s inactivity. It will be interesting to see

if a functional ATL can be designed.

In summary, ATL uses non-enzymatic nucleotide flip-

ping to redirect the processing and repair of specific base

damage, i.e., O6-alkylG, into the general damage NER

pathway. As the mystery of ATLs is beginning to be

unraveled, a better understanding of ATL function is

emerging. There are many areas where this new knowledge

could be applied. One exciting possibility is to use it to

assist in understanding tumor cell resistance to alkylating

chemotherapies. If ATLs are found in humans, these results

could significantly aid the development of more effective

cancer treatments. For example, inhibiting ATL could

improve the effectiveness of alkylating chemotherapies, or

increasing ATL could help to protect bone marrow and

other tissue sensitive to cancer treatments. Therefore, a

thorough understanding of ATL function could impact our

understanding of genomic integrity and responses to base

damage relevant to pathogens, cancer development, and

potential improved cancer interventions by alkylating

agents and repair pathway control.
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