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DNA alkyltransferase and alkyltransferase-like family proteins are responsible for the repair of highly mutagenic and
cytotoxic O8-alkylguanine and O*-alkylthymine bases in DNA. Their mechanism involves binding to the damaged DNA
and flipping the base out of the DNA helix into the active site pocket in the protein. Alkyltransferases then directly and
irreversibly transfer the alkyl group from the base to the active site cysteine residue. In contrast, alkyltransferase-like
proteins recruit nucleotide excision repair components for O%-alkylguanine elimination. One or more of these proteins are
found in all kingdoms of life, and where this has been determined, their overall DNA repair mechanism is strictly
conserved between organisms.

Keywords: DNA repair ; O6-alkylguanine-DNA alkyltransferase ; alkylation damage

| 1. Introduction

Alkylation of DNA bases and phosphodiesters in the DNA backbone can arise from both endogenous and exogenous
agents. The former seems predominantly to be due to the nitrosation of amine-containing compounds and the subsequent
metabolic activation of alkylating species by mixed function oxidases . The methyl donor, S-adenosylmethionine, might
also contribute to endogenous DNA methylation . Exogenous agents include, for example, some constituents of
cigarette smoke and certain cancer chemotherapeutic agents, although recent evidence suggests that there is a wide
range of alkylation damage types in DNA and hence a large spectrum of environmental alkylating agents 2.

Alkylating agents can react with all the available N and O atoms in DNA B4, and the relative amounts of the alkylation
products are determined by the mass and the chemical nature of the alkylating species, which react by either Sy1 or Sy2
type nucleophilic substitution (reviewed in WEIAIEY The simplest examples of Sy1 agents are MNNG (N-methyl-N'-nitro-
N-nitrosoguanidine), the alkylnitrosoureas such as MNU (N-methyl-N-nitrosourea), nitrosamines such as NDMA (N,N-
dimethylnitrosamine), and triazenes, including the cancer chemotherapeutic agents Temozolomide (TMZ) and
Dacarbazine/DTIC. Examples of Sy2 agents are MMS (methyl methanesulfonate) and DMS (dimethyl sulfate). In general,
Sn1 agents react more extensively with oxygen atoms, while Sy2 agents attack mostly nitrogen atoms, but the relative
amounts of the products are very different when comparing, for example, methylating and ethylating agents [©1.

Several of the base alkylation products are mutagenic, clastogenic, and/or cytotoxic, while alkylated phosphodiesters in
the DNA backbone have not been reported to have significant adverse biological effects. The most highly mutagenic
alkylation products are the Of-alkylguanines and O“-alkylthymines. During replication, the former result in the mis-
incorporation of thymine leading to G>A transition mutations, and the latter result in the mis-incorporation of guanine
leading to T>C transition mutations [EI& Ob-alkylguanines are also highly cytotoxic because the post-replication
mispairs trigger futile rounds of DNA mismatch repair, resulting in single-strand gaps, replication fork collapse, and
double-strand break formation, which ultimately leads to cell death 4I[LA1I112]

OB-alkylguanines and O%-alkylthymines are repaired by the O8-alkylguanine DNA alkyltransferases (AGTs, human version
also known as O%-methylguanine DNA methyltransferase, MGMT). AGTs undertake the removal of alkyl groups attached
to the O° position of guanines and the O* position of thymines in an autoinactivating (“suicide”) irreversible reaction that
requires no cofactors and involves the transfer of the alkyl group to a cysteine residue in the active site pocket of AGT (as
explained in detail below, section 4).



| 2. A Brief History of DNA Alkylation Damage and Repair

The history of research on DNA alkylating agents goes as far back as the early 1940s, when the cytotoxicity of mustard
gas was exploited during world war Il as a chemical weapon, but also investigated for uses in the then newly evolving field
of cancer chemotherapy 231141, Between 1946 and 1948, interactions of alkylating nitrogen mustards with DNA bases and
the DNA phosphate backbone were first reported 15I18I17] The 1960s then saw a number of studies comparing the
cytotoxic and mutagenic effects of different alkylating agents and relating these to the chemical modifications they
generated in DNA [L8I[19(2021](22][23][241[25] |y the early studies, the predominant lesions found in DNA were the N’-
alkylguanines [8II191[20121](23] f5|lowed by the less abundant N3-alkyladenines 29221261 |t was subsequently shown that
these lesions are targets of the Base Excision Repair pathway (BER). The highly mutagenic and cytotoxic methylation of

the O° position of guanine and the O* position of thymine, the target lesions of the DNA alkyltransferases, were first
reported in 1969 22 and 1973 [28, respectively, as products of the methylating agent N-methyl-N-nitrosourea (MNU).

The initial observations of the capability of cells to recover from the toxic effects of alkylation damage in DNA in the mid to
late sixties [22[29] suggested that cells may possess protein systems to actively repair DNA alkyl lesions. Over the next
decades, the versatility and complexity of the mechanisms that recognise and repair the majority of DNA alkylation
damages have gradually been established in prokaryotes, archaea, and eukaryotes. They include, BER, Nucleotide
Excision Repair (NER), DNA Mismatch Repair (MMR) and damage reversal.

| 3. The Adaptive Response

In the 1970s, it was discovered that exposure of E. coli to low doses of the methylating agent MNNG increases resistance
to a subsequent higher dose of this agent BYBY, This phenomenon, not related to the SOS response in E. coli, became
known as the adaptive response and is regulated by the ada gene. While O8-alkylguanine repair is mediated by the
carboxy-terminal (C-terminal) part of the Ada protein 22, the adaptive response to DNA alkylation damage is triggered by
the amino-terminal (N-terminal) domain of Ada repairing one of the stereoisomers of the methylated phosphotriesters
(MPTs) in the DNA backbone. Subsequently, in the late 1980s, a second O%-methylguanine repair activity was identified in
E. coli and the encoding gene, which has extensive sequence homology to the C-terminal domain of ada, was nhamed ogt
(B3] |n contrast to Ada, however, the gene product OGT demonstrated exclusively O8-alkylguanine (and O*-alkylthymine)
repair activity and was shown to be constitutively expressed, i.e., without alkylation dependent upregulation 221134,

MPT methyltransferase activity in Ada is conferred via four conserved cysteine residues in two consensus motifs (CRPSC
and PCKRC) in the N-terminal domain that coordinate a Zn?* ion 22, For Ada from E. coli, methylation of C38 in the first
of these two motifs has been shown to trigger a conformational switch in the protein 2. This conformational change is
also referred to as an electrostatic switch since cysteine alkylation upon MPT repair reduces the negative charge in the
Zn%* coordinating region, which vastly enhances its DNA binding affinity 22!, This activates it as a transcription factor that
binds to the ada box in the promotor region of the ada gene, upregulating its expression B8B37, as well as that of other
ada box genes involved in the adaptive response to alkylation damage, i.e., AlkA, AlkB, and AidB (8189, This response is
also triggered to a lesser extent by ethylating agents, but as far as has been reported, not higher alkylating agents,
implying that it has evolved as a response to intermittent increases in the levels of, predominantly, methylating agents in
the E. coli environment.

The adaptive response to alkylation has since been found in a number of other prokaryotes, but also in different
Aspergillus species, which demonstrate MPT repair-mediated adaptive responses 441 |n contrast to E. coli, where O°-
alkylguanine repair and MPT repair-coupled transcription upregulation are both located in the same Ada protein B2, in
Aspergillus, these two functions are on separate proteins 2. A similar arrangement is found in the bacterium B. subtilis,
which also contains two separate proteins for AGT and MPT alkyltransferase functions ¥142 |n addition to Aspergillus,
Vicia faba has also been reported to show clastogenic adaptation by methylating agents 43, but the genes involved and
the mechanism have yet to be defined. In contrast, higher eukaryotes including humans do not manifest an E. coli-like
adaptive response to DNA alkylation damage.

| 4. Repair Mechanisms in the AGT Family

AGT family proteins are small proteins that typically consist of two domains (Figure 1A). Their mechanism of DNA repair
is highly conserved and, as mentioned above, involves the irreversible transfer of the alkyl group from the O position of
guanine or the O* position of thymine onto a reactive cysteine in the protein. Crystal structures have demonstrated

structural conservation between archaeal, bacterial, and eukaryotic AGTs (Figure 1B) [B2[44l[45]146]47][48][49] gnq in
particular, of several structural features that are directly linked to the highly conserved repair mechanism. Figure 1A
shows these conserved elements, which are usually located in the C-terminal domain of AGTs: a nucleophilic cysteine for



alkyl transfer from the damaged base, an active site loop, a helix-turn-helix (HTH) motif for DNA binding, an arginine finger
that is important for base flipping, and an asparagine hinge. All AGT genes encode an active site pocket that contains a
conserved I/V PCHR V/I V/I motif, which harbors the nucleophilic cysteine (C145 in the human protein). Nucleophilic
removal of the alkyl group from a guanine (or a thymine) base in the active site pocket is facilitated by interactions from
neighboring amino acids (H146 and E172 in human AGT) that deprotonate and thus activate the cysteine in a catalytic
triad (Figure 2) B, Subsequent transfer of the alkyl group to the cysteine moiety results in a restored guanine moiety and
an alkylated AGT, which is then targeted for degradation (see below).

Figure 1. Structural conservation of AGTs. (A) Two-domain structure of human AGT (pdb 1eh6 [48]) with the C-terminal
domain shown in blue colors, the N-terminal domain in red, and the connecting loop in grey. Conserved elements in the C-
terminal domain are the active site cysteine in stick representation (yellow), the helix-turn-helix (HTH) motif (pale purple),
including the conserved arginine (R128), and tyrosine (Y114, or phenylalanine in some species) in stick representation,
the asparagine hinge that connects the HTH motif and the active site (light blue), and the active site loop (cyan). The Zn%*
ion coordinated by a tetrad of cysteine and histidine residues in the N-terminal domain is shown in green, and the
coordinating amino acids in stick representation. (B) Crystal structures of the bacterial E. coli Ada (ecAda, red, C-terminal
domain only, pdb 1sfe B2y and Mycobacterium tuberculosis OGT (mtOGT, pink, pdb 4bhb ¥4 as well as archaeal
Pyrococcus kodakaraensis AGT (PkOGT, green, pdb 1mgt ¥2)) and the AlphaFold structural model of archaeal
Ferroplasma acidarmanus (FaOGT, cyan, SOANZ2-F1 AlphaFold Protein Structure Database), are shown overlaid with
human AGT in grey.
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Figure 2. AGT-DNA interactions. (A) Structure of human AGT bound to an O%-methylguanine in DNA (pdb 1t38 &%), The
DNA is shown in light orange. The O8-methylguanine (stick representation) is shown flipped into the active site pocket of

the protein, where it is attacked by the active site cysteine (yellow, replaced by serine in this variant to allow crystallization
of a stable complex). The conserved arginine finger (R128) and tyrosine (Y114) that drive and stabilize base flipping are
shown in purple in the stick representation. (B) Close-up view of the active site with the water-assisted hydrogen bonding
(dotted lines) network between E172, H146, and C145 (yellow) that activates the cysteine nucleophile for de-alkylation of
the damaged base (pdb 1eh6 48]). Red crosses represent water molecules. A schematic of the dealkylation reaction is
shown at the bottom (from B2).,



4.1. DNA Interactions and Base Flipping by AGT

AGTs dealkylate DNA bases in single-stranded DNA (ssDNA) as well as double-stranded DNA (dsDNA). AGT binding to
dsDNA is mediated by the conserved HTH motif in the C-terminal domain (Figure 1A and Figure 2A). In contrast to the
usual HTH interactions, for example, in transcriptional repressors that bind sequence-specifically in the major groove of
DNA, the HTH motif of AGTs binds in the minor groove with exclusively non-specific protein-DNA interactions 59,
consistent with the observed lack of sequence specificity of AGT-DNA interactions 5. In the DNA bound state, the highly
conserved arginine finger (R128 in human AGT) intercalates into the DNA minor groove to facilitate flipping of the
alkylated base out of the DNA double helix and into the active site pocket 232, The arginine residue subsequently fills
the space vacated by the flipped-out base B4, stabilizing the extrahelical conformation. Base flipping is further supported
through steric interactions by a conserved tyrosine (Y114 in human AGT) 9, which has also been proposed to protect the
active site cysteine from oxidation by blocking the binding pocket gate for access of oxidising agents in some species 4.

4.2, The Active Site Pocket

The active site pocket is formed by part of the DNA binding HTH motif, the asparagine hinge that links the active site and
DNA binding motif, and part of the active site loop (see Figure 1A). The size of the substrate binding pocket varies
between species, depending on the flexibilities of the pocket-lining elements and the presence of bulky amino acid
residues (Figure 3). This determines the range of alkyl modifications that can be accommodated and repaired. For human
AGT, the affinity and repair activity are stronger for some bulky alkyl lesions compared to small (methyl) modifications on
guanine. Thus, repair rates follow the order: benzyl > methyl > ethyl > propyl/butyl £3l534 as a consequence of
advantageous hydrophobic interactions, in particular by P140 within the substrate binding pocket (Figure 3A) 231541 A
conserved lysine (K165) is also essential for Of-benzylguanine, and probably also other bulky O®-alkylguanines,
processing by human AGT B2, |n contrast to human AGT, E. coli OGT shows no preference for O%-benzylguanines over
0O8-methylguanines, likely due to the reduced hydrophobicity of its binding pocket B8, The alkyltransferase (AGT) activity
of the E. coli Ada protein is even completely limited to smaller alkyl groups “2E8I57 This has been attributed to a bulky
amino acid residue (W160) at the upper part of the lesion binding pocket, blocking access for bulkier alkyl groups (Figure
3B) [AE6IE7 steric interference from bulky amino acid residues in the substrate binding pocket and reduced
hydrophobicity of the pocket can cause a complete loss of affinity and repair activity for the bulky benzyl lesions in some
species 28], Other species have evolved highly flexible substrate binding pockets, which likely enables them to
accommodate larger alky! lesions including benzyl 44B6%(Figure 3C).

A

Figure 3. Differences in the active site pocket. Detailed view of (A) the active site pocket of human AGT with
benzylated cysteine C145 (pdb 1eh8 [48)) and (B) E. coli Ada AGT (pdb 1sfe 22 in red overlaid with the benzylated
human protein in yellow. The benzyl group on C145 in the human protein is shown in yellow both in (A,B). In (B), in the E.
coli Ada AGT, tryptophan (W160) would sterically clash with bulky alkyl groups (such as the benzyl) on the cysteine in its
active site pocket. Furthermore, the hydrophobic P140 that interacts with the benzyl group in the human variant (A) is
replaced by alanine (A140) in the (AGT) alkyltransferase active site of E. coli Ada (B). (C) Flexibility in the active site loop
of M. tuberculosis OGT. The black arrow indicates the shift in the loop between the apo form of the protein (bright pink,
pdb 4bhb ¥4l and the protein bound to a lesion-mimicking chloroethyl analog (N*,0%-ethanoxanthosine) that covalently
crosslinks AGT to the DNA BRI (pale pink, pdb 4wx9).

4.3. Catabolism of AGT Following Alkylation

The transfer of an alkyl group from a damaged base to the active site cysteine has been shown to destabilize the
conformation of the protein (Figure 4A) 8 as well as to disrupt interactions between the C- and N-terminal domains 4€!
61 |n the thermophilic archaeon Sulfolobus solfataricus, destabilization results in a dramatically decreased melting
temperature of 20 °C and 35 °C for the methylated and benzylated species, respectively 8. Consequently, the protein
“opens up”, as depicted in Figure 4B, consistent with the finding that alkylation of human AGT renders one of its lysine
residues accessible to ubiquitination, which results in proteasomal degradation of AGT (62,
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Figure 4. AGT destabilization by alkylation. (A) Accepting the benzyl group from O8-benzylguanine by C145 (yellow)
results in the destabilization of a one-turn helix in the active site of human AGT (top: non-alkylated cysteine in a one-turn
helix element, pdb 1eh6 “8l: hottom: benzylated cysteine within no secondary protein structure, pdb 1eh8 [48]). (B) In the
thermostable archaeon Sulfolobus solfataricus, alkylation of the AGT active site cysteine leads to the disruption (black
arrow in structure) of interactions between the N-terminal domain (D27 shown in stick representation) and the active site
loop (R133, stick representation) that support structural stability at high temperatures. The non-methylated SsOGT is
shown in yellow (pdb 4zye), and the methylated form is in orange (pdb 4zyg 48)). This results in an opening of the globular
structure of the methylated protein, as indicated schematically in the inset, where the red x indicates the rupture of the
D27-R133 interaction (schematic adapted from 28},

4.4. The N-Terminal Domain

In comparison with the C-terminal domain, which contains the alkyltransferase and DNA binding activities of AGT, the N-
terminal domain of AGT is not as conserved (Figure 1B). Available structures of bacterial OGT and Ada and some of the
archaeal AGTs (e.g., Pyrococcus kodakaraensis and Ferroplasma acidarmanus) show an additional N-terminal helix in
close proximity to the active site (compared to human AGT) [22144145][48]149] (S0ANZ2_FERAC AlphaFold database). This
additional feature does not sterically restrict the insertion of the alkylated base into the active site pocket and, hence, does
not interfere with alkyltransferase activity. However, in some organisms, for example, Mycobacterium tuberculosis and
Sulfolobus solfataricus, it is involved in intra-domain interactions that have been suggested to play a role in the
stabilization of the protein 24148161 a5 supported by the large drop in melting temperature upon destabilization of intra-
domain interactions by AGT alkylation (as mentioned above) 48l Crystal structures also revealed the tetrahedral
coordination of a Zn?* ion for human AGT (by C5, C24, H29, and H85) “& and a disulfide bridge for archaeal AGTs
(Sulfolobus solfataricus and Sulfurisphaera tokodaii, between residues C29 and C31) 4847 These different intra-domain
interactions are believed to stabilize the N-terminal domain fold and, hence, overall protein stability. The N-terminal
domain also stabilises interactions with DNA and enhances alkyltransferase activity 44461611 nossibly by capping the
active site pocket that contains the inserted damaged base.

4.5. The Alkyltransferase-like (ATL) Proteins

Some members of the alkyltransferase family do not possess the N-terminal domain. Prominent examples are the
alkyltransferase-like (ATL) proteins (Figure 5). ATLs share moderate sequence and high structural similarity with the C-
terminal domain of AGTs (~30% sequence similarity between, e.g., human AGT and E. coli ATL [3])). In particular, all
structural features for DNA binding and base flipping into the substrate binding pocket (HTH motif with arginine finger and
tyrosine) are conserved between AGTs and ATLs (Figure 5A,B) [B4163] Strikingly, however, these proteins do not possess
the active site cysteine that is universal in AGTs: in most ATL proteins, the cysteine is replaced by a tryptophan, for
example, in E. coli ATL or S. pombe Atll (Figure 5B). As a consequence, E. coli ATL and presumably all other ATL
proteins have no in vitro alkyltransferase activity, nor any other catalytic DNA repair activity 8386 but have been shown to
interact with proteins from the NER pathway B4I87] tg initiate alkyl lesion repair by NER (see below, section 6).
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Figure 5. Alkyltransferase-like proteins. (A) Overlay of human AGT (blue, pdb 1eh6 &) and S. pombe ATL (Atl1, pdb
3gva [ pale pink). Note the complete absence of the N-terminal domain in Atl1. (B) Atl1 bound to O®- benzylguanine in
DNA (pdb 3gyh [4)). ATL is shown in cyan, the DNA in pale orange with the lesion base (in stick representation) flipped
into the protein’s substrate binding pocket. The amino acids involved in interactions with the alkyl group (W56, P50) and
with the flipped-out base (R69) are also shown in stick representation. The conserved arginine (R39) and tyrosine (Y25)
that mediate base flipping by direct interactions with the DNA are shown in purple-blue. DNA contacts by the C-terminal
extension loop and extended N-terminal helix enhance DNA bending. (C) An overlay of the unbound form of Atl1 from S.
pombe (pale pink, pdb 3gva [€4]) and the lesion-bound form (cyan, pdb 3gyh [4]) demonstrate the large shift of the active
site loop (arrow) towards the binding pocket that allows R69 to interact with the damaged base. W56 (in place of the
active site cysteine in AGT) and P50 of the binding pocket, as well as R69 on the active site loop, are shown in stick
representation. The bound DNA and flipped-out alkylated base have been removed for clarity. Below, are surface
representations of unbound and lesion-bound Atll to visualize the open-to-close conformational change in the protein

upon lesion binding, which results in stable alkyl lesion binding by ATL with Kp's in the low nanomolar to sub-nanomolar
range [B4I(66I68I[69]

| 5. The DNA Alkyltransferase Protein Family-Distribution in Nature

AGTs and their ATL homologs are highly conserved in nature, being found in all kingdoms of life, from bacteria to archaea

and eukaryotes [63I64[65]64]66][70)[71] (Figure 6). Some organisms possess only an AGT, for example, the budding yeast
Saccharomyces cerevisiae and H. sapiens; others only an ATL, for example, the fission yeast Schizosaccharomyces
pombe B8I7AI73] |n some organisms such as E. coli B374 poth AGT and ATL are present. Indeed, E. coli (and related
prokaryotes) contains two different genes, Ogt and Ada that code for proteins with alkyltransferase activity. The Ada
protein itself consists of two alkyltransferase domains, one acting on O%-alkylguanines and the other on MPTs, while in
some other organisms, such as Aspergillus, the AGT and MPT functions are on separate proteins. Some organisms have
also evolved fusion proteins of AGT with other enzymatic functions such as the AGTendoV fusion in Ferroplasma
acidarmanus, which possesses AGT alkyltransferase activity as well as an endonuclease activity for the repair of other
DNA alkylation products that are usually targeted by the BER pathway 3],
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Figure 6. Distribution of the DNA alkyltransferase superfamily. (A) This overview shows currently identified species
and is based on [20[411[42][44][45][47][60][61](63](64](65][69] (70N 71)[75][76][7 7][78][79][BQI[BLI[82][83)[84][8S](BEIIETIEEIEI The pdb identifier for
structural data is given in brackets where available. * indicates that alkyltransferase activity is only implied by sequence
and has not been shown experimentally. (B) Exemplary multiple sequence alignment (using EMBL-EBI Clustal Omega)
for the AGT/ATL protein variants from E. coli, OGT, Ada, and ATL, the human, yeast (S. cerevisiae), and C. Rheinhardtii
AGT proteins, as well as the archaeal AGTEndoV fusion protein from F. acidarmanus. * indicates fully conserved residue, :
indicates conservation of strongly similar properties of a residue. Different AGTs possess sequence identities of ~30-50%
and similarities of ~40-70% (protein blast, NCBI). ATLs from different species have typical sequence identities of around
50% (e.g., Vibrio parahaemolyticus versus E. coli). Even between AGTs and ATLs, sequence conservation is high (e.g.,
34% identity for E. coli ATL and human AGT). Highlighted are the highly conserved regions and residues: the consensus
motif PCHRV/IV/I for AGT with C replaced by W in ATL in yellow; in pink the conserved tyrosine that supports base
flipping; in cyan, the conserved arginine finger; in green the glutamate (or aspartate in AGTEndoV) that activates cysteine
for alkyl group transfer as part of a catalytic triad together with histidine in the consensus motif (see section 4). The HTH
motif for DNA binding is boxed.

| 6. Functional Implications of Protein Interactions

Both AGT and ATL have been shown to form cooperative clusters on DNA at high protein concentrations (>4 uM; Figure 7
and Figure 8A,B) BLUI67I0[91][92][93][94)[95[96][97] \whjle in the absence of DNA, they are predominantly monomeric [BLIE7191]

[951(%8] (Figure 7). It is worth noting that such cooperative clusters have yet to be demonstrated in a cellular context.

Nevertheless, these data shed light on the probable lesion search and processing strategies of AGT and ATL, as outlined
in the following sections. In addition to cooperative interactions between individual AGT or ATL monomers on DNA, both
have been shown to interact with various other protein systems, and their role in repairing a large spectrum of different
types of O%-alkylguanines and O%-alkylthymines has been investigated.
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Figure 7. AGT is monomeric in the absence of DNA. Sedimentation velocity AUC shows predominantly monomeric
AGT at high protein concentration in the absence of DNA ((left): 17 uM (2528l as well as on DNA at low micromolar
concentration (4 uM, (right)), and oligomers of AGT on DNA at high protein concentration (17 uM, (right)) 221,

6.1. Cooperative DNA Binding in DNA Lesion Search

In AGT, the protein-protein interactions for cooperative cluster formation, which are predominantly of an electrostatic
nature, are located in the N-terminal domain (see model in Figure 8C) 2921 The model of the DNA-bound AGT clusters
shows protein-protein interactions between each monomer with its third removed neighbor (e.g., AGT#1 interacts with
AGT#4, AGT#2 interacts with AGT#5, etc. in the cluster via residues in their N-terminal domains). In the case of ATL
proteins, which lack the N-terminal domain of AGT, interactions for cluster formation on DNA have been modeled to reside
in completely different sites, i.e., in the very N-terminal helix and the C-terminal extension loop that is not present in AGTs
(Figure 8D) [87. The relatively small interaction interface in the crude structural model suggests that cooperative
interactions in ATL clusters are much weaker than those for AGT [82,

Both AGT and ATL clusters on DNA have been shown to be limited in their lengths BUEZ9S with approximately four
monomers per cluster suggested for ATL versus approximately seven monomers per cluster for AGT (from EMSAs and
AUC studies using DNA of different lengths, as well as cluster lengths in AFM analyses) BAUBLB4IE7IG5] These maximum
lengths may be restricted by the energetic cost from the bending strain induced in the DNA by each added monomer in
the cluster, which eventually cancels out the energy gained from the cooperative protein-protein interactions B4,
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Figure 8. Cluster formation on DNA. (A) Atomic force microscopy (AFM) image of AGT clusters on undamaged DNA [21]
(991 (B) Electrophoretic mobility shift assays of AGT (top) and ATL (bottom) 64281, Black and red arrows indicate clusters
and lesion-specific complexes, respectively. Higher affinity for O%-methylguanine leads to the initial binding of monomeric
AGT/ATL at the lesion, followed by cluster formation at higher protein concentrations (0-5.1 uM and 0-2 uM for AGT and
ATL, respectively, with corresponding DNA concentrations of 150 nM and 50 nM). Note the one-step formation of clusters
for the undamaged substrate indicative of cooperativity (shown only for ATL). (C,D) Models of AGT (C) and ATL (D)
clusters on DNA BZBY AGT clusters are stabilized by protein-protein interactions between each monomer and its third
removed neighbor (e.g., between blue and pink molecules at the top, as indicated by the oval). In ATL clusters, an N-
terminal helix and the C-terminus extension loop form a weak interaction interface (as indicated by the oval). Figures in
panel (B) have originally been published in Nucleic Acids Research and PNAS (modified from original), copyright at
Oxford University Press and the National Academy of Sciences, respectively.

Preferential repair by AGT of O8-methylguanines towards the 3' compared to the 5' end of a short ssDNA substrate has
suggested 5'-to-3' directionality of AGT on DNA £9, It has been speculated that cooperative clusters may play a role in
enhancing the speed and efficiency of target site localization by preferential addition of monomer subunits at their 5’ ends
and preferential dissociation from their 3' ends BYBU. However, recent studies using single-molecule fluorescence
microscopy coupled with a dual trap optical tweezers system have demonstrated no enhancement of DNA translocation
for AGT clusters versus monomers 251, Furthermore, no directionality of AGT movement on DNA (either as monomers or
clusters and on dsDNA as well as ssDNA) has been observed in these single molecule visualizations of AGT cluster
movement on DNA 3], |n fact, both AGT and ATL clusters moved without any directional bias on DNA (Figure 9) EZ195] A
possible explanation for the apparent contrast between results from the AGT lesion repair assay and the single molecule
fluorescence experiments, may be the different distance regimes probed (70 nucleotide long ssDNA, probing distances <
~20 nm in repair assays versus = ca. 100 nm pixel resolution in single molecule fluorescence experiments, and a potential
directionality in cluster growth versus non-directional DNA scanning by AGT clusters.

Using optical tweezers-coupled single molecule fluorescence data, DNA lesion search dynamics on DNA by AGT and ATL
have been quantified by mean square displacement (MSD) analyses (Figure 9) 45 Diffusion constants of long-lived
complexes on DNA were predominantly lower than the theoretical limit for rotational movement along the DNA double
helix, and are thus consistent with AGT and ATL clusters scanning the DNA by rotational sliding along the DNA minor
groove (to which the proteins bind, see e.g. Figure 2).
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Figure 9. DNA lesion search dynamics. One-dimensional diffusion constants (D) on DNA plotted over the lifetimes of
complexes on the DNA for (A) AGT 22 and (B) ATL 4. The insets show representative kymographs (green traces)
obtained by fluorescence microscopy-coupled dual trap optical tweezers, in which the y direction corresponds to the
positions on the DNA tether (shown schematically between two beads held in the two optical traps), and the x direction to
time. Mean square displacement analyses gave higher D values for ATL than for AGT: average values of 1.3 ym?/s for
ATL versus 0.7 ym?/s for AGT. For AGT, higher diffusion constants predominantly stem from short-lived complexes (with
lifetimes on the DNA of <10 s). The horizontal dashed lines in the D over lifetime plots indicate the theoretical limit for
rotational diffusion of (quantum dot labelled) AGT and ATL along the DNA double helix. While these data were obtained at
different protein concentrations (for ATL: 2 uM; for AGT: 4 uM) and in different buffers (for ATL: 25 mM HEPES pH 7.5, 25
mM Na-acetate, 10 mM Mg-acetate; for AGT: 10 mM Tris pH 7.7, 50 mM NaCl, 1 mM DTT), measurements with 4 uM ATL
in the AGT experimental buffer gave comparable results as for the ATL buffer above (average D value of 1.5 um?/s).

6.2. Cooperative DNA Binding in DNA Lesion Processing

While AGT clusters also form on undamaged DNA (see previous section), recent single-molecule fluorescence optical
tweezers studies demonstrated preferential formation and/or stabilization of AGT clusters at an O%-methylguanine in DNA
193], This is in contrast to the monomeric lesion-bound AGT complexes seen in crystal structures (e.g., Figure 3A) but is
consistent with previous biochemical studies that also proposed a role of cooperative complex formation by AGT in lesion
binding 28], Analytical ultracentrifugation experiments showed a clear dependence of the oligomeric state of DNA-bound
AGT on the protein:DNA ratio [2I: and while in crystallographic studies, the [protein]:[DNA] ratio is 1:1, single molecule
fluorescence microscopy or biochemical assays typically employ [protein]>>[DNA].



6.3. AGT Interactions with DNA Replication

Although AGT does not require any other protein factors for alkyl lesion repair, several interactions with proteins from
other DNA repair and DNA processing pathways have been identified. Proteins in cancer cell extracts that were co-
immunoprecipitated with AGT included the proliferating cell nuclear antigen (PCNA) clamp that serves as a platform for
replication proteins on DNA and the MCM2 (minichromosome maintenance complex 2) component of the replicative
helicase as well as the ORC1 origin recognition complex 199 |t should be noted, however, that these co-
immunoprecipitation experiments were performed in the presence of DNA, so apparent interactions between proteins may
in fact be due to mutual DNA binding. Direct physical contacts between AGT and DNA replication proteins hence remain
to be demonstrated. Larger alkylguanines such as O®-pyridyloxobutylguanine (pobG) or O8-benzylguanine have been
shown to present replication blocks L2, which can be overcome by specific translesion synthesis polymerases 102,

6.4. AGT Interactions with DNA Mismatch Repair Proteins

G:T mispairs, which arise from the misincorporation of thymine opposite O8-alkylguanine during DNA replication, are
targets of the DNA mismatch repair (MMR) pathway. As mentioned above, in the absence of alkyl lesion repair by AGT,
futile rounds of MMR due to persisting alkylG:T mispairing in DNA replication eventually cause cell death 193], Proteomic
analyses have identified a potential interaction of AGT with MSH2 (199 \yhich, together with MSH3 or MSHS6, recognizes
base-base or insertion-deletion mismatches in DNA to initiate the MMR pathway. However, as above (section 6.3), these
experiments were performed in the presence of DNA, so direct physical interactions between MSH2 and AGT remain to
be confirmed.

6.5. Roles of AGT in Transcription Regulation

Like the E. coli Ada protein B2 hAGT can also modulate transcription, although not of its own gene: upon alkylation,
hAGT has been shown to directly interact with the estrogen receptor (ER) transcription factor 24, This blocks ER
activation by its coactivator and represses the production of cell growth-enhancing factors and cell proliferation 1241, DNA
alkylation is thus translated by hAGT into a signal for cell cycle arrest, allowing more time for the synthesis of more AGT
and, hence, to repair toxic (and mutagenic) alkyl lesions before the next round of replication. hAGT has also been shown
to interact with the CPB/p300 histone acetylase 294, which modifies histones to open chromatin, allowing transcription but
also making the DNA more vulnerable to alkylation (and other) damaging agents.

6.6. AGT and ATL Interactions with NER

ATLs have been shown to directly interact with NER proteins [B4871 |n addition to an epistatic relationship with the
eukaryotic NER endonuclease XPG homolog in S. pombe (by S. pombe Atll), direct interactions with the prokaryotic NER
initiating enzyme UvrA and the NER UvrC endonuclease have been demonstrated (for S. pombe Atll and E. coli ATL) [64]
(671 supporting the direct recruitment of the NER system by ATL. Stronger binding affinity to larger alkyl lesions (e.g., O°-
oxobutylguanine, pobG) lesions versus smaller lesions (e.g., O8-methylguanine) by ATL (6468 (see also Figure 5C) may
play an important role in pathway selection for alkyl lesion repair. Weaker binding affinities for smaller alkyl lesions may,
following recruitment, allow the NER proteins to displace ATL from the lesion for repair by the global genome repair sub-
pathway of NER (GG-NER), while larger alkyl lesions that have stronger binding affinities for ATL may lead to persistent
ATL complexes on the DNA, which could stall RNA polymerase transcription and activate the transcription-coupled NER
sub-pathway (TC-NER) [88l. Clonogenic assays indeed demonstrated the involvement of the GG-NER sub-pathway in the
ATL-associated repair of small alkyl lesions 68, In contrast, cells containing bulkier alkyl lesions were more sensitive to
the deletion of TC-NER-specific genes €8],

Co-localization of AGT with sites of active transcription28l104[105] |50 hints at a potential role of AGT in the TC-NER
pathway similar to that proposed for ATL on large alkyl lesions in DNA. Previous studies also implicated the NER pathway
in the repair of Of-ethylguanine, OS-chloroethylguanine, and large branched-chain O°®-alkylguanines [1021[106](107][108]
although the role of AGT in NER of these lesions remains to be established.

6.7. Posttranslational Modifications of AGT

AGT has also recently been shown to directly interact with poly(ADP-ribose) polymerase 1 (PARP1) with high, nanomolar
affinity 202, PARP1 functions in BER as well as other DNA repair pathways by adding poly-ADP-ribose chains (PAR) to its
protein targets, as well as itself. These PAR chains can bind to several DNA repair proteins, leading to their enhanced
recruitment to specific PARP1-marked DNA lesions 912l For example, PARylation has been shown to be involved



in the recruitment of the BER endonuclease APE1, the structure factor XRCC1 that plays a role in the organization of the
BER mechanism, as well as other enzymes 112[113](114] pARvy|ation of AGT has been shown to enhance AGT activity in

alkyl lesion repair (102,

In addition to PARylation, AGT has been shown to be posttranslationally modified by phosphorylation, which inhibits AGT
repair activity [115][116](117]

| 7. AGT in Cancer Chemotherapy

Methylating agents (dacarbazine, temozolomide (TMZ), procarbazine, and streptozotocin) and chloroethylating agents
(e.g., 1,3-bis(2-chloroethyl)-N-nitrosourea (BCNU)), among others, are used as cytotoxics in the treatment of various
types of human cancers 128 These drugs are also referred to collectively as O8-alkylating agents, and there is ample
evidence that AGT provides protection against the toxic effects of these agents in cultured cells 12120121 AGT
expression levels and activities vary greatly in different human tumor types and also normal tissues [ZQ1221123](124] anq jt
seems reasonable to suggest that this may be the basis of the successful use of O8-alkylating agents only in certain tumor

types.

The possibility that inhibition of AGT activity might be a strategy for enhancing the chemotherapeutic effectiveness in
tumors treated with OB-alkylating agents has led to the synthesis and testing of a substantial number of candidate drugs.
These “pseudosubstrates” are predominantly free-base guanines modified at the O8-position with a wide range of alkyl
groups 1231, although other compounds are also effective AGT inactivators 1281, Alkyl group transfer to the active pocket
cysteine prevents the repair of Of-alkylguanine in DNA and, at least for O%-benzylguanine, results in AGT ubiquitination

and degradation in the proteasome (see above) 62127,

Human tumor xenografts grown in immune-deficient mice have been used to demonstrate the ability of these agents,
principally O8-benzylguanine but also other alkyl guanine modifications, to enhance tumor growth inhibition by alkylating
agents such as TMZ, and promising preclinical responses were obtained 12811291130 However, none of the clinical trials
of combination therapies (of AGT inhibitors and alkylating agents) have, so far, shown sufficient patient benefit. Potential
improvements may be expected from AGT inactivators that specifically target tumor cells [18U132I1133] o attenuating AGT
activity by tumor treating fields 24, alkylating drug combinations 1331 or antisense strategies 128l in future studies.
Another strategy that has been explored is myeloprotective ex vivo gene therapy using inactivator-resistant mutant AGTs
cloned into retrovirus or lentivirus vectors in attempts to reduce dose-limiting bone marrow toxicity concomitantly with
tumor sensitisation 13711381(139][140] '|ndeed, given that some OS-alkylating agents are front-line therapies, any strategies
that might improve the outcome for cancer patients is worth pursuing.
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