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Abstract

The Base Excision Repair (BER) pathway is a highly conserved DNA repair system targeting
subtle chemical base modifications that arise from oxidation, deamination and alkylation
reactions. BER features lesion-specific DNA glycosylases (DGs) which recognize and excise
modified or inappropriate DNA bases to produce apurinic/apyrimidinic (AP) sites and coordinate
AP-site hand-off to subsequent BER pathway enzymes. The DG superfamilies identified have
evolved independently to cope with a wide variety of nucleobase chemical modifications. Most
DG superfamilies recognize a distinct set of structurally related lesions. In contrast, the Helix-
hairpin-Helix (HhH) DG superfamily has the remarkable ability to act upon structurally diverse
sets of base modifications. The versatility in substrate recognition of the HhH-DG superfamily has
been shaped by motif and domain acquisitions during evolution. In this paper, we review the
structural features and catalytic mechanisms of the HhH-DG superfamily and draw a hypothetical
reconstruction of the evolutionary path where these DGs developed diverse and unique

enzymatic features.



1. Introduction to the HhH DNA glycosylase superfamily: A versatile platform for DNA repair

Base Excision Repair (BER) is a highly conserved DNA repair pathway that is tasked with
the repair of a wide array of DNA nucleobase lesions and mismatches [1]. BER relies on a crew of
lesion-specific DNA glycosylases (DGs) that recognize a particular type of DNA base lesion among
a large excess of canonical DNA and hydrolyze the N-glycosidic linkage to create an
apurinic/apyrimidinic (AP) site. The subsequent sequential activity of other BER enzymes
including, but not limited to, an AP endonuclease, DNA repair polymerase and DNA ligase
mediate full repair of the original damaged site. As DNA damage-specific enzymes, DGs are the
“adapters” of BER, recognizing a wide variety of structurally diverse DNA base lesions and
channeling its AP product through a conserved series of downstream BER reactions. To cope with
the structural diversity of DNA base lesions, different DG superfamilies with specific substrate
preferences have evolved. Several DG superfamilies have been identified: Uracil-DNA Glycosylase
(UDG) [2], Heat-Like Repeat (HLR) [3], Fpg/Nei [4], Methyl-Purine DNA glycosylase (MPG) [5] and

Helix-Hairpin-Helix (HhH) [6] superfamilies.

The HhH superfamily is one of the most versatile of the DG superfamilies in terms of the
diversity of lesions and mismatches it targets and its biological functions [6] (Figure 1). The HhH-
DG superfamily includes the MutY/MIG, Endolll/Nth, 0GG1/0GG2/AGOG, TAG (also referred to
as 3-methyladenine DNA glycosylase 1), AIkA (also known as Magll), Magl, Maglll, MBD4 and
DEMETER DNA glycosylase families with broad presence in Bacteria, Archaea and Eukaryotes
(Figure 1B). The sequence similarities and monophyletic clustering suggest that the HhH-DGs are
products of a common ancestor that diversified to alter substrate specificity and biological
function (Figure 1A). Indeed, HhH-DGs mediate repair of oxidized purine and pyrimidines
(OGG1/Endolll/MutY), alkylated purines (TAG/AIkA/Magl/Maglll), uracil-containing DNA
(MBD4/MIG) and base mispairs (MutY/MBD4/MIG) (Figure 1C). Evolution has shaped the HhH-
DG superfamily to provide for unique substrate preferences and has exploited the versatility of
this superfamily to perform functions beyond BER in diverse processes such as gene regulation

and cell cycle control [7-10].



The defining features of the HhH-DG superfamily are a highly conserved HhH motif
followed by a Gly/Pro-rich loop and a conserved aspartic acid residue (HhH—GPD motif) [11-14].
These conserved motifs are part of the catalytic domain of the enzyme that is generally composed
by two a-helical (aH) barrel subdomains bridged through the HhH motif (Figure 2). Despite the
differences in substrate preference and amino acid sequence, the folding of the catalytic domain
of HhH-DGs is highly conserved [13, 15-17]. In addition, despite structurally similar catalytic
domains, evolution has fine-tuned the catalytic strategies used by the different superfamily
enzymes to remove different DNA lesions or mismatched bases. HhH-DGs have also acquired
domains and motifs to alter substrate recognition and biological activity (see Section 2). The gain
of motifs or domains might have occurred by illegitimate DNA repair (homologous or
nonhomologous recombination) or by means of mobile genetic elements such as DNA

transposons or retrotransposons [18-20].

Herein, we review the structural features and catalytic mechanisms of the HhH-DG
superfamily and draw a hypothetical reconstruction of the evolutionary path whereby these DGs
developed the ability to target diverse DNA base lesions. The information available on plant 5-
methylcytosine (5mC) DEMETER DGs is presently too limited for comparison to other DGs [21-
24]. In addition, we discuss OGG1 briefly since the 0GG1/0GG2/AGOG family has been recently
reviewed in detail [25]. We focus on MutY/MUTYH glycosylases leveraging our expertise [1, 26,

27] to draw parallels in recognition and base excision mechanisms to other HhH-DGs.

2. Biological and structural insights of HhH-DGs.

2.1. MutY/MIG family

MutY and MIG are structurally and phylogenetically related monofunctional DGs sharing
up to 30% amino acid identity (Figure 1A and 2C) [28]. MutY is a ubiquitous adenine DNA
glycosylase present in eukaryotes, bacteria, and archaea [6, 29]. MutY enzymes have been shown
to remove adenine mispaired to 8-oxo-7,8-dihydroguanine (OG), G or C in vitro [30-33]. Notably,
however, mismatch affinity and glycosylase activity of MutY enzymes is greatest for OG:A
substrates [32, 34], strongly supporting the OG:A mismatch as the biologically relevant substrate.
Moreover, cellular assays and mutation frequency data strongly support the role of MutY as a

highly specialized glycosylase that initiates repair of OG:A mispairs [32]. The lack of the mutY
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gene is associated with increased G:C to T:A transversion mutations due to “T”-like coding
propensity of OG [35]. Moreover, mutations frequencies in bacteria are significantly higher in the
absence of OG glycosylase MutM (aka Fpg), indicating that both glycosylases act on the same
lesion [36, 37]. Indeed, G:C to T:A transversions form the genomic signature of MUTYH-
associated polyposis (MAP), a human genetic disorder characterized by defects in the MUTYH
gene. Impairment of MUTYH increases the frequency of somatic mutations in colorectal cells and
subsequent inactivation of the tumor suppressor gene APC, leading to multiple colorectal

adenomas and carcinoma [26, 38].

In contrast to MutY, MIG is a mismatch-specific DNA glycosylase with substrate
preference for uracil and thymine mispaired with G that arise from hydrolytic deamination of
cytosine and 5-mC, respectively [39]. Failure to repair deaminated cytosine and 5-mC leads to
C:G to T:A mutations upon replication [40]. Interestingly, MIG has been identified in all domains
of life, but most often in hyperthermophilic microorganisms (Figure 1B). MIG along with other
uracil-DNA repair enzymes [41] expand archaeal uracil DNA repair activities. The high frequency
of cytosine and 5mC deamination at high temperatures and the inability of hyperthermophilic
archaeal DNA polymerases to bypass uracil may have provided the evolutionary pressure to

evolve multiple uracil DNA repair enzymes in these organisms [42-44].

Sequence and structural alignment (1.91 A RMSD) between MIG and the catalytic core of
Geobacillus stearothermophilus (Gs) MutY along with their phylogenetic distribution (Figure 1A
and 2C) indicate a close evolutionary origin. Both enzymes have the same structural folding of
the two helical subdomains plus an [4Fe-4S]** cluster coordinated by four highly conserved
cysteines within the helical subdomain 2 (Figure 2). Our laboratory has extensively evaluated the
functional role of the [4Fe-4S]%* cluster in MutY [26]. We have established the importance of DNA
phosphodiester backbone contacts through positively-charged residues harbored in the [4Fe-
4S5)%* cluster loop (FCL) in substrate recognition [45]. Site-directed mutagenesis of the [4Fe-45]%*
cluster cysteinyl ligands and surrounding residues typically compromises protein stability and
activity [45-48]. However, the impact on activity and stability is highly dependent on the type and
position of the substitution. For instance, mutation of one of the cysteinyl ligand to His (Cys 199

in E. coli MutY) results in biochemical and in vivo repair activity similar to WT [48]. Importantly,
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the [4Fe-4S5]%* cluster in MutY has been shown to be more readily oxidized in the presence of
DNA [49-51]. The DNA dependent redox cycling has been proposed to facilitate DNA lesion
localization via long-distance charge transport with other cluster containing enzymes [49, 50, 52].
Similar DNA dependent redox cycling has been observed in other DGs [49, 53], DNA repair [54,
55] and replicative enzymes [56, 57], suggesting that the [4Fe-4S]?* cluster is an important

functional and structural element in DNA transactions.

Our laboratory also identified a novel “Zinc Linchpin motif” comprised within the
interdomain connector (IDC) region and N-terminal domain of mammalian MUTYH enzymes and
have shown the importance of the coordinated Zn(ll) for lesion substrate engagement required
for the adenine glycosylase activity and the ability to suppress DNA mutations [58, 59]. The IDC
in bacterial and mammalian MutY/MUTYH DGs connects the catalytic domain and OG recognition
domain (Figure 2 and 3). Our lab identified that the Zn(ll) in the Zn linchpin motif in MUTYH is
coordinated by three Cys residues in the IDC, and by a proposed fourth Cys ligand that resides
near the [4Fe-4S])%*cluster [58, 59]. However, mouse MUTYH structure recently solved shows that
the Zn(Il) coordination sphere involves three Cys residues and one His [60]. Notably, the region
coordination the Zn(Il) was highly disordered suggesting potential flexibility in this region, and
perhaps the ability to adopt alternative ligand coordination. This flexibility of the IDC and Zinc
linchpin motif may also play a role in its function as a protein-protein interaction scaffold. Indeed,
this region has been shown to be the locus for interactions with APE1, SIRT6 and Hus1, that play

roles in BER, DNA damage response and cell cycle control [61, 62].

MutY is a peculiar DG with its high specificity for OG:A mismatches and removal of the
undamaged adenine within the mispair. This substrate duality requires lesion base pair
recognition to be tightly coupled with base excision. Such challenges were solved evolutionarily
through the acquisition of a specific OG-recognition or MutT-like domain to the HhH-DG scaffold.
MutT is a d(OG)TPase in charge of removing the oxidized dGTP from the cellular dNTP pool [35].
Several structural studies have shown that the recognition of the OG moiety in MutT and MutT-
like domain in MutY are carried out at different regions. MutT recognizes and hydrolyzes d(OG)TP
in a catalytic pocket centered at the core of the MutT structure [63]. On the other hand, MutT-

like domain of MutY recognizes OG using a solvent accessible “FSH” loop (Figure 2 and 3), that
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has been shown to mediate specific recognition of OG over G [64]. Additionally, histidine (H309
in Gs MutY) appears to be the primary “sensor” residue responsible for interhelical detection of

OG:A lesion bps based on cellular repair and single molecule assays [31].

The modularity associated with the gain of the MutT-like domain during MutY evolution
provides several advantages. The two domains coordinate to interrogate the DNA helix for
hidden OG:A mispairs; the MutT-like domain searches for OG and the catalytic core (HhH
scaffold) for adenine. Additional contacts of the catalytic core with OG serve to confirm OG
identity once located and facilitate proper positioning of A to support base excision catalysis [32,
33] (Figure 3). Unlike other HhH-DGs, MutY engages both DNA strands to enhance specificity and
activity [15]. These features are reflected in the observed ~30-fold more efficient removal of A
from OG:A over G:A mismatches by MutY in vitro [32, 65]. In addition, cellular repair relies heavily
on the presence of OG, with minimal observed repair of G:A mismatches [66]. Structure-Activity
Relationships (SAR) studies using A and OG analogs reveal the importance of the unique structure
of OGsyn:Aanti base-pairs for efficient recognition and repair by MutY [32, 33] (Figure 3A). Indeed,
the unique position of the 2-amino group of OG in the major groove in OG:A mismatches provides

for its detection by the His residue within the FSH loop of MutY.
2.2. Endolll/Nth family.

In terms of structure and phylogenetic distribution, the Endolll/Nth family is closely
related to the MutY/MIG family. The Endolll/Nth family is also ubiquitous across the entire tree
of life. Furthermore, like MutY, Endolll/Nth family also contains a [4Fe-4S]%* cluster and the
associated FCL motif [13, 67]. Functional studies have demonstrated that the [4Fe-4S]%* cluster
in Endolll has similar functions as that in MutY [68-71]. In contrast to MutY/MIG family, the
Endolll/Nth family has a broad substrate scope and has been shown to remove a variety of
oxidized pyrimidines (Figure 1C). For example, Endolll/Nth DGs remove C oxidation product 5-
hydroxycytosine, and its deamination products, 5-hydroxyuracil, and uracil glycol that ultimately
result in C:G to T:A transition mutations. Endolll/Nth DGs also remove the T oxidation product
thymine glycol that are potent blockades in DNA replication [72, 73]. Recently, inherited

mutations in the human Endolll gene, NTHL1, have been correlated with a colorectal cancer



predisposition mechanism referred to as NTHL1-associated polyposis (NAP). Cancer cells
expressing NTHL1 variants have been shown to exhibit a unique mutational signature (signature
30, characterized by C to T transitions) and increased DNA double-stranded breaks resulting in

genomic instability [74, 75].
2.3. MBD4 family

MBD4, like MutY, is a modular HhH-DG, that harbors an N-terminal methyl-CpG binding
(MBD) domain in addition to a C-terminal catalytic glycosylase domain (Figure 2A). Unlike MutY,
MBD4 is found only in eukaryotes [76-78]. MBD4 removes a variety of base modifications such
as halogenated pyrimidines [79, 80], demethylation intermediates such as 5-hydroxymethyluracil
[81, 82], and thymine/uracil mispaired with G or O6-methylguanine (Figure 1C) [83-85]. There
have been several individual structures of the MBD and DG domain of MBD4 in complex with
DNA [82, 86, 87]. The MBD consists of one a-helix and three B-sheet components that recognizes
5mC through an Arginine finger motif [87]. The DG domain of MBD4 has the characteristic folding
of HhH-DGs [87], sharing 17% amino acid identity with the catalytic HhH motif of MUTYH; the

two structures superimpose with an RMSD of 1.02 A for 55 Ca atoms (Figure 2C).

The presence of an MBD in MBD4, along with information from biochemical and cellular
studies, suggests that MBD4 targets its glycosylase activity toward damaged DNA on genomic
regions with high GC content (so-called CpG sites) [88, 89]. CpG sites are abundant at regulatory
regions in eukaryotic genomes and are subject to methylation as part of epigenetic gene
regulation. The high abundance of cytosine and its methylation to 5mC make CpG sites prone to
hydrolytic deamination, causing the emergence of uracil and thymine mismatches, leading to C:G
to T:A transition mutations [90, 91]. The sensitivity of these regulatory regions likely provided the
evolutionary pressure to evolve MBD4 as CpG site-damage specific DGs in eukaryotes. Similar to
MUTYH and NTHL1, impairment of MBD4 function has been associated with the etiology of
cancer [92-95].

2.4 0GG1 subfamily

The 8-oxoguanine HhH-DG family present in archaea, bacteria and eukaryotes includes
0GG1, OGG2 and AGOG subfamilies [25, 96]. OGG1 is the only subfamily with ubiquitous
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presence, while OGG2 (archaea/bacteria) and AGOG (archaea) have a more restricted
distribution. OGG1 has a restricted substrate scope, with high specificity for OG and FapyG
lesions. These DNA lesions occur by ROS-mediated guanine oxidation and are miscoding lesions
leading to G:C to T:A transversions [97]. Deficiency of mouse MUTYH and OGG1 leads to
increased OG-associated mutations [98]. Reduced activity of human OGG1 has been linked to the
development of several pathologies including cancer [98], metabolic dysfunction [99, 100],

Alzheimer’s disease [101, 102] and dysregulation of inflammatory responses [103, 104].

OGG1 and the alkyl-purine HhH-DG, AIkA (see section 3.5), share 23% amino acid identity
and superimpose with an RMSD of 3.81 A for 112 Ca atoms. Both enzymes contain an antiparallel
B-sheet domain that resembles the TATA-binding protein (TBP) and therefore is referred to as
TBP-like domain [15]. This subdomain appears as an N-terminal extension of the HhH-DG domain
and does not directly contact the DNA (Figure 2A and C) making it unlikely to participate in the
DG activity. More likely the TBP-like domain mediates protein-protein interactions with
downstream BER enzymes [105], other DNA repair systems [106-109] and cell cycle control
machinery [110]. This notion is supported by the fact that Poly [ADP-ribose] polymerase 1
(PARP1), a sensor and repair modulator of single-stranded DNA breaks, physically interacts with

the TBP-like region of 0GG1 [111].
2.5. Alkyl-purine HhH DNA glycosylases

Evolution has armed life with several repair mechanisms to protect cells from alkylation
DNA damage [112]. Alkylated DNA bases are produced by exposure to alkylating agents from the
environment [113] and also have endogenous origins such as in situ nitrosation [114]. The wide
variety of alkylated bases that may be produced results in different consequences on genomic
integrity. For example, alkylated bases such as 2-methylthymine, 2-methylcytosine and O6-
methylguanine are mutagenic while 3-methyladenine blocks DNA replication [112, 115]. There
are four alkyl-purine DNA glycosylases within the HhH-DG superfamily: TAG, AlkA, Magl and
Maglll. While TAG, Magl and Maglll are specialized to remove 7-methylguanine and 3-
methyladenine, AlkKA is an extraordinary DNA glycosylase that evolved an expansion on its

substrate preference, being able to remove alkylated pyrimidines such as 2-O-methylcytosine



and 2-O-methylthymine and hypoxanthine [5]. Moreover, AlkA has been reported to be able to
remove normal bases, with its overexpression inducing mutagenesis in E. coli [116] (Figure 1C).
These HhH-DGs have variations in their taxonomic distribution. For instance, AIkA is a DG
exclusive to bacteria, TAG has presence in Bacteria and some eukaryotic organisms, while Magl

and Maglll are present in all three domains of life.

Most of the HhH-DGs contain additional motifs, such as the [4Fe-4S]%* cluster and FCL
motif in MutY/Endolll, and additional domains, such as the MBD in MBD4. In this sense, TAG and
Magl/Maglll are the most austere HhH DGs since they contains only one a-helical subdomain and
two two a-helical subdomains, respectively, in addition to the HhH domain [117-119] (Figure 2C).
In addition, AlkA stands-out among alkyl-purine HhH-DGs in harboring a TBP-like domain at its N-
terminal region, similar to OGG1 [11, 120]. The biological function of TBP-like domain in AlkA

remains unknown but likely plays roles similar to those suggested for the TBP-domain in OGG1.
3. HhH-DG catalytic pocket architecture and its modus operandi: Variations of the same tricks.
3.1 A closer view into the catalytic pocket of HhH-DG subdomains.

HhH-DGs bear remarkable structural conservation of the catalytic pocket (Figure 2B and
4). The catalytic pockets of HhH-DGs are composed of three a-helices (aH) followed by two loops
(L) and an unstructured region (UR). The aH1 and Loop 1 (L1), are structural elements harbored
in the a-helical subdomain 1. The aH2 with L2, and UR with aH3 are part of the HhH motif, and
a-helical subdomain 2, respectively. The HhH motif is a widespread structural element among
enzymes involved in DNA transactions, participating as a structural scaffold for non-sequence-
specific protein-DNA interactions through electrostatic interactions between the DNA
phosphodiester backbone and the HhH hairpin [121]. In the HhH-DG superfamily, the HhH motif
participates in non-specific DNA-protein interaction through L2. Additionally, the motif takes on
an active role in catalysis and substrate recognition (see section 4.2 and Figure 5 and 6) through
the aH2, which consist of residues Tyr/Lys/Trp in position R2 across the HhH-DGs and a Tyr in
position R3 in AlkA (see below and Figure 2). L1 participates in interactions with the DNA
phosphodiester backbone in OGG1 and MutY, suggesting a general role in stabilizing DNA-protein

complexes. Given that aH1 of OGG1 does not interact with the substrate directly, it might be an



important structural scaffold of the active site. In contrast, Glu43 (R1) of aH1 in MutY has been
proposed to play an active role as both a general acid/base in the glycosidic bond cleavage
mechanism (See section 3.2 and Figure 6). In addition, aH3 and the UR participate in multiple
intimate interactions with the phosphodiester backbone and the base in MutY and OGG1 (Figure
5). Notably, the UR harbors the invariable Asp in R4 position (Asp144 and Asp268 in MutY and
OGG1) that is a key catalytic residue in most HhH-DGs (Figure 5).

3.2 Topology of the catalytic pocket.

The catalytic pockets of HhH-DGs exhibit similar shapes with the exception of AIkA (Figure
3A). Endolll, OGG1 and MutY contain the smallest catalytic pockets with a volume of 446, 527
and 453 A3 respectively. Despite the small catalytic pocket size, Endolll displays notable substrate
promiscuity, processing oxidized bases of different sizes ranging from 54 to 135 A3 (Figure 1C).
This feature, along with molecular dynamics simulations, suggests that flexibility of the Endolll
active site allows for accommodation of the specific base lesion to be excised [122]. In contrast,
MutY and OGG1 may have a low substrate promiscuity due a more structurally restricted active

site with reduced flexibility.

The catalytic pocket of AIkA is much larger than the other HhH-DGs with a catalytic
volume of 894 A3. The pocket has a lateral expansion that may provide the means to
accommodate the diversity of potential alkylated bases that may be encountered by the enzyme
[123-125]. Notably, the expanded active site may also have liabilities and be responsible for the
observed pro-mutagenic removal of normal bases by AlkA [116]. A proportional relationship
between active site size and substrate promiscuity has been reported with other enzymes [126-
128]. Curiously, Magl displays are broader substrate scope and possesses a slightly larger catalytic
pocket than both MutY and OGG1 that have a more restricted substrate scope (Figure 4). The
larger active site cavity in Magl and AlkA may also be related to recognition of positively charged
alkylated bases that relies on m-donor/acceptor interactions with electron-rich residues such as
Trp, Phe and Tyr (R3 Y221 in AlkA and F158 in Magl) [5, 117, 120]. Indeed, these electron-rich

residues appear with high frequency in the active site of TAG, Magl, Maglll and AlkA (Figure 5A).
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3.3 Catalytic mechanisms of HhH superfamily through evolution: residue conservation and

adaption

Despite the high degree of conservation of active site residues, the HhH-DG superfamily
contains  monofunctional glycosylases and bifunctional glycosylase/B-lyases [27].
Monofunctional DGs only catalyze the N-glycosidic bond hydrolysis between the damaged base
and the deoxyribose while strand scission at the resulting AP site is catalyzed by other enzymes.
On the other hand, bifunctional (glycosylase/lyase) DGs use a lysine side chain or the N-terminus
to catalyze base cleavage which forms a covalent Schiff-base that results in a strand break at the
3’ phosphate side of the sugar [27]. To provide insight into how evolution may have shaped the
HhH-DG catalytic mechanisms, we will discuss details of the MutY mechanism and how specific
residue changes (R1-4, see Figure 2B) may be related to differences in mechanism with other
HhH-DGs. We will focus on discussing the roles of residues R1-4 whose functions have been

supported by biochemical and structural studies, and evolutionary conservation.

The MutY glycosylase mechanism is the most fully defined of the HhH-DGs by kinetic
isotope effect (KIE) studies, a plethora of structural studies and NMR determination of product
stereochemistry [26, 129]. KIE measurements have revealed that MutY uses a stepwise Sn1
(Dn*An') mechanism that features the formation of a highly reactive oxacarbenium ion
intermediate [130]. Of note, the KIE studies with MutY are consistent with a mechanism similar
to acid-catalyzed depurination involving protonation of AN7 to enhance the base lability [131].
Indeed, in the crystal structures of Geobacillus stearothermophilus (Gs) MutY bound to a duplex
containing the substrate analog FA (where FA = 2’-fluoroA) opposite OG, Glu43 (R1) is positioned
near N7 of adenine, suggesting a role as the general acid [12, 16]. The significance of the
corresponding Glu in Escherichia coli (Ec) MutY has also been demonstrated through site-directed

mutagenesis, pH-dependent glycosylase assays and cellular assays [132].

Aspl144 (R4) residue in Gs MutY corresponds to the universally covered Asp in HhH-DG.
Site-directed mutagenesis and pH-dependent glycosylase assays are consistent with the Asp
participating in catalysis as the carboxylate anion [12, 16, 132]. A structure of Gs MutY bound to

a transition-state (TS) mimic (1-azaribose, 1N, referred to as transition state analog complex
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(TSAC)), showed close approach of Asp144 to the position corresponding to C1’ and a water
nucleophile positioned close to Glu43 on the opposite side of the sugar in the space previously
occupied by adenine [133]. The disposition of catalytic residues suggested retention of
configuration that was confirmed by 2D-NMR determination of the stereochemistry of the
methanolysis product. Based on the accumulated data, our laboratory proposed a revised
mechanism for MutY similar to that for “retaining” O-glycosidases [133] (Figure 6A). In the
proposed MutY mechanism, upon adenine departure, the oxacarbenium ion intermediate is
stabilized by formation of a transient covalent intermediate with the catalytic Asp residue. The
acetal intermediate is hydrolyzed by a water molecule activated by Glu43 to form the AP product
[133]. The TSAC structure also highlighted the role of an active site Tyr residue (Tyr126 and R2)

in potentially aiding in TS stabilization and hydrogen bonding with Glu43 (Figure 6A).

Itis likely that all HhH-DGs use an Sy1 (or Sn1-like) mechanism that involves the universally
conserved Asp (R4) residue stabilizing the developing charge in the TS and intermediate (Figure
2B). Moreover, similar to O-glycosidases, there may be both “retaining” and “inverting” HhH-
DGs. In the structure of AIkA bound to the 1N TS mimic, there is similar close approach of the
catalytic Asp and no room for a water molecule, suggesting approach of the water nucleophile
from the opposite side [17]. In the case of MBD4, a structure with a G:T substrate suggested a
covalent complex; however, the resolution was not sufficient to draw a definitive conclusion [82].
More recent structural studies with a suite of substrate, product and TS mimics suggests that
MBD4 may be an inverting DG [134]. In fact, subtle differences in the active site may be sufficient
to convert between retaining or inverting glycosylases, similar to what has been observed in O-
glycosidases [135]. Further studies to define product stereochemistry may provide support for
the existence of both retaining and inverting BER glycosylases.

In the HhH-DG superfamily, only MutY and MIG subfamilies contain the highly conserved
residue R1 as Glu in their active site. As mentioned in Section 3.1, Glu in MutY has been proposed
to act as a general acid due to the need to protonate adenine in purine N-glycosidic bond
hydrolysis [130]. Non-enzymatic and enzymatic hydrolysis of pyrimidine nucleotides does not
require an acid catalyst [136-141]. For this reason, the Glu in the thymine DG, MIG, has been

suggested to participate in substrate stabilization through interactions to 04 and N3 of thymine
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based on modeling of the nucleobase in the active site of a crystal structure of MIG [14]. Similarly,
the substrates of AIKA are readily depurinated and therefore do not require a general acid
catalyst. Consistent with this feature, R1 is an Ala in AIkA (Figure 2B and 5A).

In MutY, residue R2 is a Tyr that H-bonds to the catalytic Glu. The identity of R2 in MIG
and MBD4 is also a Tyr, though it is at a greater distance away from R1 compared to that observed
in MutY. In a structure of MBD4 bound to substrate and the structure of MIG with thymine
modeled in its active site, the contact of R2 Tyr to the thymine 02 suggests that the Tyr may play
arole in substrate recognition and in catalysis by stabilizing the anionic nucleobase leaving group
[14, 82]. For alkylpurine HhH-DGs like AIkA and Magl, R2 position is a Trp (W218 and W150,
respectively) which forms a hydrogen bond contact with R4 (Asp) via the indole sidechain [17,
118]. Most conspicuously, the R2 residue corresponds to a Lys in bifunctional HhH-DGs (Endolll,
OGG1). The Lys side chain in bifunctional HhH-DGs participates in base excision and forms a
transient covalent Schiff-base intermediate with the resulting AP site that facilitates an enzyme
catalyzed B-elimination (B-lyase) strand scission reaction. Notably, the role of the “Lys” is
analogous to that of piperidine treatment in Maxim-Gilbert sequencing reactions [27].

Many previously proposed mechanisms have implied that the Lys residue directly attacks
C1’ of the target nucleotide in an Sx2 mechanism to produce the imine; however, there are
several lines of evidence that suggest that monofunctional and bifunctional HhH-DGs likely have
mechanisms that are more similar. Outstandingly, MutY and Endolll show mechanistic plasticity,
where a single mutation turns monofunctional into a bifunctional DG and vice versa [142-144].
This suggests that the evolutionary path that separates the catalytic modes can be only one
mutation away. In the case of hOGG1, identification of separation of function mutations have
indicated that its glycosylase and lyase activities are uncoupled, and have further suggested that
0OGG1 may function as a monofunctional glycosylase in cells [145, 146]. All HhH-DGs evaluated
exhibit extremely high affinity to duplex DNA containing positively charged azaribose nucleotides
that mimic the positive charge build-up in Sy1 transition state(s) or intermediate(s) [133]. Based
on these arguments, we suggest that the HhH-DGs use a general catalytic pathway with subtle
differences in the extents of C-N glycosidic bond breakage in the TS due to strategic variations in

the active site to cope with the biologically relevant lesion(s) (Figure 6).
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As mentioned before, the different catalytic components of HhH-DG are positioned at
both a-helical subdomains and HhH motif. Nonetheless, TAG is a HhH-DG that lacks a-helical
subdomain 2 and its HhH motif appears to primarily participate in making non-specific DNA-
protein interaction [147, 148]. This implies that the catalytic elements in TAG are organized
within the a-helical subdomain 1. Interestingly, R1 residue is a Glu (E38) as is present in MIG and
MutY [147, 148]. Although, the role of the E38 in TAG is not clear, it has been proposed to have
a similar role to R1 Glu of MutY and MIG, promoting recognition and removal of 3-methyladenine
by hydrogen bonding the 6-amino and N7 position [148]. The Asp at position R4 has been
reported as a missing component in TAG [147]. However, in our sequence alignment, including
all HhH-DNAG families, D174 in Salmonella typhi TAG aligns exactly at position R4 and is highly
conserved among other TAGs (Figure 2B). Nonetheless, in spite of the conservation at the
sequence level of Asp in TAG, it is not been established to play a role in catalysis. Lastly, similarly
to Magl and AlkA, TAG utilizes electron-rich residues such as Trp, and Tyr to recognize alkylated
bases through m-donor/acceptor interactions.

5. Final remarks; reconstruction of the evolutionary pathway of HhH-DNAG superfamily.

The multifaceted features of HhH-DGs reveals a robust structural/functional malleability
that has been exploited during evolution. The monophyletic and taxonomic distributions of HhH-
DGs suggest a shared evolutionary origin in the last ultimate common ancestor (LUCA) around
3.65 billion years ago [149]. It also suggests that all the HhH families arose by means of gene
duplications followed by substrate specificity divergence and specialization as described for other
hydrolases [150, 151] and DNA repair enzymes [152] (Figure 1). The existence of paralogues in
Endolll and Magl families with different substrate specificities [37, 119, 153] and the substrate
[154] and mechanistic [142-144] exchangeability between HhH-DG families support the
possibility of this evolutionary scenario. Based on the structural, biochemical and functional
properties discussed herein, we reconstructed a hypothetical evolutionary path for HhH-DG

superfamily (Figure 7).

The fact that TAG, Magl and Maglll are structurally the most austere HhH-DGs and that
alkylpurine DGs are clustered at four different clades with different phylogenetic levels (Figure

1A) makes a Mag-like DG the most parsimonious candidate for the last common ancestor (LCA)

14



of the HhH-DG superfamily. It might have had a narrow substrate preference being able to
process only 3mA and 7mG lesion, since they are the most common substrates in HhH alkylpurine
DGs. Of note, crystal structures of TAG and Maglll with alkylated adenines in its active site show
mainly rt-stacking interactions with aromatic residues for substrate recognition almost devoid of
polar interaction [117]. This recognition strategy may resemble the substrate recognition pattern
of HhH-DG LCA. Subsequently, multiple gene duplications of the HhH-DG LCA rendered common
intermediate ancestors that were further evolved to produce the distinct HhH-DG family clades.
During this process, the acquisition of new domains and motifs was a strong evolutionary driver
that led to substrate specialization and coordination with other cellular pathways. Acquisition of
MutT-like and MBD domain acquisition in MutY and MBD4 provided a means to target their
glycosylase activity toward mismatches with OG and CpG regulatory regions, respectively. The
acquisition of [4Fe-4S]-cofactor was a milestone in Endolll, MutY and MIG evolution since it
provided a new functional tool to address structural and lesion recognition challenges. Similarly,
acquisition of TBP-like domain in OGG1/AIkA ancestor aided in diversifying function in HhH-DGs
in a manner that is still unclear. Given that MBD4 is an exclusive eukaryotic enzyme and structural
similarity between its DG domain and MUTYH catalytic core, MBD4 might have close evolutionary
origin to MutY family whose origin might have emerged at some point of the eukaryotic lineage
evolution. Evolutionary pressure induced changes to the active site of HhH-DGs provided for fine-
tuning of the substrate specificity resulting in the observed broad DNA lesion repair scope. The
end result, is an extraordinary and versatile DG superfamily that is able to meet the challenges

imposed by DNA base damage.
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Figure captions.

Figure 1. Helix-hairpin-Helix DNA glycosylase evolution and substrate specificity. The
phylogenetic tree (A) was constructed with ML algorithm from an amino acid sequence alignment
constructed with MUSCLE algorithm in MEGA software [155]. For the taxonomic distribution (B)
the amino acid sequences analyses were obtained from NCBI database with iterated profile

searches with PSI-BLAST algorithm [156] and Aquerium server [157]. The substrate preference
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and bases removed by each HhH-DG (C) is indicated with colored circles; Endolll/red, Magl/gray,
MBD4/green, Maglll/golden, AlkA/pink, OGG1/blue, MIG/cyan, MutY/orange TAG/light gray.
DEMETER DNA glycosylase activity for 5-methylcytosine is indicated.

Figure 2. Sequence and structural similarity of HhH-DGs (A) Schematic representation of amino
acid sequence alignment and motifs of HhH-DGs. (B) Sequence and structural analyses of the
active site of HhH-DGs illustrate locations of key residues R1-R4. (C) Structures of HhH-DGs
highlighting particular domains and motifs. Structure/PDB ID; Magl/3S6l [118], Maglll/1PU8
[117], TAG/20FI [147], MIG/1KEA [14], Endolll/10RN [13], MutY/3G0Q [12], OGG1/3KTU [To be
published], AIkA/1DIZ [17], MBD5/4E9F [86].

Figure 3. MutY has an HhH-DG and MutT-like domain (A) G. stearothermophilus MutY X-ray
crystal structure in complex with DNA containing transition state analog 1N across OG (PDB ID;
5DPK) [133]. The hydrogen bond network implied in the recognition of OG (gray sticks) by the
catalytic domain (pink) and Ser308 within the FSH loop (red) is displayed. The DNA
phosphodiester backbone is shown in gray. (B) Structural and sequence alignment of MutT-like
domain of MutY and MutT protein. The d(OG)TP (orange sticks) recognition conformation within

MutT enzyme (PDB ID; 3A6U [63]) is highlighted.

Figure 4. Shapes and Sizes of Catalytic Pockets in HhH-DGs (A) Catalytic pocket architecture of
HhH-DGs. The active site pocket topologies and volumes were calculated with Hotspot Wizard
3.0 server using only DNA-protein complexes to aid with pocket boundary delimitation [158].
Important residues for catalysis and lesion recognition are shown on red sticks. The catalytic
pocket of MutY and OGG1 are shown with fluorinated adenine (fA) and OG (fOG) as in the lesion
recognition complexes from 3G0Q [12] and 3KTU PDB entries, respectively. (B) Catalytic

pocket/substrate volumes relationship plot based on the substrates displayed in Figure 1.
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Figure 5. Key Residues involved in Lesion Recognition. (A) Logo representation of sequence
alignments of active site components of HhH-DG superfamily. Lower panel shows the schematic
representation of MutY (B) and OGG1 (C) lesion recognition complexes from 3G0Q [12] and 3KTU
PDB entries. MutY and OGG1 are in complex with fluorinated adenine (fA) and OG (fOG),

respectively.

Figure 6. Unified mechanisms for HhH-DGs (A) Proposed mechanism for MutY: The catalytic
residue E43 acts as a general acid to protonate the base which is followed by the glycosidic bond
cleavage and formation of an oxacarbenium ion intermediate. D144 is proposed to attack the
oxacarbenium ion at C1’ to stabilize it by a covalent intermediate. Finally, E43 activates a water
molecule for nucleophilic attack at C1 to form AP site product [133]. There may be similar
“retaining” mechanisms for other HhH-DGs (B) A proposed general mechanism for “inverting”
monofunctional HhH-DGs would follow an Sn1-like mechanism where an oxacarbenium ion
intermediate is formed with the N-glycosidic bond cleavage. A water molecule attacks C1 to form
the AP site product in alpha position. R1* corresponds to a Glu only in MutY and MIG. (C) A
general mechanism for bifunctional HhH enzymes is shown with the base excision step similar to
monofunctional glycosylases with TS/intermediate intercepted by a Lys residue, rather than
water. The resulting Schiff-base formed with the Lys undergoes enzyme-catalyzed B-elimination
leading to a strand break at 3’ position. B* in the mechanism has been proposed to be OG in

0GG1 mechanism, while a water molecule activated by Asp45 in Endolll [13, 146].

Figure 7. Hypothetical evolutionary pathway of HhH-DG superfamily. Red double-headed
arrows indicate gene duplication events, single arrows; domain or motif acquisitions, and colored
squares; substrate promiscuity degree. Substrate preferences are in colored boxes. The degree
of substrate promiscuity is indicated with colored bar. LCA: Last common ancestor. LUCA: Last
universal common ancestor. The types of chemical base modifications that are removed by HhH-
DGs are shown in boxes with different shading: green/alkylated lesions, green/oxidized lesions,

blue/canonical bases within mispairs, yellow/halogenated bases and pink/canonical bases.
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A) MutY and retaining monofunctional DNA glycosylases
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B) Inverting monofunctional DNA glycosylases
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