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Abstract: The integrity of DNA replication is under constant threat from various exogenous and
endogenous factors along with some epigenetic factors. When there is damage to the genome, cells
respond to the damage in two major ways, DNA damage repair and DNA damage tolerance. One
of the major mechanisms for DNA damage tolerance is DNA lesion bypass, which is performed by
specific DNA polymerases called Y-family DNA polymerases including DNA polymerase eta
(poln). Ever since the discovery of poln’s unique role in bypassing cyclobutane pyrimidine dimer
(CPD), a wide range of DNA lesions have been experimentally shown to be bypassed by polrn. The
structural study of poln was greatly boosted by the first elucidation of the N-terminal catalytic do-
main of poln by X-ray crystallography in 2010. Ever since, a lot of poln catalytic domain crystal
structures have been published, which were complexed with an incoming nucleotide and a lesion
containing DNA including pyrimidine dimers, cisplatin GpG adduct, 8-oxoguanine (oxoG), 8-oxo-
adenine (0x0A), N7-methylguanine (N7mG), O6-methylguanine (O6mG), hypoxanthine (HX), and
many others. Though poln’s active site is known to be rigid with few conformational changes, there
are several contributing factors that could facilitate the lesion bypass such as catalytic metals, syn—
anti conformational equilibrium, tautomerization, and specific residues of polrn. Each of these com-
ponents are discussed in detail in this review.

Keywords: DNA lesion bypass; genome instability; translesion synthesis; Y-family DNA
polymerase; DNA damage response; DNA polymerase eta (poln)

1. Introduction

Our cells are under threat from constant challenges from both endogenous and ex-
ogenous DNA damaging agents. Among them are DNA alkylating agents that cause the
formation of various alkylated lesions such as O6-, N3-, and N7-alkylated guanine or ad-
enine [1-4], reactive oxygen species (ROS) that can generate 8-oxoguanine, 8-oxoadenine,
or inter/intrastrand crosslinks [5-8], spontaneous/induced deamination that forms uracil,
hypoxanthine, or xanthine [9-11], and many others. These lesions, unless repaired or by-
passed properly, can cause the halting of DNA replication that can lead to cell death
[12,13]. There are a wide range of DNA lesions in terms of bulkiness ranging from small
lesions that do not add any extra functional group, such as hypoxanthine from adenine
or uracil from cytosine, to bulky lesions including nitrogen half-mustard guanine
(NHMG) [14] or phenanthriplatin, (cisplatin analog) adduct [15]. Different lesions can be
repaired by various DNA repair mechanisms such as base excision repair (BER) [16], nu-
cleotide excision repair (NER) [17], mismatch repair [18], homologous recombination
(HR) [19], and non-homologous DNA end joining [20]. When a timely repair of a DNA
lesion is not feasible, DNA damage tolerance mechanisms kick in to resolve the replication
stall. HR is known to be involved in the DNA damage tolerance [21] as well. Another
DNA damage tolerance mechanism, which is also the major focus of this review, is trans-
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lesion synthesis (TLS), and TLS is mainly performed by a group of specific DNA polymer-
ases called Y-family DNA polymerases [22,23] along with proliferating cell nuclear anti-
gen (PCNA) and pol(, which consists of Rev3/Rev7, pol6, and polv. In humans, polymer-
ase kappa (polk), polymerase iota (polt), polymerase eta (poln), and Rev1l are members of
the Y-family DNA polymerases, and they share common catalytic domains of the finger,
thumb, palm, and little finger [24].

The major focus of this review is on one of the Y-family DNA polymerases, poln.
Poln (UniProt ID: Q9Y253) was first recognized from the hypersensitivity of Xeroderma
pigmentosum (XP) variant syndrome patients toward many skin diseases including skin
cancer and its relationship with the defect in DNA synthesis and the defect in DNA repair
for a thymidine dimer caused by UV [25-28]. Later, RAD30 gene of the yeast Saccharomyces
cerevisize was reported to encode Rad30, and Rad30 was shown to efficiently bypass a
thymine-thymine dimer. Rad30 was called poln by the authors due to the fact that this is
the seventh eukaryotic DNA polymerase [29]. A few months later it was also shown that
XP variant syndrome patients carry mutations on the POLH gene, which is a human gene
that encodes poln [30]. Even though poln is error-prone DNA polymerase without any
proofreading functionality [31], poln was shown to be able to catalyze error-free bypass
opposite a TT cyclobutene pyrimidine dimer (CPD) [32]. However, poln’s bypass across
many other lesions is mostly still error-prone, and some examples of the error-prone le-
sion bypass by poln along with the structural insights for the mutagenicity are presented
in the following sections.

Poln's first crystal structure, though it was the catalytic domain not full-length, was
published in 2010 [33], and poln was complexed with the CPD containing DNA and the
incoming nucleotide. After this structure, a plethora of publications presented poln crystal
structures complexed with DNA containing various DNA lesions including oxoG [34],
0x0A [35,36], an abasic site [37], cisplatin GpG adduct [38], N7-alkylguanine [14,39,40],
and hypoxanthine/xanthine [41], and so on. There have been quite a few reports regarding
the facilitating factors for the promutagenic bypass of poln including syn—anti conforma-
tional equilibrium, catalytic metals, enol-keto tautomerism, and major or minor groove
interaction through specific residues of poln. Each of these factors are discussed in the
following sections in more detail. There are so many intriguing aspects for this TLS poly-
merase such as post-translational modification via ubiquitination and phosphorylation.
There have been some reports revealing that poln’s translocation and UV tolerance activ-
ity are dependent on the phosphorylation on specific residues of poln including Ser587,
Thr617, or Ser687 [42,43]. In addition, the interaction with monoubiquitinated proliferat-
ing cell nuclear antigen (PCNA) was reported to induce the polymerase switch from a
replicative polymerase into poln [44], while the mono-ubiquitination of poln was reported
to inhibit the interaction between poln and PCNA [45]. However, we focus on the recent
investigations on the catalytic core of poln), especially poln’s lesion bypass, its promuta-
genicity, and the structural and biochemical experiments, that can give us clues for the
promutagenic bypass of poln).

2. Overall and Catalytic Domain Structures of poln

Human poln is a 713-amino acid long protein with a catalytic N-terminus domain
and a protein interacting C-terminus domain. Within the C-terminus domain, there are
some important sequences such as a proliferating cell nuclear antigen (PCNA) interacting
peptide (PIP), Rev1 interacting region (RIR), ubiquitin-binding zinc finger (UBZ) domain,
and nuclear localization signal (NLS) (Figure 1A). There has not been any crystal structure
published for the full-length poln, but there are some crystal structure or NMR structures
of different C-terminal domains of poln available such as the UBZ domain (Figure 1B) [46]
and Revl1 interacting region (Figure 1C) [47].
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Figure 1. Structure of human poln. (A) The schematic diagram of the overall structure of polr. The
N-terminal catalytic core including little finger domain and the C-terminal binding/regulatory do-
mains including RIR, UBZ, PIP, and NLS are shown. (B) The crystal structure of UBZ domain of
poln (PDB ID: 3WUP). Two catalytic histidine residues and two cysteine residues coordinating Zn?*
ion are shown. (C) The NMR structure of Revl interacting region (RIR) of poln complexed with
Rev1 C-terminus region (Rev1-CT) (PDB ID: 2LSK). The two crucial phenylalanine residues of poln
and aspartate residue of Revl are shown. (D) The overall structure of poln catalytic domain com-
plexed with xanthine (XT) and the incoming dCTP* (PDB ID: 6WK®6). All the conserved domains,
finger, palm, thumb, and little finger, are shown. Figures in this review were prepared using Chi-
mera [48].

The crystal structure of the poln N-terminal catalytic domain (1-432) was first pub-
lished in 2010 [33], and poln was complexed with CPD containing DNA in this structure.
The crystal structure exhibited the conserved domains of Y-family DNA polymerases, and
the finger, thumb, palm, and little finger domains (Figure 1D). In all the structures avail-
able ever since, the lesion containing DNA was bound between the thumb and little finger
domains of poln. The catalytic domain of poln has been proven to be able to bypass a wide
range of DNA lesions such as CPD [33], 8-oxoguanine [34], 8-oxoadenine [36], cisplatin
adducts [15,38], oxaliplatin adduct [49], N7-methylguanine (N7mG) [39], N7-benzylgua-
nine (N7BnG), N7-nitrogen half-mustard (NHMG) [14], O6-methylguanine [50], hypoxan-
thine, and xanthine [41], and the mutagenicity of the bypass of each of these lesions by
poln is compiled in Table 1.
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Table 1. Representative DNA lesions bypassed by poln).
DNA Lesion. Mutagenic Property References
) T -
Cyclobutane pyrimidine dimer Error-free insertion of dATP across TT [33]
(CPD)
Cisplatin intrastrand link
{spratin ftrastianc crossin Error-free insertion of dCTP [38]
GpG
T:G Mismatch Error-prone insertion of dTTP [51]
: Error-prone insertion with 3.5:1 ratio of
8-Oxoguanine (8-oxoG) dCTP-dATP [52]
. Error-prone insertion with 2:1 ratio of
8-Oxoadenine (8-0x0A) 4TTP:dGTP [35]
8,5"-cyclo-2’-deoxyadenosine  Error-free insertion of dTTP across cdA
[53]
(cdA) (Mg*)
Abasic (AP) site Purine nucleotide ir(;srl?/r;i(c:m across AP next to [37]

5-N-methylformamidopyrimi- Error-free insertion of dCTP across FapydG [54]

dine dG
Ribonucleotide insertion dCTP:rCTP ratio is 1:0.005 across dG [55]
. Error-free insertion with 14:1 ratio of
N7-methylguanine (N7mG) 4CTP-dTTP [39]
. Error-free insertion with 10:1 ratio of
N7-benzylguanine (N7BnG) JCTP-dTTP [40]
06 thvl . 06mG Error-prone insertion with 1:1 ratio of 50
methylguanine (O6mG) dTTP-dCTP [50]
. Error-prone insertion with 3:1 ratio of
Xanthine (XT) JCTP-dTTP [41]
Hypoxanthine (HX) Exclusive error-prone insertion of dCTP [41]
N7-nitrogen half-mustard Error-free insertion with 10:1 ratio of [14]
(NHMG) dCTP.dTTP

3. Catalytic Metal Cofactors —Effect of Displacement of Mg?* by Mn?*

Most, if not all, of the published DNA polymerases, including poln, displayed two
catalytic divalent metals in the active site [56]. A-metal is usually located between 3'-OH
of the primer terminus and alpha-phosphate (Pa) of the incoming nucleotide. B-metal is
located between the - and y-phosphate groups. For both metals, residues of poln give
extra coordination, which is usually octahedral coordination, and the catalytic metals sta-
bilize the transient negative charge formed during the nucleophilic addition of the incom-
ing nucleotide and the departure of the pyrophosphate group (PPi).

The catalytic metal cofactor was found to be magnesium in many DNA polymerases
including E. Coli DNA polymerase I (Klenow fragment) [57], T7 DNA polymerase [58],
Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4) [59,60], RB69 DNA polymerase [61],
human DNA polymerase {3 (polf) [35,62], human DNA polymerase  (polt) [63], and many
other polymerases along with poln. Calcium ion (Ca?*) is known to inhibit the nucleophilic
attack of 3-OH’ of the primer terminus to Pa of the incoming nucleotide in many of the
DNA polymerases including poln, and some of the early poln structures used Ca? so that
the nucleotide insertion reaction could be blocked [34,64].

Manganese ion (Mn?*), compared with Mg?, has been reported to play important
roles in lesion bypass and in facilitating incorrect insertion, both of which often require
the non-Watson-Crick base pairs, starting from the study of E. coli DNA polymerase I in
1970, which showed that Mn? increased the mutagenic replication [65-67]. Later, the sim-
ilar increase in the mutagenic incorporation or catalytic activity of nucleotide upon the
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introduction of Mn?* was shown in many other DNA polymerases including avian mye-
loblastosis virus (AMV) DNA polymerase [68], T4 DNA polymerase during the bypass
across the abasic site [69], T7 DNA polymerase [70], human polf [71], herpes simplex vi-
rus type-1 (HSV-1) polymerase [72], human DNA polymerase mu (polu) [73], Sulfolobus
solfataricus Dpo4 [74], human mitochondrial DNA polymerase gamma (poly) for bypass-
ing CPD [75], human DNA polymerase lambda (polA) [76], human poli[77], and so on. In
poln, Mn?" was reported to facilitate the incorrect insertion across several lesions, espe-
cially medium-sized lesions. For example, the bypass of 5'S-8,5'-cyclo-2'-deoxyadenosine
(cdA), which is one of the oxidative DNA lesions, by poln displayed that the substitution
of Mg? by Mn?* increased the reaction efficiency of the correct insertion of dTTP across
cdA by 1400-fold (0.015 min™ uM™" vs. 21 min™ uM™") as shown in Table 2. [53]. The ke
values were similar to each other (8.6 min vs. 10.1 min-"), but the K value was drastically
decreased upon the introduction of manganese (570 uM vs. 0.49 uM). The relative effi-
ciency of the correct incorporation of dTTP between the undamaged dA and the damaged
cdA was greatly increased when Mg?* was replaced by Mn?* (6.7 x 10~ vs. 0.11). When the
authors elucidated the crystal structures of poln complexed with cdA containing DNA in
the presence of either Mg? or Mn?* (Figure 2), the crystal structures were able to explain
why cdA bypass was so inefficient when Mg? was present and how that inefficient bypass
was rescued upon the substitution of Mg? by Mn?". The introduction of Mn? does not
alter the overall structure significantly as shown in Figure 2A. In the Mg?-bound struc-
ture, there was only one Mg? found in the active site (Figure 2B), and this is one of the
reasons why cdA bypass by poln was about 1300-fold less efficient compared to the un-
damaged dA (Table 2). Even though cdA in the template and the incoming non-hydrolyz-
able dTTP (dTTP*) form hydrogen bonds, they are not on the same plane and the hydro-
gen bonding interactions are not optimal. Furthermore, dA at the N+2 position of the tem-
plate is positioned between the primer terminus and the incoming dTTP*, and this makes
the distance between 3'-OH of the primer terminus and Pa of the incoming nucleotide 4.8
A, which is quite far. This might be the reason why there was just one Mg?* found in the
active site (Figure 2B), which was also observed in some non-productive complexes in
Ca?-bound poln structures [37,55]. However, when Mn?" was introduced instead of Mg?,
cdA and dTTP were found to be on the same plane with near-optimal geometry for the
canonical Watson—Crick base pair along with the two catalytic Mn? metals in the incom-
ing nucleotide binding site (Figure 2C). When the two crystal structures (with Mg?* (gray)
and Mn? (multi color)) were superposed, this striking difference is more clearly visible
(Figure 2D). In particular, the dT (N+1) and dA (N+2) of the template DNA in the presence
of Mg? showed disordered placement in the active site. However, the displacement of
Mg? by Mn?* and the presence of two catalytic Mn?* instead of one, as in the case of Mg?,
in the active site stabilized the incoming dTTP across cdA, and this extra stabilization led
to a more than 1000-fold increased reaction efficiency.

Table 2. Kinetic parameters for nucleotide incorporation opposite cdA and dA by poln [53].

Km kcat kcat/Krn

Template:dANTP (M) (min-) (min™t M) fa
dA:dTTP (Mg?) 5.4+0.7 109 +£13 20 1
cdA:dTTP (Mg?) 570+70 8.6+£0.5 0.015 6.7 x 10
dA:dTTP (Mn?%) 0.44 +0.04 82+5 186 1
cdA:dTTP (Mn?) 0.49 £ 0.07 10.1+0.2 21 0.11

a Relative efficiency: (kcat/Km)[undamaged insertion]/(kcat/Km)[damaged insertion].



DNA 2022, 2,15

210

A

Finger,ﬁ;

: s o /- WY
PI'Hﬂe]’j—(f«s();\ Template

E R

rimer
I gterminus
\ Vi i

Figure 2. The overall structure and the structural comparison of cdA bypass by poln with Mg?* (PDB
ID: 6M7U) and Mn?* (PDB ID: 6M70). (A) The overall structure of poln with cdA containing DNA
and the incoming dTTP* in the presence of Mn? (plum ribbon) superposed with Mg?* containing
poln-cdA structure (gray). (B) The non-optimal interaction between cdA and the incoming dTTP* in the
presence of Mg?*. There is just one Mg?* catalytic metal with long distance between the primer terminus
and Pa of dTTP*. (C) The near-optimal interaction between cdA and the incoming dTTP* in the pres-
ence of Mn?". There are two catalytic Mn?* metals with close proximity between the primer terminus
and Pa of dTTP*. (D) The superposed close-up structures of poln-cdA:Mn?* (multi color) and poln-
cdA:Mg?* (gray).

Another example that shows the effects of the catalytic metals in the lesion bypass by
poln can be found in N7-alkylguanine (N7alkylG)-bound poln structures with Mg or
Mn? [14,39,40]. The N7-alkylguanine lesion including N7-methylguanine (N7mG or
m7G) is one of the most common lesions for both DNA and RNA in the cells caused by
methylation on the N7 position of guanine [78,79], and many of the N7alkylG lesions were
reported to be bypassed by poln [14,39,40]. N7mG was readily bypassed by poln with
slightly reduced efficiency compared to the undamaged dG (Table 3, Figure 3A,C,D) [39].
The crystal structure of poln complexed with Mg? and N7mG revealed that N7mG
formed a canonical Watson—Crick base pair with the incoming dCTP* in the active site of
poln and this base pair was well overlapped with the base pair between the undamaged
dG and dCTP*. On the other hand, a bulky lesion, N7-nitrogen half-mustard guanine
(NHMG), was bypassed inefficiently by poln, unlike the small lesion N7mG (Table 3, Fig-
ure 3B-D) [14], and the crystal structure was only elucidated in the presence of Mn?. The
crystal structure of poln bypassing NHMG complexed with the incoming dCTP* and Mn2*
revealed that NHMG and the incoming dCTP* can form a canonical Watson-Crick base
pair when Mn?%, instead of Mg?, is in the active site, though the base-pairing has about
20° propeller distortion between the two rings of NHMG and dCTP* (Figure 3B). Another
important feature in the crystal structure is that only one Mn?* ion was found at the B-site
where (3- and y-phosphate groups are located. One metal in the active site is a crucial
characteristic for the inactive form in many polymerases including poln, and this suggests
that NHMG bypass by poln is inefficient and close to an inactive state. The exchange be-
tween Mg?" and Mn?* is closely related to another important factor that governs the muta-
genic bypass of DNA lesions by poln, syn—anti conformational equilibrium, and it is dis-
cussed in detail in the next section.
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Table 3. Kinetic parameters for nucleotide incorporation opposite N7-alkylG and dG by poln
[14,40].

Km kcat kcat/ Km

Template:dNTP (uM) (1035 (1035 M) fa
dG:dCTP 27+03 120.6 £ 6.1 46 1
dG:.dTTP 159.3+2.7 74809 0.5 0.01

N7mG:dCTP 43+04 56.4+2.7 13 1
N7mG:dTTP 525+1.7 493+0.1 0.9 0.07
N7BnG:dCTP 102+2.4 20.6 +3.6 21 1
N7BnG:dTTP 51.7+5.3 11.5+0.3 0.2 0.1
N7BnG:dCTP (Mn?) 56+09 38.7+44 6.9 1
N7BnG:dTTP (Mn?') 18.6 1.9 17.8+2.1 1.0 0.14
NHMG:dCTP 113.4+1.4 40913 0.36 1
NHMG:dTTP 146.3 £5.1 55+0.1 0.037 0.1

a Misincorporation frequency: (kcat/Km)[incorrect insertion]/(kcat/Km)[correct insertion].

Figure 3. The structure comparison between NHMG (PDB ID: 6V5K) and undamaged dG (PDB ID:
403N)/N7mG (PDB ID: 6UI2) bypass by poln. (A) The bypass of undamaged dG by poln showed
T (N+1) positioned right at R61-W64 loop (presented in ball presentation). (B) The bypass of NHMG
by poln showed the nitrogen half-mustard moiety positioned right in R61-W64 loop, and this loop utili-
zation by NHMG kicked T (N+1) away from the active site. (C) When the two structures (NHMG and
dG) were superposed, the movement of T (N+1) and S62 enabled NHMG to position in R61-W64
loop. (D) When NHMG- and N7mG-bound structures were superposed, similar things were ob-
served as in dG bypass.

4. Syn—Anti Conformational Change

The nucleotides, both ribonucleotide and deoxynucleotide, are susceptible to syn—
anti equilibrium both in theoretical and physiological conditions, and purine rings, espe-
cially guanine, have higher propensity for syn conformation than pyrimidine rings [80-
83]. Some of the DNA damages including 8-oxoguanine (8-oxoG) and 8-oxoadenine (8-
0x0A) and their mutagenic bypasses by poln, which cause C to A mutation (8-oxoG) or T
to G mutation (8-ox0A), were reported to be affected by syn—anti conformational changes.
[35,36,52]. To be able to accommodate bulky purine nucleotide (dATP or dGTP), 8-oxoG
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or 8-ox0A adopts a syn conformation in the active site of poln. The ratio between the cor-
rect and incorrect insertion by poln across 8-oxoG (dCTP vs. dATP) was 3.5:1 (0.52 vs. 0.15
puM-1 s1), and the ratio between the correct and incorrect insertion across 8-oxoA (dTTP
vs. dGTP) was 2:1 (10.5 vs. 5.1 10 uM™ s71) (Table 4) [35,52]. The crystal structure of poln
complexed with 8-0xoG and the correct incoming nucleotide, dCTP, showed that 8-oxoG
adopted an anti conformation in the active site for forming a Watson—Crick base pair with
dCTP (Figure 4A,B). On the other hand, the crystal structure of poln complexed with 8-
0oxoG and the incorrect incoming purine nucleotide, dATP, revealed that 8-oxoG adopted
a syn conformation across dATP to accommodate a bulky purine nucleotide (Figure 4C,D).
GIn38 of poln is about 3.9 A away from 8-oxoG in the insertion of the correct nucleotide,
dCTP. However, in the insertion of the incorrect nucleotide, dATP, GIn38 of poln formed
a hydrogen bond with the distance of 3.1 A (Figure 4D). For 8-0x0A bypass, the crystal
structure of poln complexed with 8-oxoA and the correct incoming nucleotide, dTTP, dis-
played that 8-oxoA adopted an anti conformation in the active site to form a Watson—Crick
base pair with dTTP (Figure 5A,B). On the other hand, the crystal structure of poln com-
plexed with 8-ox0A and the incorrect incoming purine nucleotide, dGTP, exhibited that
8-ox0A adopted a syn conformation across dGTP to accommodate a bulky dGTP. (Figure
5C,D). GIn38 of poln has no hydrogen bonding partner in the insertion of the correct nu-
cleotide, dTTP, across 8-oxoA, but it forms two hydrogen bonds in the insertion of the
incorrect nucleotide, dGTP, the first one between O8 of 8-ox0A and the amide group of
GIn38 and the second one between N2 of dGTP and the carboxyl group of GIn38 with the
distances of 3.5 A and 3.3 A, respectively. (Figure 5D). In both bypasses, syn conformation
of 8-0x0G and 8-oxoA played crucial roles in accommodating purine incoming nucleo-
tides, dATP and dGTP, across the lesions. The syn conformations of 8-oxoG and 8-oxoA
and their hydrogen bonding interactions with their purine counterparts dATP and dGTP
were further stabilized by the minor groove interaction via GIn38 of polr), and this extra
stabilization was greater in 8-oxoA resulting in a higher mutagenicity of 8-oxoA bypass
compared to 8-oxoG. The role of poln residues on the mutagenic bypass is further dis-
cussed in the following chapter.

Table 4. Kinetic parameters for nucleotide incorporation opposite oxoG and oxoA by poln
[35,36,52].

Km Fecat keat/Km

Template:dNTP (uM) (105 (107 5 uM™) fa

dG:dCTP 1.3+0.2 1330 + 50 1000 1
dG:dATP 92+23 100 +10 1.1 0.001

oxoG:dCTP 23+0.2 1200 + 30 520 1
oxoG:dATP 54+0.6 780 + 30 150 0.28

dA:dTTP 54+0.2 909+5.8 17 1
dA:dGTP 76.3+4.8 6.3+0.5 0.08 0.005

ox0A:dTTP 3.6+0.3 373+23 11 1
ox0A:dGTP 49+03 248+1.3 5.1 0.46

oxoA:dTTP (Q38A) 713 +4.4 172.6 +5.6 2.4 1
ox0A:dGTP (Q38A) 113.8+2.8 10.5+0.1 0.092 0.037

a Misincorporation frequency: (kcat/Km)[incorrect inserﬁon]/(kcat/Km)[correct insertion]..
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Figure 4. The active site structures of poln complexed with 8-oxoG and the incoming nucleotides,
dCTP (PDB ID: 403P) and dATP (PDB ID: 4030). (A) 8-0x0G (anti) and the incoming dCTP* in the
active site of poln with catalytic Mg?, primer, template, and GIn38 shown. (B) The canonical base
pair between 8-oxoG (anti) and dCTP* with no additional interaction with GIn38. (C) 8-oxoG (syn) and
the incoming dATP* in the active site of poln with catalytic Mg?, primer, template, and GIn38
shown. The primer terminus shows two alternative conformations. (D) Non-canonical base pair be-
tween 8-0xoG (syn) and dATP*, and this base pair is further stabilized by the hydrogen bonding
interaction with GIn38.
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Figure 5. The active site structures of poln complexed with 8-oxoA and the incoming nucleotides,
dTTP (PDB ID: 6PL8) and dGTP (PDB ID: 6PLC). (A) 8-0x0A (anti) and the incoming dTTP* in the
active site of poln with catalytic Mg?, primer, template, and GIn38 shown. (B) The canonical base
pair between 8-oxoA(anti) and dTTP* with no additional interaction with GIn38. (C) 8-oxoA (syn) and
the incoming dGTP* in the active site of poln with catalytic Mg?, primer, template, and GIn38
shown. The primer terminus shows two alternative conformations. (D) Non-canonical base pair be-
tween 8-oxoA (syn) and dGTP*, and this base pair is further stabilized by the hydrogen bonding
interaction with GIn38.

8-0x0A (syn)
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Another lesion whose bypass is affected by syn—anti conformational change is N7-
alkylG, especially N7BnG. As shown in the previous section, the mutagenicity of N7al-
kylG is greater in bulkier lesions. The smallest N7alkylG lesion, N7mG, shows almost no
preference toward a syn conformation and behaves similarly to undamaged dG. On the
other hand, the bulkier lesion such as NHMG depends more on syn—anti conformation for
its mutagenic bypass by poln. The anti conformation of NHMG was supposed to be unfa-
vorable due to the bulkiness of the nitrogen half-mustard moiety. However, the anti con-
formation was stabilized by the accommodation of the nitrogen half-mustard moiety in
the R61-W64 loop of poln [14]. For the undamaged dG, N+1 position base in the template
(1 base after the insertion) occupies the space right next to the R61-W64 loop (Figure 3A),
while the bulky nitrogen half-mustard moiety snugly fits in the R61-W64 loop of poln in
the bypass of NHMG (Figure 3B). When the NHMG-bound poln structure was super-
posed with the undamaged dG structure (Figure 3C) or the N7mG-bound structure (Fig-
ure 3D), dT at N+1 position was pushed away from the active site near the R61-W64 loop,
while dT (N+1) was in the original position near the loop in both the dG- and N7mG-
bound structures. If there had been no extra support from the R61-Wé64 loop, a syn con-
formation of NHMG might have been a dominant conformer in NHMG bypass. A little
bit less bulky N7alkylG lesion, N7BnG, showed a balanced conformation depending on
the environment such as the catalytic metals to help stabilize either conformation for the
base pair with the incoming nucleotide. When Mg?* was present, N7BnG adopted a syn
conformation and there was missing density for the incoming dCTP (Figure 6A). How-
ever, when the catalytic magnesium was displaced by Mn?, N7BnG was able to adopt an
anti conformation and had a canonical base pair with the incoming dCTP (Figure 6B) [40].

:Z:'/ =L K anti-N7BnG =&
NS (( N —

Figure 6. The bypass of N7BnG by poln and the role of syn—anti equilibrium and catalytic metals in
the bypass. (A) In the presence of Mg?, N7BnG displayed syn conformation, and this conformation
hindered the base pair with the incoming dCTP* (PDB ID: 7L69). (B) In the presence of Mn?", N7BnG
showed anti conformation, and this conformation enabled the base pair with the incoming dCTP*
(PDB ID: 6W5X).

5. Enol-Keto Tautomerization and poln Residues

Enol tautomer of the lesion containing nucleotide has been shown to play a crucial
role in accommodating an incoming nucleotide across the lesion such as 8-0xoG, 8-0x0A,
or N7mG, especially for the incorrect insertions in various DNA polymerases
[35,39,84,85]. The kinetic studies and the structural studies via NMR recently exhibited
that dTTP misincorporation across dG by DNA polymerases including polf3 or pole em-
ployed a significant ratio of the enol tautomeric form of dG or the incoming dT to form a
wobble G:T mismatch base pair [86]. It was also reported that N7-methylation of dG de-
creased the pKa of the N7-position and boosted the tautomerization of the N1 position of
dG, which can lead to N7mG:dT or N7mG:dA mismatches [87,88]. In poln, several DNA
lesions, including N7mG and xanthine (XT), have been shown to utilize tautomerization
for the lesion bypass. For the bypass of bulky N7alkylG lesions such as N7BnG or NHMG,
the enol-keto tautomerization does not have much effect on the mutagenicity due to the
more prominent effect by syn—anti conformational change [14,40]. However, in the case of
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N7mG, which is the smallest lesion in the N7alkylG series, keto tautomer is the dominant
form resulting in the facilitation of a correct insertion of dCTP across N7mG in poln [39].
Without protein contact, N7mG was shown to form a Watson-Crick-like base pair with
the incoming dTTP leading to the incorrect insertion, which indicates that an enol tauto-
mer of N7mG is involved in this N7mG:dTTP base pair in a protein contact-free environ-
ment [84]. The ratio between the correct (dCTP) and incorrect (dTTP) insertion across
N7mG by poln is 14:1, and this is quite an increase from the ratio of 100:1 across the un-
damaged dG (Table 3). Similar to the protein contact-free environment, N7mG might form
an enol tautomer in forming the base pair with the incoming dTTP, which leads to the
increase in mutagenicity.

Another example for the involvement of tautomerization in DNA lesion bypass by
poln can be seen in the bypass of xanthine (XT) and hypoxanthine (HX) [41]. XT is mainly
formed through spontaneous or induced deamination from guanine, and this deamina-
tion changes hydrogen bonding donor—acceptor properties for the functional group at 2-
position from the N2 (donor) to O2 (acceptor). This deamination increased mutagenicity
more than 30-fold (100:1 keat/Kin ratio of correct (ACTP) to incorrect (dTTP) insertion in dG
vs. 3:1 in XT, Table 5). Similarly, HX is formed from adenine through deamination, and it
changes hydrogen bonding donor—acceptor properties for the functional group at 6-posi-
tion and C1 of adenine, N6 (donor) to O6 (acceptor) and N1 (acceptor) to N1H (donor).
This deamination completely inversed the insertion property (90:1 ratio of correct (dTTP)
to incorrect (dCTP) insertion in dA vs. 1:70 in HX, Table 5). Without any protein contact,
02 keto tautomer is the dominant form of XT and leads to a repulsion with O2 of the
incoming dCTP to form a canonical Watson—Crick base pair, which is a correct insertion
(Figure 7A). Much to our surprise, the crystal structure of poln complexed with XT con-
taining DNA and dCTP revealed that XT and dCTP formed a canonical Watson—Crick
base pair with three hydrogen bonds between them, with GIn38 providing extra stabili-
zation via N3 of XT (3.2 A) and the ribose oxygen (3.1 A) (Figure 7A,B). The structure also
clearly displayed that O2 enol tautomer of XT and O2 of dCTP formed hydrogen bonding
interaction. For the bypass of HX, O6 group adopted a keto tautomeric form to have a
canonical Watson—Crick hydrogen bonding interaction with N4 of dCTP, with GIn38
providing extra stabilization via N3 of HX (3.5 A) and the ribose oxygen (3.4 A) (Figure
7C).

Table 5. Kinetic parameters for nucleotide incorporation opposite XT and HX by poln [41,89,90].

K Kcat keat/Km
Template:dANTP (uM) (10 1) (10 51 pM-) fa
dG:dCTP 27+03 120.6 £+ 6.1 46 1
dG:dTTP 159.3 +2.7 748+0.9 0.5 0.01
XT:dCTP 10.7+0.9 123.3+3.6 115 1
XT:dTTP 20.6 +0.9 822+4.2 4.0 0.34
dA:dTTP 54+0.2 909 +5.8 17 1
dA:dCTP 80.3+3.2 152 +25 0.19 0.011
HX:dTTP 219+14 11.7+£0.2 0.54 1
HX:dCTP 4.6+04 170.5+4.1 37.4 69

a Misincorporation frequency: (kcat/Km)[incurrect insertion]/(kcat/Km)[correct insertion].
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Figure 7. The bypass of XT (PDB ID: 6WK6) and HX (PDB ID: 6MQ8) by poln and the role of GIn38
in the bypass. (A) The canonical Watson-Crick base pair between XT and the incoming dCTP* and
the extra stabilization from GIn38. (B) The Watson—Crick base pair between XT and dCTP* utilized the
enol tautomer of XT, and this enol tautomer was stabilized by the hydrogen bonding with GIn38. (C) The
canonical Watson-Crick base pair between HX and the incoming dCTP, and GIn38 is in close prox-
imity with HX.

There have been a lot of reports regarding the specific residues of poln that are in-
volved in the mutagenic bypass of DNA lesions. For example, the Arg61-Trp64 loop,
which also involves Ser62 and Met63, offers crucial accommodation for the bypass of one
of the bulky N7alkylG lesions, NHMG (Figure 3B) [14], and cisplatin adducts [38]. More-
over, the highly conserved Arg6l was reported to be involved in the alignment of the
incoming nucleotide via the interaction with a base ring and the phosphate [34,51]. The
enol-keto tautomerization was shown to be further stabilized by poln residues, especially
by the minor groove interaction via GIn38. In the bypass of XT by poln, GIn38 gives extra
stabilization to the enol tautomer of XT and stabilizes the canonical Watson—Crick base
pair between XT and dCTP as a result (Figure 7A). This extra stabilization was given
through the hydrogen bonding between the amino group of the side chain of GIn38 and
N3 of XT, and this hydrogen bonding also stabilized the C2-N3 double bond and the O2
enol tautomer of XT (Figure 7B). The distance between the amino group of GIn38 and N3
of HX is about 3.5 A, and there is no tautomer that can be stabilized by this interaction
(Figure 7C).

6. Perspectives

DNA lesion repair and bypass are some of the most important areas of research in
medical science. DNA lesion bypass is an important process that cells can use to keep
themselves from replication halt, which can lead to cell death. TLS polymerases, including
poln, have different specificity and efficiency toward different DNA lesions, and more
research must be conducted to figure out a more accurate relationship between DNA le-
sion bypass and repair and the detailed mechanism of DNA lesion bypass so that DNA
lesion bypass and its participant enzymes can be used or targeted by other fields of re-
search including drug discovery. In this review, we briefly looked over the important fac-
tors that govern the DNA lesion bypass by poln, especially the mutagenic bypasses. The
catalytic metals in the active site of poln that are coordinated by the phosphate groups of
the incoming nucleotide, syn—anti conformational changes that enable purine—purine base
pairs in the active site of poln, enol-keto tautomerization that gives some DNA lesions
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such as XT the ability to form Watson—Crick-like base pairs with an incoming nucleotide,
and some of the residues of poln that offer extra stabilization for the base pair between
DNA lesions and the incoming nucleotides were presented along with the case studies.
Further investigations on the bypass of other DNA lesions and the comparison studies
with other TLS and replicative polymerases will expand our knowledge and understand-
ing on this crucial process that keeps cells from cell death caused by the forced halt of
replication. In addition, it will be necessary and beneficial for poln’s versatile role in DNA
lesion repair and bypass to be investigated in more detail.

Although DNA lesion bypass, even a promutagenic one, plays an important role in
replication by preventing replication halt, the mutations caused by the promutagenic by-
pass via TLS polymerases including poln pose another threat to genome integrity. That is
why there are layers of cellular systems that monitor and fix various DNA lesions and
misincorporations along with a wide range of DNA repair processes that deal with those
DNA lesions and mutations. A lot more research must be conducted to elucidate in more
depth these highly complex processes, and the information coming through from future
investigations will be extremely valuable for a wide range of biological science fields.
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