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Abstract

Environmental mutagens cause DNA damage that disturbs replication and produces mutations,
leading to cancer and other diseases. We discuss mechanisms of mutagenesis resulting from DNA
damage, from the level of DNA replication by a single polymerase to the complex DNA replisome
of some typical model organisms (including bacteriophage T7, T4, Sulfolobus solfataricus, E. coly,
yeast and human). For a single DNA polymerase, DNA damage can affect replication in three
major ways: reducing replication fidelity, causing frameshift mutations, and blocking replication.
For the DNA replisome, protein interactions and the functions of accessory proteins can yield
rather different results even with a single DNA polymerase. The mechanism of mutation during
replication performed by the DNA replisome is a long-standing question. Using new methods and
techniques, the replisomes of certain organisms and human cell extracts can now be investigated
with regard to the bypass of DNA damage. In this review, we consider the molecular mechanism
of mutagenesis resulting from DNA damage in replication at the levels of single DNA
polymerases and complex DNA replisomes, including translesion DNA synthesis.
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1. Introduction

Large amounts of chemicals are produced in industry, agriculture, and transportation
(automobile and truck exhausts). These environmental chemicals can be widespread in air,
water, and soil. In 1915, Yamagiwa and Ishikawa [1] reported the formation of tumors in the
ears of rabbits after treatment with tars, and in 1933 Cook et al. isolated benzo[4]pyrene as a
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component of coal tar [2]. Many chemicals have now been shown to cause mutations and
cancer. Animals have produced tumors after exposure to many environmental mutagens [3].
Human exposure to specific chemical or physical carcinogens also produces characteristic
mutational spectra, considered to be highly relevant not only to cancer but also to
cardiovascular disease, teratology, and aging [4-6]. Therefore, studies on how chemicals can
lead to mutations have received considerable attention.

Beginning in the 1940s, James and Elizabeth Miller showed that these environmental
mutagens are converted to reactive products in the body [7]. These compounds react with
DNA to form DNA adducts [8, 9]. In each human cell, > 50,000 DNA damage sites can
occur every day [10]. DNA adducts lead to mutations during DNA replication that can
further lead to cell death, aging, birth defects, and cancer. Several families of DNA
polymerases are involved in DNA synthesis. At least seven families of DNA polymerases
have been described, classified based on their sequences and structural similarities: A, B, C,
D, X, Y, and reverse transcriptase. Each family has specific functions in DNA
polymerization. In general, the A-family and C-family DNA polymerases in prokaryotes, the
B-family DNA polymerases in eukaryotes, and the A-family mitochondrial Poly in
eukaryotes are much faster and accurate (and are termed replicative DNA polymerases)
compared to other families of DNA polymerases. The Y-family polymerases carry out
translesion DNA synthesis (TLS) and bypass DNA damage in an error-prone or error-free
manner. Some TLS DNA polymerases preferentially insert the correct base and do not result
in mutation, giving at least 3 outcomes from the process: no mutation, mutation, or cell
death.

Generally, the replicative DNA polymerases that perform normal DNA synthesis are
replaced by Y-family DNA polymerases when bypassing DNA damage and return back to
the replication fork after bypass of the DNA damage [11]. Upon encountering DNA damage,
polymerases may misincorporate, be blocked by these adducts, or produce frameshifts, each
of which disturbs DNA replication and leads to mutations. The details of how DNA damage
disturbs DNA replication will be summarized and analyzed in this review. DNA replication
in vivo includes both leading- and lagging-strand DNA synthesis, generally not performed
by only a single DNA polymerase but by the complex DNA replisome that contains DNA
polymerase(s), helicase, primase, single-stranded DNA binding protein, and a number of
other accessory proteins [12]. Thus, the DNA replisome plays a critical role in damage
bypass, which may not be observed with a single DNA polymerase. The effects of DNA
damage on replication by DNA replisomes have not been extensively investigated until
recently. It has been accepted that polymerase exchange occurs when a DNA replisome
encounters DNA damage. Besides polymerase exchange, other proteins in the replisome
may also be involved in the bypass of DNA damage. In this review, we summarize and
analyze current studies on the effects of DNA damage on replication by the DNA replisome
of Escherichia coli and bacteriophages T4 and T7.

In addition to the bypass of DNA damage by DNA polymerases, other proteins in the DNA
replisome are also involved in dealing with DNA damage. For instance, the £. co/i DNA
repair helicase UvrA,B protein complex allows limited ATP-dependent scanning of DNA to
detect damaged bases in UV-induced lesions, and the UvrD helicase (helicase 1) in £. coli
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nucleotide excision repair (NER) excises damage-containing oligonucleotides [13]. Semi-
replicative simian virus 40 (large T antigen) DNA helicases are able to bypass a bulky
adduct on the translocated strand [14], bringing a new understanding of the interaction
between enzymes and DNA damage.

Overall, DNA damage has a wide range of effects on DNA replication and its related
processes. In this review, we will address how DNA damage leads to mistakes in DNA
replication from the viewpoint of an individual DNA polymerase (from bacteriophage T7, S.
solfataricus, E. coli, yeast or human) and the DNA replisome (of £. coli, bacteriophage T7
or T4). The studies about single DNA polymerases were mainly contributed by
Gugenerich’s lab. Because the human DNA replisome is far more difficult to study, the
human DNA replication complex will be discussed only briefly at the end of this review.
Mutations arising from DNA repair are not included in this review. DNA damage has a
wider effect on living systems beyond DNA replication and the DNA polymerase and DNA
replisome, scientific areas which should also be further explored. We have selected some
typical DNA polymerases and types of DNA damage to describe mechanisms of mutation in
the presence of DNA damage.

2. Environmental mutagens cause DNA damage

2.1. Environmental mutagens cause cancer

Environmental mutagens damage the genome by forming DNA adducts through different
chemical reactions [15], including alkylation (which may involve cross-linking), oxidation,
deamination, coordination, photo-addition, and hydrolysis (Table 1). Alkylating agents
produce A2-alkyl-2’-deoxyguanosine (AZ-alkylG), (P-alkylguanine (CP-alkylG), polycyclic
aromatic hydrocarbon DNA adducts (PAH-DNA), and etheno (&) DNA adducts. Bis-
electrophilic agents form DNA-DNA and DNA-protein cross-links. Oxidizing agents,
ionizing radiation, and UV irradiation can form 7,8-dihydro-8-oxo-guanine (8-0x0G).
Arylamines and 1-nitropyrene (1-NP) produce several DNA adducts, e.g., 2-aminofluorene
(AF-dG) and N-[deoxyguanosine-8-yl]-1-aminopyrene (APG) adducts following oxidation
and esterification. Heavy metal ions, e.g. Cr(l11), form DNA-DNA and DNA-protein cross-
links by coordination. UV radiation leads to photoproducts (e.g., cyclobutane pyrimidine
dimer, CPD). Spontaneous hydrolysis of glycosidic bonds results in the formation of abasic
(apurinic/apyrimidinic, AP) sites. The various DNA damage products lead to mutation
during DNA replication, altering oncogenes and tumor suppressor genes, leading to cancer.

2.2. Environmental mutagens produce DNA damage via different chemical reactions

Alkylation—Alkylation agents result in the formation of A2-alkylG and other lesions.
Formaldehyde, an environmental concern, reacts with the exocyclic amino group of
deoxyguanosine (G), to produce A2-methylG [16]. Ethanol is enzymatically oxidized to
acetaldehyde, which forms A2-ethylG, which has been observed in liver DNA and urine of
alcoholic patients [17]. With both of these reactions [13, 14], 2-electron reduction of the
intermediate imine is required to balance the stoichiometry. Alkylating agents also lead to
the formation of GP-methylG (P-MeG). (P-MeG is a common lesion formed after exposure
to tobacco-specific nitrosamines. Chemotherapy, in which many alkylating agents are used,
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also produces this DNA adduct [18, 19]. Polycyclic aromatic hydrocarbons (PAHS) are toxic
and mutagenic environmental pollutants produced from the combustion of carbon-containing
materials, and alkylation of DNA yields PAH-DNA adducts. For instance, benzo[&]pyrene
(B[4]P), a prototypical PAH, is initially oxidized to the epoxide (B[4]P-7,8-epoxide) which
is then hydrolyzed to a dihydrodiol (B[4]P-7,8-dihydrodiol) and further converted to a diol-
epoxide (B[&]P-7,8-dihydrodiol-9,10-epoxide, BPDE), which alkylates the exocyclic amino
group at the N2 position of G or the N6 position of A. A>-BPDEG is the major BPDE-DNA
adduct found /n7 vivo [20]. Endogenous processes (e.g. lipid peroxidation) and exposure to
bioactivated vinyl monomers, such as the epoxides formed from vinyl chloride and vinyl
carbamate (an oxidation product of urethane), can lead to the formation of etheno (£) DNA
adducts, a series of exocyclic adducts including 1, AP-ethenoadenine (1,AB-£A), 3, \*-
ethenocytosine (3,A*-£C), M2,3-ethenoguanine (A2,3-£G), and 1,A2ethenoguanine (1, \2-
£G) [21].

Bis-electrophilic agents, such as 1,3-butadiene (BD) (present in automobile exhaust and
cigarette smoke), can result in DNA-DNA and DNA-protein cross-links. BD can be oxidized
to 1,2,3,4-diepoxybutane (DEB), a prominent bis-electrophilic carcinogenic metabolite (Fig.
1). Alkylation of adenine or guanine base by DEB produces 2-hydroxy-3,4-epoxybut-1-yl
(HEB) DNA lesions that contain an inherently reactive oxirane group that can further
alkylate neighboring nucleotide bases within the DNA duplex to form DNA-DNA cross-
links [22, 23]. Alternatively, the 3,4-epoxy ring can also be subject to nucleophilic attack by
amino acid groups in side chains of neighboring proteins, giving rise to DNA-protein cross-
links [24]; the opposite order (DEB reacting with a protein such as O8-alkylG DNA-alkyl
transferase or the tripeptide glutathione and then DNA) is also documented and probably
more likely.

Oxidation—Oxidizing agents can produce 7,8-dihydro-8-oxo-2"-oxodeoxyguanosine (8-
oxodG) lesions 8-oxodG is a ubiquitous lesion arising from the oxidation of the C8 atom of
G to form a hydroxyl group by free radical intermediates of oxygen that are produced by
chemical oxidation, ionizing radiation, or UV irradiation [25, 26]. The enol (a lactim) at the
C8-N7 position of G is converted to the more stable 8-oxodG lactam form.

Amination—Arylamines and A-acetyl arylamines are well-studied mutagens used as
models and found in numerous occupational settings, tobacco smoke, and chemical dyes,
leading to the formation of adducts such as the models 2-aminofluorene (AF-dG) and N-
acetyl-2-aminofluorene (AAF-dG) through amination of the C8 atom of guanine (via an
initial N7 reaction, linking the amine group of the arylamine) [27] (Fig. 2A). 1-Nitropyrene
(1-NP) is the most abundant nitro PAH, on a global basis. The active product of 1-NP (an
ester of the reduction product hydroxylamine) forms a bulky A-[deoxyguanosine-8-yl]-1-
aminopyrene (APG) adduct by reaction at the C8 atom of deoxyguanosine following an
initial reaction at the N7 atom and rearrangement [28] (Fig. 2B).

Coordination—Heavy metal ions can form DNA-DNA intra-strand and inter-strand cross-
links via coordination. Cr (V1) complexes permeate cell membranes and are reduced to form
Cr (111) complexes that can then coordinate with oxygen atoms of phosphate backbone of
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two adjacent nucleotides within one DNA strand or between two DNA strands, yielding Cr
(111)-DNA intra-strand yielding inter-strand cross-links [29].

Photoaddition—UV radiation leads to the formation of photoproducts (e.g., CPD) by
cycloaddition of the C5-C6 double bonds of adjacent pyrimidine bases. Six diastereomers
are generated, depending on the position of pyrimidine moieties with respect to the
cyclobutane ring (cisl trans stereochemistry) and on the relative orientation of the two C5-C6
bonds (synlantiregiochemistry) [30]. The cis-syn form is formed preferentially to the trans-
syn diastereomers within double-stranded DNA. The #rans-anti and trans-syn photoproducts
are only present within single-strand or denatured DNA [31].

Hydrolysis—AP sites are generated via spontaneous, chemically-induced, or enzyme-
catalyzed hydrolysis of the A~glycosyl bond [32], losing genetic information. In mammalian
cells, it has been estimated that approximately 12,000 purines are lost spontaneously per
genome per cell generation (20 h) in the absence of any protective effects of chromatin
packaging. It was subsequently shown that depyrimidination occurs at a rate about 100 times
more slowly than depurination [32]. Damaging chemicals, e.g. free radicals and alkylating
agents, promote base release, mostly by generating base structures that destabilize the A-
glycosyl linkage due to positively-charged leaving groups [32].

2.3. DNA polymerases and their crystal structures

DNA replication is performed by DNA polymerases. Mutations in DNA polymerases can
directly lead to human diseases. Mutations in human Pol 7 result in one form of xeroderma
pigmentosum type V (XP-V), mutations of human Pol g are associated with adenocarcinoma
of the colon, and mutations of human Pol y result in progressive external ophthalmoplegia
[33].

DNA polymerases of several model organisms (including bacteriophage T7, Sulfolobus
solfataricus, E. coli, and yeast) and humans have been studied extensively. Bacteriophage T7
has only one A-family DNA polymerase, gene 5 protein (gp5), which has high fidelity in
DNA replication. The crenarcheon S, solfataricus has three B-family DNA polymerases
(Dpo1l, Dpo2, and Dpo3) and one Y-family DNA polymerase (Dpo4), used for translesion
DNA synthesis. £. coliand some other prokaryotes have five DNA polymerases. A-family
Pols | and Il assist in replication (or repair). C-family Pol Il is the major replicative
polymerase involved in rapid and accurate DNA replication [34, 35]. The other two
polymerases, Pol IV and Pol V, are Y-family members that bypass DNA damage and
facilitate adaptive mutation [36]. Humans possess at least 19 enzymes involved in catalysis
of DNA synthesis [37]: Pols a, 6, e, and ¢ are B-family members; mitochondrial Pol ) and
Pols vand @belong to the A family; Pols g, A, and i are X-family members; Pols 7, z, and
xand REV1 belong to the Y-family; other enzymes include Pols &1, 02, ¢, terminal
deoxynucleotidyl transferase, and telomerase (apparently the only human reverse
transcriptase). Yeasts have DNA polymerases similar but not identical to human.

X-ray crystal structures of a number of DNA polymerases are now available. All DNA
polymerases consist of thumb, palm, and finger domains, holding DNA in a ‘right-hand’
mode. Only standard “Watson-Crick” (W-C) base pairs can fit into the tight active sites of
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high-fidelity DNA polymerases, such as A-family T7 DNA polymerase [38] (Fig. 3) and the
DNA polymerases of Bacillus stearothermophilus and bacteriophage RB69 [38, 39]. It is
accepted that Y-family DNA polymerases perform translesion DNA synthesis, and the
structures of several Y-family DNA polymerases containing damaged DNA have been
described in detail. Generally, the error-prone Y-family DNA polymerases have more open
and flexible active sites and can accommodate bulky DNA damage [40, 41]. There are fewer
specific contacts between the active site and a purine/pyrimidine base pair. Besides the
above three domains, Y-family DNA polymerases also possess an additional “little finger”
(or “PAD”) domain [40]. Subtle variations in the little finger domains of different Y-family
members may be important for bypassing DNA damage. One typical Y-family polymerase is
S. solfataricus Dpo4 (Fig. 3), which is comprised of four domains: the palm domain
(containing the catalytic residues), the finger domain (playing a role in nucleotide
selectivity), the thumb domain (making important contacts with DNA substrate), and the
little finger domain (believed to play an important role in lesion bypass and polymerase
processivity). Some Y-family DNA polymerases also have additional regions, such as the
"N-digit" or "N-clasp" in Pol x[42]. The N-clasp is comprised of two a-helical elements
placed directly above the DNA substrate, allowing Pol «to encircle DNA. Based on
differences in structures, these polymerases bypass DNA damage in different ways.
Compared with replicative DNA polymerases, the ample active sites allow Y-family DNA
polymerases to accommodate bulky DNA damage, and the additional domains allow Y-
family DNA polymerases to hold damaged DNA in some specific ways. These differences in
structures result in diversity in translesion DNA synthesis.

2.4. DNA damage leads to mutation in DNA replication

It is important to determine if and how DNA damage affects replication and leads to
mutation when a polymerase encounters damage. Most DNA polymerases catalyze each
single dNTP incorporation cycle according to a general mechanism [43] (Fig. 4). A DNA
polymerase binds DNA to form a binary complex that selectively binds the correct ANTP
based on Watson-Crick (W-C) (or other) base pairing to form a polymerase-DNA-dNTP
ternary complex, then inducing a conformational change to facilitate the formation of the
phosphodiester bond. After the chemical reaction (nucleotidyl transfer), pyrophosphate is
released and the binary complex is relaxed to initiate a new cycle. The crystal structures of
some ternary complexes have revealed nucleotide-induced conformational changes [38].
Efficient polymerization is dependent on the selection of the correct ANTP and a
conformational change so that polymerase appropriately aligns the 3’-hydroxyl group at the
end of the primer strand and the a-phosphate group of the incoming dNTP for
phosphodiester bond formation [43]. Therefore, dNTP binding, conformational change, and
the nucleotidy! transfer step are considered as three checkpoints to control the fidelity of a
DNA polymerase. Single-molecule fluorescence resonance energy transfer (FRET) studies
have shown that the closed conformation is observed only upon correct dNTP binding that
stabilizes the polymerase-DNA-dNTP ternary complex, whereas incorrect dNTPs destabilize
the complex [44].

For normal DNA replication, only the correct dNTP is selected to make standard W-C base
pairing, and it is rapidly incorporated while the wrong dNTPs are repelled outside the active
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site or incorporated very inefficiently. These check points maintain high fidelity in DNA
replication, especially for A-family DNA polymerases, due to the tight contact between the
active site and DNA. However, DNA adducts alter base structures [15] that may lead to
deviation from the standard W-C base pairing and changes in binding affinity,
conformational change, and/or nucleotidyl transfer. These changes may result in the
attenuation of dNTP incorporation efficiency, blocking DNA replication during DNA
incorporation. All of these changes may produce miscoding in replication, leading to
disease. It is necessary to analyze the mechanisms of how DNA adducts lead to mutations.

3. DNA damage produces mutations in three major ways

It has been well-established that Y-family DNA pols are mainly responsible for TLS, and
their crystal structures have therefore been discussed in greater detail in this review. Some
recent reviews have described various types of DNA damage, individual DNA polymerases,
and important information about how these polymerases bypass DNA damage [45-47].
Herein, based on our own work and recent progress in this area, we consider these results
and propose that DNA damage leads to mutation during DNA replication through three
major pathways: decreasing incorporation fidelity, blocking DNA replication, and producing
frameshifts.

3.1. Mutation due to reduced replication fidelity

Replication fidelity is dependent on the efficiency of correct dNTP incorporation relative to
incorrect incorporation. For normal DNA replication by most DNA polymerases, correct
incorporation is much faster than incorrect. However, due to changes in DNA structure
caused by adducts, the efficiency for correct incorporation may decrease and/or the incorrect
incorporation efficiency may increase, leading to a reduction in replication fidelity.

3.1.1. Attenuation of correct incorporation efficiency—Many DNA adducts reduce
only correct incorporation efficiency but do not affect incorrect incorporation. Two typical
examples are some A2-alkylG and (P-alkylG adducts.

Our group has studied the bypass of a series of A2-alkylG adducts by S. sof/fataricus Y-
family DNA polymerase Dpo4 [48]. Dpo4 preferentially incorporates dCTP opposite all of
these adducts, but incorporation efficiencies (kqat/ Kin) Were decreased 3- to 125-fold
compared to unmodified G. The misincorporation efficiencies remained almost unchanged.
Thus, the incorporation fidelities were increased 100-fold compared with unmodified G. In
pre-steady-state kinetic analysis, the maximal rates of incorporation of dCTP opposite A2-
alkylG adducts (Ayo) were decreased 4- to 32-fold compared with unmodified G, but all the
nucleoside triphosphate binding affinities (Kgy,qcp) Were similar (varying from 8 to 29 uM).
The conformational changes during dCTP incorporation have been further studied [43].
Compared with the smaller A2-MeG, bulkier alkyl groups at the A2 position of G strongly
perturbed the fast conformation change, as evidenced by the disappearance of the fast
fluorescence signal phase [43]. X-ray crystal structures of the complexes of Dpo4 and DNA
containing A2-methylnaphthyl (Naph) G showed that the incoming dCTP was severely
buckled and located outside the active site if the A2-NaphG residue is in the trans- form,
indicating a non-productive complex; dCTP can also pair with the cis- form of the A2-
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NaphG residue via a Hoogsteen mode to continue DNA polymerization [48]. Only partial
complexes were active, providing structural reasons for the decrease in incorporation
efficiency.

Alkylating agents can produce A2, A2-dialkyl guanines, at least in model systems [49]. The
efficiency (ka! Kin) of dCTP incorporation opposite A2, A2-Me,G was drastically decreased,
16,000-fold compared with G. The misincorporation frequencies were almost unchanged.
Therefore, the misincorporation ratios were increased (to 0.36 to 2.3), causing random
misincorporation opposite A2, A2-Me,G and completely eliminating the incorporation
fidelity.

In order to discover the reasons for the decrease in incorporation efficiency, single-atom
substituted purines were used as template bases to study single dNTP incorporation by Y-
family Dpo4 or A-family T7 DNA polymerase. The decrease in efficiency cannot be simply
attributed to steric influences of these substitutions that had often been considered as the sole
reason, but should be attributed to both steric and electrostatic factors of these substituted
groups, providing a new perspective in translesion DNA synthesis [50].

We also studied mutagenic (P-MeG and its bulkier analog (P-BzG using Dpo4. Compared
with unmodified G, incorporation of dCTP opposite (°-MeG was inhibited by three orders
of magnitude but the misincorporation efficiencies remained almost unchanged, decreasing
the incorporation fidelity by three orders of magnitude compared with unmodified G.
Finally, ~70% dCTP, 20% dTTP, and 10% dATP were incorporated opposite (P-MeG. Pre-
steady-state catalytic efficiency (Apol/ Ky.dctp) Was decreased about 14-fold for the insertion
of dCTP opposite (P-MeG compared with G, due to a 6-fold decrease in rate (Kpor) and a 2-
fold increase in dissociation constant (Ky gcTp) [51].

Bypass of the bulkier lesion (¥-BzG was similar to (P-MeG except for a greater decrease in
incorporation efficiency. The correct incorporation efficiency (Acat/ Km) Was strongly
inhibited (5000-fold by 0B-BzG compared with G) while the misincorporation efficiencies
were reduced only 10-fold, decreasing the incorporation fidelity about three orders of
magnitude compared with unmodified G. Pre-steady-state kinetic analysis showed that the
value of kyo) was decreased 6-fold and Ky gnp Was increased 11-fold for the incorporation
of dCTP opposite OB-BzG, relative to undamaged G [52]. In the crystal structures, both Cf-
MeG:Cand 0P-BzG:C structures showed a wobble base pair with two hydrogen bonds
between (P-alkylG lesions and dCTP, shifting the base-pairing orientation from the standard
W-C mode to the Wobble mode and thus decreasing the correct incorporation efficiency [51,
52].

3.1.2. Increased misincorporation efficiency—Some DNA adducts only partially
affect the correct incorporation efficiency but drastically increase the incorrect incorporation
efficiency, thus reducing incorporation fidelity. One typical example is 8-0x0G.

8-0x0G is a major lesion produced from oxidation stress in both lower organisms and
eukaryotes. The mechanism of human DNA polymerase x (hPol«) bypassing 8-0xoG has
been studied [53]. Based on steady-state kinetic analysis, the efficiency (Aza/ Kiy) for
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incorporation of dCTP opposite 8-oxoG was decreased 80-fold compared with unmodified
G. The efficiency for misincorporation of dATP opposite 8-0xoG, however, was increased
100-fold compared with unmodified G. Therefore, the incorporation fidelity opposite 8-
0x0G was decreased 8,000-fold compared with unmodified G. hPol x prefers to insert dATP
rather than dCTP opposite 8-0x0G, leading to a conversion from G:C pairing to T:A pairing,
i.e. transversion [53].

Pre-steady-state kinetic analysis yielded results similar to the steady-state results. The pre-
steady-state catalytic efficiency (Apol/ Kg,dcTp) for the insertion of dCTP opposite 8-0x0G
was decreased 65-fold compared with G, due to a 25-fold decrease in the maximal rate (A1)
and a 2.5-foldincrease in the apparent nucleotide dissociation constant (Kg gcTp)-
Unexpectedly, incorporation of dATP opposite 8-oxodG showed a fast burst, different from
the lack of burst for the incorporation of dATP opposite G. The catalytic efficiency

(ksoll Kg, dcTp) for insertion of dATP opposite 8-0x0G was increased up to 6.3 x 105M~1s7,
20-fold higher than that for incorporation of dCTP opposite 8-oxoG [53]. Crystal structures
of a complex of hPol xand DNA containing 8-o0xoG showed that the N-terminal extension
of hPol x stabilized its little finger domain that surrounds the Hoogsteen base pair of 8-0xoG
and incoming dATP, explaining the increase in efficiency for the incorporation of dATP
opposite 8-0xoG[53].

Bypass of the 8-0x0G lesion by S. solfataricus Dpo4 has also been studied. Steady-state
kinetic analysis showed that the insertion of dCTP opposite G or 8-0xoG has similar
catalytic efficiency, and the efficiency for incorporation of dATP opposite 8-0xoG was
increased 250-fold compared with G, thus decreasing fidelity 200-fold opposite 8-0x0G
relative to unmodified G [54]. Crystal structures of the ternary complex of Dpo4, 8-0x0G,
and dCTP show that the Arg-332 residue in the little finger domain of Dpo4 can form a
hydrogen bond with the oxygen atom at the C8 position of 8-oxoG and stabilizes the
Watson-Crick base pair of incoming dCTP and 8-0xoG (Fig. 5). Notably, no stabilization
was observed for W-C pairing of 8-0xoG and dCTP at the active site of hPol x, Hoogsteen
pairing of 8-0x0G:dATP is favorable relative to 8-0xoG:dCTP pair in hPolx, leading to
structurally different bypass of 8-oxoG by Dpo4 and hPol x [55].

The catalytic core of yeast DNA polymerase n (residues 1-513) showed similar efficiency
for incorporation of dCTP opposite G or 8-0x0G, but 23-fold higher efficiency in
incorporation of dATP opposite 8-0xoG than that opposite G (Biochimie 2016 xue). Such a
high priority in incorporation of dATP opposite 8-0xoG results in 57% correct dCTP
incorporation and 43% misincorporation of dATP opposite 8-0xoG in full length extension
as determined by LC-MS/MS.

3.2. Mutation due to replication blockage

In addition to reducing the fidelity of DNA incorporation, DNA damage can also block DNA
replication. A blocking lesion may possibly lead to cell death. However, various translesion
DNA polymerases are present in cells. If a translesion polymerase replaces the normal
polymerase and misincorporates opposite the lesion, mutations are produced. Chemically,
the essential point for blocking DNA replication is that the incoming dNTP cannot readily
form the phosphodiester bond with the 3"-OH at the primer end due to misalignment of
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dNTP at the active site. There are at least three reasons for these misalignments: (i) the
incoming dNTP is accommodated at the active site but paired with the template base via
non-standard W-C pairing modes, thus misaligning dNTP configuration, e.g. in the case of
NE.3-£G [21]; (ii) the incoming dNTP is repulsed outside of the active site and is far away
from 3’-OH at the primer end, as in the case of A2, A-diMeG [49]; (iii) the DNA adduct is
too bulky to be accommodated and/or disordered in the active site, misaligning dNTP and
3’-0H, e.g. PAH-DNA adducts [56], CPD [57], DNA-protein cross-link adducts [58], and
AAF [27]. All of these misalignments lead to the blockage of DNA replication.

3.2.1. Non-standard W-C paring modes—The exocyclic adduct A2,3-£G is produced
by lipid peroxidation or from epoxide oxidation products of vinyl monomers [21]. Human
DNA Pol z and REV1 are blocked by A2,3-£G, yielding only 1-base incorporation opposite
the adduct. dCTP incorporation is preferred over dTTP. In the crystal structure, Pol z can
accommodate an A2,3-2G:dCTP base pair rather well at the active site without significant
conformational changes of protein or DNA, but the phosphate group of the incoming dCTP
and 3’-OH at the primer end are misaligned. Two hydrogen bonds were observed in the
AE.3-eG:dCTP base pair, whereas only one appears present in the A2,3-eG:dTTP pair. The
crystal structures explain the slightly favored dCTP insertion compared with dTTP for hPol
1 in steady-state kinetic analysis [21].

3.2.2. Repulsion of dNTP outside the active site—Excess alkylating agents can form
N2, N2-dialkylG, at least in model systems, and even A2, AR-Me,G strongly blocks DNA
replication by various DNA polymerases, including T7 DNA polymerase, HIV reverse
transcriptase, Pol «, Pol z, Pol 7, and Dpo4 [59-62]. For Dpo4, dCTP incorporation
efficiency was decreased 160,000-fold compared with unmodified G, blocking DNA
replication [49]. Pre-steady-state Kinetic analysis showed almost no burst for the
incorporation of dCTP opposite A2, A2-Me,G, indicating that only little (< 5%) of the
polymerase-DNA-dCTP ternary complex is active. No obvious fast conformational change
was observed, indicating that A2, A2-Me,G strongly perturbs the conformational change
[43]. All of these kinetic analyses indicate strong blockage of DNA replication upon
encountering this DNA damage. Analysis of the crystal structure showed that the 3’-
terminal dideoxycytidine of the primer that should pair with the template A2, A2-Me,G is
repulsed outside of the active site and folded back into the minor groove, as a catalytically
incompetent complex, explaining the blockage of dNTP incorporation [49].

3.2.3. Bulkier adducts and disorder of the active site—PAHs are toxic
environmental mutagens [63]. The reactive diastereoisomeric7,8-diol-9,10-epoxides of
benzo[4]pyrene form A2-B[4]P guanine and AP-B[4]P adenine adducts, which strongly block
dNTP incorporation. Among the four dNTPs, dATP is preferentially incorporated by T7
DNA polymerase, but the catalytic efficiency is decreased by at least four orders of
magnitude. The lack of a burst for INTP incorporation opposite all of these DNA adducts
indicates that the rate-limiting step is at or before phosphodiester bond formation [63]. Dpo4
yielded the same results as T7 DNA polymerase in bypassing AB-B[4]P A, in that
incorporation was blocked and dATP was preferably inserted by Dpo4 [56]. A crystal
structure of the adduct residues in the Dpo4 active site showed an intercalation mode, in
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which reaction of the incoming dNTP with the 3'-OH at the primer end is inhibited because
the distance us too long for an efficient chemical reaction (Fig. 6) [64].

Nitropolycyclic aromatic hydrocarbons (NPAHS) lead to the formation of hydrophobic
NPAH bulky lesions, blocking DNA replication by Dpo4, because the conformations of the
lesions inhibit DNA translocation through the polymerase active site [28]. Mouse Pol «
could bypass A2-B[4]P G efficiently and accurately, but a mutant with reduced gap size (Pol
x gap mutant, PGM) was strongly blocked by this lesion, suggesting that the presence of this
gap is essential for the DNA adduct bypass. From the crystal structure, the gap physically
accommodates the bulky aromatic adduct and keeps the active site ordered, explaining
crucial functions of the gap in Pol xin maintenance of the active site for translesion DNA
synthesis [65].

UV and ionizing radiation lead to the formation of CPDs by covalently cross-linking two
adjacent pyrimidines. hPol x can insert dATP opposite the 5'-T of a cis-syn T-T dimer but
cannot insert nucleotides opposite the 3’-T of the dimer, leading to the blockage of DNA
replication[57]. In a crystal structure, the active site of Pol xwas not spacious enough for
two unpaired nucleotides but could only accommaodate the incoming dATP that W-C pairs
with the 5”-T of the T-T dimer, leaving the 3’-T misaligned in the active site. Met-135, in
the active-site cleft, makes extensive van der Waals contacts with the 5°-T of the T-T dimer
but appears to impede the binding of dNTP to the 3’-T of the dimer [57].

DNA-protein and DNA-DNA cross-links adducts are formed after exposure to a,-
unsaturated aldehydes or acrolein. Generally, these adducts block replicative polymerases,
e.g. A-family DNA polymerases. Some TLS DNA polymerases, such as £. coliPol 1V and
Pol V, are also incapable of bypassing these cross-links. Crystal structures of these
complexes have not been reported yet, but the generally held opinion is that these adducts
are too bulky to be accommodated by the active sites of DNA polymerases. However, hPol x
can efficiently bypass DNA-peptide cross-links if the peptide is N-substituted and linked to
the N2 position of G [58], which can be considered an AZ-alkylG adduct. The crystal
structure of the complex containing A2-alkylG shows that hPol x completely encircles the
DNA duplex using its unique N-terminal extension. This kind of structure may be flexible
enough in the hinge domain to allow hPol x to pass by these kinds of cross-linked bulky
lesions [42].

AAF-dG almost completely stalls DNA synthesis. Single-molecule fluorescence resonance
energy transfer (SmFRET) and protein-induced fluorescence enhancement (smPIFE)
experiments show that £. col/i DNA polymerase | (Klenow fragment) binds to this adduct in
an “orientation”, that is very unstable and then rapidly transfers DNA from the active site to
a more stable exonuclease site, blocking DNA replication [44].

3.3. Frameshift mutations

DNA damage not only reduces polymerization fidelity (i.e. increased misincorporation ratio)
and blocks DNA replication but can also lead to frameshifts during DNA replication. A
frameshift is a serious mutation that adds or subtracts nucleotides in the newly synthesized
DNA strand, disturbing the DNA sequence, genetic information, RNA transcription, and
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protein expression. A —1 frameshift means one nucleotide is missing after DNA replication.
Four different mechanisms have been proposed to explain how -1 deletion frameshifts are
produced (Fig. 12).

3.3.1. dNTP-stabilized misalignment—dNTP-stabilized misalignment, or a "Type Il
complex™ mechanism (Fig. 7A), has been proposed to explain the formation of -1
frameshifts in some cases [40]. Dpo4 can produce -1 frameshifts, and we have found
stacking interactions between bases at the template incorporation position; the nature of the
incoming dNTP is crucial for the formation of —1 frameshifts. Few frameshifts (<2%) are
produced with thymine or cytosine at the incorporation position, 9-12% with adenine or
guanine, and 25-50% with larger planar cyclic DNA adducts [66], e.g. 1,A2-£G [67], which
has the strongest stacking interaction with the incoming dNTP. In crystal structures, purines
and larger planar cyclic DNA adducts at the incorporation position can stack with the
incoming dNTP that has paired with the next template base, forming a Type Il complex. As
judged by kinetic analysis, the conformational change of Dpo4 upon forming the Type Il
complex is very fast, followed by a slow step for the formation of phosphodiester bond [66].
Therefore, in this mechanism, the nucleotidyl transfer step is rate-limiting for frameshift
formation.

3.3.2. Template-slippage—The template-slippage mechanism (Fig. 7B) was proposed
for the replication of repetitive DNA sequences. The primer misaligns on a repetitive
template DNA strand, forming an unpaired template base in the newly synthesized DNA that
is one base shorter than the original template [68]. One typical example is Y-family DNA
polymerase Dbh, which generates —1 deletion frameshifts in repetitive sequences with error
frequencies up to 50% [68]. In the crystal structure of Dbh [68], a cleft between the
polymerase domain and the C-terminal domain provides ample space to accommodate
extrahelical template bases. Two residues, Tyr-249 and Arg-333 in the C-terminal domain,
stabilize the extrahelical base at the —3 position of template, and residues in the flexible loop
of Dbh interact with the bulged base at the —2 position of template. Therefore, Dbh does not
appear to strictly regulate the entry of template bases into the active site, allowing template
misalignment to occur more readily.

3.3.3. Misincorporation-misalignment

In the misincorporation-misalignment mechanism (Fig. 7C), a dNTP is firstly
misincorporated and then the template misaligns so that the next template base can pair with
this dNTP correctly [69]. One example is £. coli Klenow fragment (DNA polymerase 1) in
the catalysis of DNA replication on M13 double-stranded DNA containing a 361-nucleotide
single-stranded DNA gap, using an imbalanced dNTP pool [70, 71]. Frameshifts (-1) are
preferentially formed when the template sequence has a 5"-neighbor nucleotide that is
complementary to the dNTP provided in excess. When a dNTP complementary to the 5
next nucleotide in the template is first misincorporated opposite a template nucleotide, this
misincorporated nucleotide then misaligns and correctly pairs with the next complementary
template nucleotide, forming a correct terminal base pair and -1 frameshift. If the mispaired
nucleotide at the end of primer is complementary to the 5’- next template nucleotide, the in
vivo frequency of —1 frameshift deletion was 58-fold higher than if the nucleotide at the
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primer end was non-complementary to the 5’-template nucleotide, reflecting the
misincorporation-misalignment mechanism[70, 71].

3.3.4. Loop-out

Another mechanism to generate a —1 frameshift is a loop-out mechanism (Fig. 7D) [72].
One typical example is the bypass of an abasic site by S. so/fataricus Dpo4. The abasic site
in the template cannot base stack with an incoming dNTP and then loops out from the
duplex; the incoming dNTP pairs with the next template base [73]. In crystal structures, the
abasic lesion that loops out can be accommodated in the cavity between the fingers and little
finger domains [73]. The catalytic core of yeast DNA polymerase 1 (residues 1-513) also
showed -1 frameshift during bypass of abasic site (Yang MR-2015).

The four frameshift mechanisms were proposed for normal and damaged DNA.
Additionally, frameshifts can also be produced by other approaches. For example, planar
molecules (e.g. acridine or proflavin) insert into favorable DNA sequences and produce
frameshifts [74]. These chemicals are physically intercalated between base pairs in duplex
DNA but not covalently bound to DNA. This kind of frameshift is out of the scope of the
article and not discussed in this review.

4. Bypassing DNA damage by the DNA replisome

We have discussed how DNA damage leads to mutation during DNA replication performed
by a DNA polymerase. Actual DNA replication includes both leading- and lagging-strand
DNA synthesis in a coordinated mode. This process is not performed by a single DNA
polymerase but by the complex DNA replisome, a protein complex containing DNA
polymerase(s), helicase, primase, single-stranded DNA binding protein, and other accessory
proteins. Of course, DNA damage will affect the DNA replisome during both leading- and
lagging-strand DNA synthesis, increasing the frequency of gene mutation and genomic
instability.

4.1. DNA replisomes

DNA replisomes are protein assemblies that function as molecular motors to mediate
assembly of proteins at the replication fork, unwinding of DNA, template-directed
polymerization of nucleotides, and synthesis of RNA primers. A major role of the replisome
is to coordinate DNA polymerization mediated by its protein constituents, so that leading-
and lagging-strand DNA synthesis proceed at the same rates. The replisome is a dynamic
structure, involving the release and recruitment of proteins as the replisome proceeds [75].
The complexity of the DNA replisome results from protein interactions and various
functions of accessory proteins within the complex.

DNA replication machinery constantly encounters DNA lesions under normal growth
conditions. Cox et al. [76] have estimated that 10-50% of all replication forks may be
subject to collapse in one generation of a single cell. TLS DNA synthesis by single DNA
polymerases may not reflect the actual situation /n vivo. Therefore, studies of TLS DNA
synthesis using DNA replisomes are needed.
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The DNA replisomes of £. coliand bacteriophages T7 and T4 have been constructed /in
vitro. A mammalian DNA replisome is considered too complicated to be constructed at this
time, and only simple replication complexes have been reported /n vitro. DNA replisomes
have shown different patterns of DNA synthesis and damage bypass from systems using a
single DNA polymerase. The differences mainly result from two major reasons: protein-
protein interactions and accessory proteins in DNA replisome that facilitate DNA
polymerase bypass of damage, as described below.

4.2. Protein interactions in the T7 DNA replisome facilitate nick bypass by DNA polymerase

The T7 DNA replisome consists of gene 5 DNA polymerase (gp5), the E. coli processivity
factor thioredoxin (trx), gene 4 helicase-primase (gp4), and gene 2.5 single-stranded DNA
binding protein (gp2.5) [77] (Fig. 8). Gp5 and trx form a high-affinity complex (gp5/trx) to
increase the processivity of nucleotide polymerization [78]. The helicase at the C-terminal
domain of gp4 assembles as a hexamer and unwinds double-stranded DNA to yield two
single-stranded DNA templates for leading- and lagging-strand DNA synthesis. Gp2.5 coats
single-stranded DNA to remove secondary structures and also physically interacts with gp5/
trx, interactions essential for coordination of leading- and lagging-strand DNA synthesis
[79].

Single phosphodiester bond interruptions (nicks) are the most frequent DNA roadblock that
a replisome encounters. Nicks can be introduced by endonucleases, recombination, or the
presence of two adjacent Okazaki fragments[80]. In addition, the repair of DNA damage
(e.g., the excision repair of thymine dimers) also produces nicks. Either T7 helicase or DNA
polymerase alone terminates its movement upon encountering a nick in duplex DNA.
However, the helicase-polymerase complex can bypass this nick [81]. In double-stranded
DNA unwinding, the helicase has contacts with both DNA strands [82]. However, a nick
does not provide these contacts and the helicase itself cannot unwind a nick. When the
helicase is associated with the DNA polymerase, strong protein interactions [77] allow the
helicase to bind to the template rather than to dissociate, encircling helicase onto the 5”-end
single-stranded DNA of a nick, thus bypassing the nick. Addition of single-stranded DNA
binding protein gp2.5 to the complex further facilitates nick bypass by ~ 2-fold [81].

Another important finding is that gp4 and gp5/trx cannot initiate strand-displacement DNA
synthesis from a nick in duplex DNA without gp2.5 [83]. gp2.5 binds to the displaced
single-stranded DNA, and the acidic C-terminal tail of gp2.5 also interacts with gp5. The
helicase replaces gp2.5 and catalyzes strand-displacement DNA synthesis with gp5/trx at
this nick. Due to the presence of gp2.5, the gp5/trx-gp4 complex can efficiently initiate
strand-displacement DNA synthesis from a nick. Therefore, protein interactions within the
T7 DNA replisome may alter the ability of the DNA polymerase to bypass DNA damage and
may produce completely different results from those obtained from isolated T7 DNA
polymerase (or the trx complex).

4.3. Accessory proteins in the DNA replisome facilitate polymerase bypass of DNA damage

The T7 DNA replisome contains only four proteins but the replisomes of E. coli and
bacteriophage T4 contains thirteen and eight proteins, respectively, most of which are
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accessory proteins. These accessory proteins have roles in protein interaction in the
bacteriophage T7 system. In mammals, including humans, the DNA replisome is far more
complex. These accessory proteins in the replisome assist DNA polymerase(s) in bypass of
DNA damage in some specific pathways.

4.3.1. Bypass of DNA damage by the E. coli replisome—The replisome of £. coli
comprises DnaB helicase, DnaG primase, single-stranded DNA binding protein, DNA
polymerase 111 holoenzyme, and multiple accessory proteins (Fig. 9). The Pol 1l
holoenzyme consists of a three-subunit catalytic core (a-polymerase, e-exonuclease, and 6),
a homodimeric g processivity clamp, and a 66’y y y ¢-clamp-loader complex [12]. The g8
clamp consists of ring-shaped dimeric proteins that encircle DNA and bind to the Pol 1l
core, thereby giving the DNA polymerase high processivity. The clamp loader complex
opens and loads the B clamp onto a primed site. Each z subunit binds to the DnaB helicase
and one Pol 111 core polymerase, coupling the helicase and the polymerase [12].

The fate of the £. coli DNA replisome was examined after leading-strand DNA synthesis
was blocked by the addition of ddTTP, which selectively blocks leading-strand DNA
synthesis [84]. The blocked leading-strand DNA polymerase remained stably bound to the
helicase at the replication fork. The helicase continued to unwind DNA for ~ 1 kb ahead of
the blocked leading-strand DNA polymerase. The lagging-strand DNA polymerase was still
connected to the stalled leading-strand polymerase and remained active in converting the
lagging single-stranded DNA to duplex DNA [84].

When the lagging-strand DNA polymerase was blocked by a DNA lesion on the lagging
strand, the lesion did not affect the activities of helicase or leading-strand polymerase [85].
The leading- and lagging-stand DNA polymerases remained physically coupled but
functionally uncoupled. The leading-strand polymerase continued unabatedly, allowing the
replication fork to continue. This action caused a large loop of single-stranded DNA to
accumulate on the lagging-strand template. This loop grew until the supply of single-
stranded DNA binding protein was depleted. At that point, the naked single-stranded DNA
triggered the release of the stalled lagging-strand polymerase from the blocked site and
resumed the synthesis of a new Okazaki fragment on a newly primed site[85].

When the £. coli DNA replisome encounters a CPD DNA lesion at leading-strand template,
fork progression is only transiently blocked [86]. Leading-strand DNA synthesis is then
reinitiated downstream of the damage, which is dependent on the assistance of primase
DnaG in the DNA replisome but not on any other known replication-restart proteins. The
results show that the £. co/i DNA replisome can tolerate leading-strand template lesions and
synthesize the leading-strand template discontinuously [86]. However, the single E. coli
DNA polymerase alone cannot bypass this DNA damage. Another approach to tolerate CPD
involves polymerases transiently dissociating upon encountering this lesion and allowing
repair enzymes or translesion polymerases to repair or bypass this lesion. The helicase-
primase complex remains bound to the template DNA and serves to maintain the integrity of
the replication fork, directing the reassembled replisome to the correct location [87].
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4.3.2. Bypass of DNA damage by the bacteriophage T4 replisome—The T4 DNA
replisome contains helicase, DNA polymerase, single-stranded DNA binding protein, a
trimetric clamp processivity factor, a pentameric clamp-loader complex, and six monomers
of the primase [12] (Fig. 10). The T4 DNA polymerase has both polymerase and
exonuclease activities. The clamp-loading complex consists of four molecules of the gene 44
protein and one molecule of the gene 62 protein [12].

Bypass of a noncoding abasic site lesion by the T4 DNA replisome has been investigated in
both leading- or lagging-strand templates[88]. The lesion in the lagging-strand template
blocked the lagging-strand DNA polymerase but did not block the helicase, primase, or
leading-strand polymerase. When the primase synthesized another RNA primer and the
clamp was loaded, the stalled lagging-strand polymerase recycled from the DNA lesion and
initiated the synthesis of a new Okazaki fragment. Therefore, this lesion does not affect the
progression of the replication fork, with only a single-stranded DNA gap left behind [88]. In
contrast, when a blocking lesion was located in the leading-strand template, the leading-
strand polymerase was blocked but the bound helicase continued to travel, causing the
leading-strand template to loop out. The leading-strand DNA template was then rapidly
coated with single-stranded DNA binding protein. The replication fork traveled
approximately 1 kb beyond the DNA lesion before the replication fork completely collapsed.
The primase and lagging-strand polymerase remained active during this period, where
Okazaki fragments were synthesized beyond the leading-strand lesion [88].

The mechanism of restarting the replication fork blocked by damaged DNA has also been
investigated using single-molecule magnetic tweezers [89]. The T4 DNA holoenzyme, in
cooperation with UvsW helicase, can overcome the presence of a leading-strand lesion by
periodical formation and migration of a four-way Holliday junction. The initiation of the
repair process required partial disassembly of the replisome through the departure of the
replicative helicase [89]. With the assistance of other accessory proteins, T4 DNA
holoenzyme could bypass this leading-strand lesion.

5. Conclusions and perspectives

DNA damage is produced from various environmental mutagens through different chemical
pathways. DNA damage leads to mutations through three major ways: reducing
incorporation fidelity, blocking DNA replication, and forming frameshifts. Notably, /n vivo
DNA replication is performed by DNA replisomes and not single DNA polymerases, and the
actions of the £. coli, T4, and T7 DNA replisomes and a partial human DNA replication
complex have been investigated with regard to DNA damage. Due to protein-protein
interactions or the functions of some other accessory proteins, DNA replisomes can tolerate
some DNA damage, producing results different from those observed using single DNA
polymerases. However, research in this area is still very limited. More details and functions
of protein interactions or accessory proteins in DNA replication and TLS DNA synthesis
should be further investigated. The use of DNA replisomes and not only single DNA
polymerases will be very important in advancing our understanding of TLS DNA synthesis
in vivo. Additionally, in this review, we mainly focused on the roles of DNA damage in gene
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mutation for some model bacteria and phages but not in chromosomal mutation of
mammalian cells.

Following are some perspectives on future research directions in this area:

(1) Recent studies have discovered that protein interactions and
components in DNA replisomes play important roles in DNA
damage bypass. Variant proteins that lack protein interactions
should be used to further study the functions of protein
interactions in DNA damage bypass. Each component in an
DNA replisome should be further studied to clarify its function
in DNA damage bypass.

(2) DNA replication is very fast, and dNTP incorporation rates
can be as high as 300 nucleotides/s. Bypass of DNA damage by
the T4 DNA replisome is also too fast to be detected by many
normal biochemical methods..Fast kinetic analysis methods
(e.g., rapid-quench or stopped-flow instruments) should be used
here to study how DNA polymerases and DNA replisomes
handle DNA damage. These methods give more information on
a millisecond time scale.

(3) General overall reactions give average results, e.g. an
average rate of 1012-1015molecules. However, DNA replication
is very complicated and the overall reaction cannot give
information on bypass of DNA damage by a single replisome.
Single molecule techniques (based on force or fluorescence)
should be used to investigate single molecule mechanisms of a
DNA replisome bypass of DNA damage, giving real
information for a single DNA replication event.

(4) Until now, only the £. coli, T4, and T7 DNA replisomes
have been reconstructed /in vitro, providing opportunities to
study bypass of DNA damage by DNA replisomes. a major aim
is to determine how DNA damage affects DNA replication in a
human system. However, construction of a mammalian DNA
replisome /n vitrois far more complicated. One possible way is
to use extracts of human cells that contain the proteins involved
in DNA replication, to study how DNA damage affects human
DNA replication. Another way is to use the DNA replisomes of
certain other organisms, e.g. S. solfataricus, whose replisome is
expected to be similar to a eukaryotic system and is easier to
construct /n vitro. Such a DNA replisome could provide more
important information for human systems, compared with the £.
coli, T4, and T7 systems.

(5) In addition to the DNA polymerases and replisomes, other
proteins, e.g. E. coli replicative helicases DnaB, DNA repair
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helicase UvrA,B protein complex, and replicative DNA
helicases of the simian virus 40 are also involved in DNA
damage bypass. More proteins should be explored. The
mutations induced by DNA damage due to the action of other
proteins (that do not belong to the replisome) should be further
considered. .
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Formation of DNA-DNA or DNA-protein crosslinks involving an oxidation product of 1,3-

butadiene (BD). (Pr: protein)
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Fig. 3.
Crystal structures of T7 DNA polymerase and Dpo4 containing DNA. (a) T7 DNA

polymerase and (b) Dpo4 are shown in molecular surface representation with positive (blue)
and negative (red) electrostatic potential. The DNA molecules are drawn in sticks. The
minor groove adjacent to the replicating base pair is exposed to solvent for Dpo4 but
completely buried for T7 DNA polymerase. These figures are from Ling et al. Cell107
(2001), 91-102 [40].Copyright © 2001 Cell Press. All rights reserved.
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Fig. 4.

Tr?e mechanism of single dNTP incorporation. E, DNA polymerase; Dn, DNA substrate; E*,
conformationally changed DNA polymerase; Dy+1, DNA substrate extended by one base
(product); PPi, pyrophosphate [43]. The “chemical step” is also termed phosphodiester bond
formation or nucleotidyl transfer.
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Fig. 5.
Hydrogen bonding interaction between Arg-332 and the oxygen atom at the C8 position of

8-0x0dG was observed in an 8-o0xodG:dCTP pair but not in a 8-oxodG:dATP pair in the
Dpo4 active site. The protein is shown with schematic helices and strands. The DNA duplex
and selected Dpo4 residues are shown in a stick mode. Ca2* ions and water molecules are
shown as yellowand red spheres, respectively, and hydrogen bonds as dashed lines. These
figures are cited from Eoff et al., J. Biol. Chem. 282 (2007) 19831-19843 [55].
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Fig. 6.
Intercalation of AB-BPDE A adduct in the Dpo4 active site (BP-1), blocking dNTP

incorporation. (A) The AB-BPDE-dA:dTTP ternary complex and the surrounding base pairs
are shown as ball-and-stick models. (B) Looking down the DNA helical axis, two layers of
base pairs and the BPDE adduct are shown. The figures are cited from Ling et al. Proc. Natl.
Acad. Sci. U S A, 101 (2004) 2265-2269 [64].Copyright (2004) National Academy of
Sciences, U.S.A
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Fig. 8.
Model of the bacteriophage T7 replisome.
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The DNA replisome of £. coli. This figure is cited from Hamdan et al., Annu. Rev.

Biochem. 78 (2009) 205-243 [12]. Copyright © 2009, Annual Reviews.
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DNA damage category

Structures and names

Agents

Ref.

N-alkylG

A2, A2-dialkylG

NB-alkylA

F-alkylG

Oxidized lesion

Etheno (¢) DNA adducts

o

Alkylation agents:
Formaldehyde,
Ethanol,

Polycyclic aromatic hydrocarbons, et al.

Alkylation agents:
Formaldehyde

Polycyclic aromatic hydrocarbons:
benzo[a]pyrene (B[a]P),
etal.

Alkylation agents

Oxidation agents,
ionizing radiation,
UV irradiation, et al.

Bioactivated Vinyl monomers:
mutagens vinyl chloride,
vinyl carbamate,

etal.
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[18,19]
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DNA damage category Structuresand names ~ Agents Ref.
DNA-DNA or DNA-protein cross-links Bis- [22-24]

electrophilic agents:
1,3-butadiene,
etal.
Arylation adducts Arylamines [27,28]
and
o ¥y N-acetyl arylamines,
i wow ™ wa  1-Nitropyrene,
- etal.
HA W :n g AAF-OG
HN W N "
-
APG
DNA-DNA coordinated - i Heavy metal ions: [29]
cross-links Floal Cr (111) ion
“6 “-.- - e
[ :—u $ L ,.D._.‘_
=5 “o—P=0 )
Cyclobutane pyrimidine dimer (CPD) photoproduct o o UV radiation, [30,31]
etal.
Py o
T-T diener
Apurinic/ Spontaneous, chemically- [32]
apyrimidinic (AP) sites ;- ?u R induced, enzyme-
! K j catalyzed hydrolysis of the A-glycosyl bond
n=j—\ "
J
i

Rpuries spyrimism: (M) aites
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