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Preface

Environment carcinogens have been received more and more attention for human 
health. These carcinogens can be absorbed by cells, metabolized, and produces 
DNA damage, which directly affect the efficiency and fidelity of DNA replication. 
It has been realized that many diseases, including various cancers, are directly 
induced by environmental carcinogens. To understand how the carcinogens lead 
to diseases, firstly, we need to understand how these carcinogens lead to problems 
in DNA replication, because it is the first crucial factor for the integrity of genetic 
information and formation of mutation in life cycle. In this brief, we will discuss 
the DNA damage, which is formed due to the environmental carcinogens, disturbs 
DNA replication system through increasing the misincorporation ratio, blocking 
DNA replication and formation of frameshift, and destroying DNA replication by 
cross-linking. These researches are mainly based on DNA polymerases, and then, 
we will go to the level of DNA replisome, which is the complex of many proteins 
that perform DNA synthesis in a coordinated way. The DNA damage has obvi-
ously affected the leading- and lagging-strand DNA synthesis using the model 
replisome of E. coli, T4 and T7. Then, we further move to the level of cell. The 
environmental carcinogens have been identified to affect cell cycle, cell prolifera-
tion and apoptosis, and gene expression and tissue, through different and specific 
ways. In the last chapter, we will give the detailed protocols for studies of bypass 
of DNA damage by a DNA polymerase.

This brief is intended as a concise, handy overview of the main concepts that 
how environmental carcinogens and their corresponding DNA damage affect 
DNA replication and cell activities. Hopefully, this brief can provide some help-
ful insights for the research in biochemistry, molecular toxicology, microbiology, 
medicine, and cell biochemistry.

Huidong Zhang
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1

Abstract DNA carries genetic information that is transferred from one generation 
to the next. Various DNA polymerases perform accurate DNA replication. Only 
correct dNTP can be selected and incorporated opposite template base. DNA 
polymerization consists of several steps. DNA polymerases can be classified into 
different families, and their functional domains include thumb, palm, figure, and 
other assistant domains.

Keywords DNA polymerase · dNTP incorporation · Polymerization mechanism ·  
Polymerase structure

1.1  The Mechanism of DNA Replication

DNA encodes the genetic information used in the development and functioning of 
all known living organisms and many viruses. Most DNA molecules consist of two 
strands in a double helix. Each DNA strand is composed of guanine (G), adenine 
(A), thymine (T), and cytosine (C), as well as a deoxyribose and a phosphate group. 
Hydrogen bonds between base pairs of A:T and C:G make double-stranded DNA. 
DNA stores biological information by its sequence of these four nucleobases. Both 
strands of the double-stranded structure store the same biological information.

Within cells, DNA is organized into chromosomes. During cell division, 
these chromosomes are duplicated, providing each cell its own complete set of 
chromosomes. Eukaryotic organisms (animals, fungi, plants, and protists) store 
most of their DNA inside the cell nucleus and some of their DNA in organelles, 
such as mitochondria or chloroplasts. Prokaryotes (archaea and bacteria) store 
their DNA only in the cytoplasm. Within the chromosomes, chromatin proteins 
compact and organize DNA. These compact structures guide the protein–DNA 
interactions, regulating DNA replication.

One original DNA molecule can be replicated into two identical replicas. This 
biological process is the basis for biological inheritance. Each strand of the original 
DNA molecule serves as template for the production of the complementary strand, a 

Chapter 1
DNA Replication
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2 1 DNA Replication

process referred to as semiconservative replication. Each strand of DNA is replicated 
from 5′ to 3′; therefore, both strands of DNA are replicated in opposite directions.

DNA replication is performed by DNA polymerases. For most of the DNA rep-
lication, only the correct dNTP is selected to make standard W-C base pairing with 
template base and is rapidly incorporated at the 3′ end of the primer. The unpaired 
dNTPs are repulsed outside the active site or incorporated very inefficiently. Most 
DNA polymerases catalyze single dNTP incorporation according to a general 
mechanism (Fig. 1.1). DNA polymerase binds DNA to form a binary complex. 
This binary complex selectively binds correct dNTP based on Watson–Crick base 
pairing to form a polymerase–DNA–dNTP ternary complex, followed by induc-
ing 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. Some DNA polymerases, such as 
T7 DNA polymerase, have revealed a nucleotide-induced conformational change. 
Efficient polymerization is dependent on the selection of correct dNTP, conforma-
tional change, and phosphodiester bond formation. Therefore, these three steps are 
considered as three checkpoints to control the fidelity of a DNA polymerase. Single-
molecule FRET studies have shown that only the closed conformation is observed 
upon correct dNTP binding, which stabilizes the polymerase–DNA–dNTP ternary 
complex, whereas incorrect dNTPs destabilize the complex.

E + Dn

E-Dn

E-Dn -dNTP

E*-Dn - dNTPE*-Dn+1-PPi

E*-Dn+1

E-Dn+1

E + Dn+1

dNTP

PPi

Binding

dNTP
Binding

Conformational 
Change

Chemical step

Released

Relax

Dissociation

Fig. 1.1  The mechanism of single dNTP incorporation. E DNA polymerase, Dn DNA substrate, 
E* conformationally changed DNA polymerase, Dn+1 DNA substrate extended by one base 
(product), PPi pyrophosphate. The “chemical step” is also termed phosphodiester bond forma-
tion or nucleotidyl transfer
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1.2  Classification and Structure of DNA Polymerases

DNA replication is performed by various DNA polymerases. At least seven 
 families of DNA polymerases have been classified based on their sequence and 
structural similarities: A, B, C, D, X, Y, and reverse transcriptase. Each family has 
specific functions in DNA polymerization. Generally, Y-family polymerases carry 
out translesion DNA synthesis, and A-family DNA polymerases perform fast and 
accurate DNA replication.

DNA polymerases of humans, yeast, Sulfolobus solfataricus, Escherichia coli, 
and bacteriophage T7 have been extensively studied. Humans possess at least 19 
enzymes: pols α, δ, ε, and ζ belong to B-family; mitochondrial pol γ and pols ν 
and θ belong to A-family; pols β, λ, and μ belong to X-family; pols η, ι, and κ and 
REV1 belong to Y-family; and other enzymes are pols σ1, σ2, ϕ, terminal deox-
ynucleotidyl transferase, and telomerase. DNA polymerases of yeast are similar 
but not identical to those of human. E. coli and some other prokaryotes have five 
DNA polymerases. A-family pols I and II assist replication (or repair). C-family 
Pol III is the major replicative polymerase for fast and accurate DNA replication. 
Polymerases IV and V are Y-family members for bypass of DNA damage and 
facilitation of adaptive mutation. The S. solfataricus has three B-family DNA pol-
ymerases (Dpo1, Dpo2, and Dpo3) and one Y-family DNA polymerase (Dpo4) for 
translesion DNA synthesis. Bacteriophage T7 has only one A-family DNA poly-
merase, gene 5 protein (gp5), with high fidelity in DNA replication.

DNA polymerases consist of thumb, palm, and finger domains, holding DNA 
in a right-hand mode. A-family T7 DNA polymerase has a tight active site, into 
which only standard Watson–Crick base pairs can fit. Differently, Y-family DNA 
polymerases have more open and flexible active sites and can accommodate bulky 
DNA damage. Additionally, little finger (or PAD) domain is also present in Y-family 
DNA polymerases. Subtle variations in the little finger domain are important for 
bypass of DNA damage for different Y-family members. S. solfataricus Y-family 
DNA polymerase Dpo4 is comprised of 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). 
Pol κ also has an additional region, referred as N-clasp, which is comprised of two 
α-helical elements that are placed directly above the DNA substrate to encircle DNA.
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Abstract DNA damage leads to mutation, and bulky DNA damage blocks DNA 
replication. DNA damage also increases the misincorporation ratio by reducing the 
correct incorporation efficiency, by increasing the misincorporation efficiency, or 
by both. DNA damage can also produce frameshifts. DNA–DNA cross-linking can 
destroy DNA replication.

Keywords Misincorporation ratio · Incorporation efficiency · Blockage of DNA  
replication · Frameshift · Cross-linking

The molecular mechanisms of mutation caused by DNA damage are still poorly 
analyzed. Some recent reviews have described various DNA damage, individual 
DNA polymerase, and information about how these polymerases bypass DNA 
damage. Herein, based on our own work and recent progress in this area, we 
 analyze these data and proposed four major pathways by which DNA damage 
leads to mutation: blocking DNA replication, increasing misincorporation ratio, 
producing frameshifts, and destroying DNA replication by cross-linking.

2.1  DNA Damage Blocks DNA Replication

DNA damage blocks DNA replication. The blockage means that the incoming 
dNTP cannot form the phosphodiester bond with the 3′-OH at the primer end. At 
least three reasons can explain these possibilities. Firstly, the incoming dNTP is 
repulsed outside of the active site and is far away from 3′-OH at the primer end, 
such as in the case of N2,N2-diMeG. Secondly, the incoming dNTP is accommo-
dated at the active site but paired with the template base via nonstandard W-C 
pairing modes, such as in the case of N2,3-εG. Thirdly, the DNA adduct is too 
bulky to be accommodated and/or disordered in the active site, e.g., PAH-DNA 
adducts, CPD, DNA-protein cross-link adducts, and AAF. All of these configura-
tions lead to the blockage of DNA replication.

Chapter 2
Disturbances of the DNA Replication 
System

© The Author(s) 2015 
H. Zhang, DNA Replication - Damage from Environmental Carcinogens, 
SpringerBriefs in Biochemistry and Molecular Biology 17,  
DOI 10.1007/978-94-017-7212-9_2
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Repulsion of dNTP outside the active site: T7 DNA polymerase, HIV reverse 
transcriptase, pol κ, pol ι, pol η, and Dpo4 were strongly blocked by N2,N2-dialkylG. 
The efficiency of dCTP incorporation against N2,N2-dialkylG was decreased 
160,000-fold compared with unmodified G for Dpo4, blocking DNA replication. 
No obvious fast conformational change was observed, indicating that N2,N2-Me2G 
strongly perturbs the conformational change. Nearly no burst was observed for the 
incorporation of dCTP opposite N2,N2-Me2G, indicating less than 5 % active pol-
ymerase–DNA–dCTP ternary complex. DNA replication is strongly blocked upon 
encountering this lesion. The crystal structures showed that the 3′-terminal dideoxy-
cytosine of the primer that should pair with the template N2,N2-Me2G 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.

Nonstandard W-C paring mode: Lipid peroxidation or oxidation products of 
vinyl monomers can produce exocyclic adduct N2,3-εG, which blocks human 
DNA pol ι and REV1, yielding only 1-base incorporation opposite this lesion. 
Structurally, pol ι can accommodate an N2,3-εG:dCTP base pair rather well at the 
active site without significant conformational changes of protein or nucleic acid, 
but the phosphate group of the incoming dCTP and primer terminus 3′-OH is 
misaligned. Two hydrogen bonds were observed in the N2,3-εG:dCTP base pair, 
whereas only one appears in the N2,3-εG:dTTP pair.

Bulkier adducts disordering active site: The reactive 7,8-diol-9,10-epoxides 
of benzo[a]pyrene form N2-B[a]P guanine and N6-B[a]P adenine adducts, which 
strongly block dNTP incorporation. dATP is preferentially incorporated by T7 DNA 
polymerase, but the catalytic efficiency is decreased by at least four orders of mag-
nitude. No fast burst phases were observed for dNTP incorporation opposite all of 
these lesions, indicating that the rate-limiting step is at or before phosphodiester 
bond formation. Dpo4 gave the same results as T7 DNA polymerase in bypassing 
N6-B[a]P A. The incorporation is blocked and dATP was preferably inserted. Crystal 
structure of Dpo4 containing this lesion shows that polymerization of incoming 
dNTP with the 3′-OH at the primer end is inhibited because both of which are sepa-
rated beyond for a chemical reaction. Mouse pol κ can bypass N2-B[a]P G efficiently 
and accurately, but a mutant with the reduced gap size was strongly blocked by 
this lesion, suggesting that the presence of this gap is essential for the DNA adduct 
bypass. Structurally, the gap physically accommodates the bulky aromatic adduct 
and keeps the active site ordered, explaining crucial functions of the gap in pol κ in 
maintenance of the active site for translesion DNA synthesis.

Human pol κ can insert dATP opposite the 5′-T of a cis-syn T-T dimer but can-
not insert nucleotides opposite the 3′-T of the dimer, leading to the blockage of 
DNA replication. Structurally, the active site of pol κ can only accommodate the 
incoming dATP with the 5′-T of the T-T dimmer, leaving the 3′-T misaligned at 
active site and blocking DNA replication. Single-molecule fluorescence reso-
nance energy transfer (smFRET) and protein-induced fluorescence enhancement 
(smPIFE) experiments show that Escherichia coli DNA polymerase I (Klenow 
fragment) binds to AAF-dG in an intermediate orientation, which is very unstable, 
and then rapidly transfers DNA from the active site to a more stable exonuclease 
site, thus blocking DNA replication.
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2.2  DNA Damage Increases Misincorporation Ratio

Misincorporation ratio is dependent on the relative efficiency of correct dNTP 
incorporation relative to misincorporation. Correct incorporation is much faster 
than incorrect ones for most DNA polymerases. In the presence of DNA adducts, 
the incorporation efficiency may decrease and/or the incorrect incorporation effi-
ciency may increase, increasing misincorporation ratio.

Decreasing correct incorporation efficiency: Some DNA adducts reduce only 
correct incorporation efficiency but do not affect the misincorporation, for exam-
ple, N2-alkylG and O6-alkylG adducts.

The bypass of N2-alkylG adducts has been studied by Sulfolobus solfatari-
cus Dpo4. Dpo4 preferentially incorporates dCTP opposite to these adducts, but 
incorporation efficiencies (kcat/Km) are decreased 3- to 125-fold compared with 
the unmodified G. The misincorporation efficiencies remain almost unchanged, 
thus reducing incorporation fidelities by 100-fold. Some bulkier N2-alkylG also 
strongly perturbs the fast conformation change. X-ray crystal structures show that 
the incoming dCTP is severely buckled and locates outside the active site if N2-
NaphG residue is in the trans-form, indicating a nonproductive complex; dCTP 
can also pair with the cis-form of the N2-NaphG residue via a Hoogsteen mode 
to continue DNA polymerization. For N2,N2-Me2G, the dCTP incorporation effi-
ciency (kcat/Km) was drastically decreased by 16,000-fold compared with G, but 
the misincorporation frequencies are almost unchanged, increasing the misincor-
poration ratios up to 0.36–2.3. N2,N2-Me2G leads to a random misincorporation 
and completely destroying the incorporation fidelity.

O6-MeG and O6-BzG were also studied by Dpo4. Compared with unmodi-
fied G, incorporation of dCTP opposite O6-MeG is inhibited by three orders of 
magnitude, but the misincorporation efficiencies are unchanged, thus reducing the 
incorporation fidelity by three orders of magnitude compared with unmodified G. 
Finally, about 70 % of dCTP, 20 % of dTTP, and 10 % of dATP were incorporated 
opposite O6-MeG. Bypass of O6-BzG is similar to O6-MeG except for a greater 
decrease in incorporation efficiency. The dCTP incorporation efficiency is strongly 
inhibited by 5000-fold for O6-BzG compared with G while the misincorporation 
efficiencies are reduced only 10-fold, finally decreasing the incorporation fidelity 
about three orders compared with unmodified G. Structurally, O6-MeG:C or O6-
BzG:C formed a wobble base pair with two hydrogen bonds between O6-alkylG 
lesions and dCTP, shifting the base-pairing orientation from the standard W-C 
mode to the wobble mode, thus decreasing the correct incorporation efficiency.

Increasing incorrect incorporation efficiency: Some DNA adducts only partially 
affect the correct incorporation efficiency but drastically increase the misincorporation 
efficiency, thus reducing incorporation fidelity, for example, 8-oxoG.

The efficiency of incorporation of dCTP opposite 8-oxoG is decreased 80-fold 
compared with unmodified G for human DNA polymerase κ (hpol κ), but dATP 
misincorporation efficiency is increased 100-fold compared with unmodified 
G. Therefore, the incorporation fidelity was decreased 8000-fold for 8-oxoG 
compared with unmodified G, leading to a conversion from G:C pairing to T:A 

2.2 DNA Damage Increases Misincorporation Ratio
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pairing. In the pre-steady-state kinetic analysis, the efficiency (kpol/Kd,dCTP) for 
the insertion of dCTP opposite 8-oxoG was decreased 65-fold compared with G, 
but dATP incorporation showed a fast burst, different from the absence of burst 
for the incorporation of dATP opposite G. The catalytic efficiency (kpol/Kd,dCTP) 
for insertion of dATP opposite 8-oxoG is increased up to 0.63 s−1 μM−1, 20-fold 
higher than that for incorporation of dCTP opposite 8-oxoG. From structures, the 
N-terminal extension of hpol κ stabilizes its little finger domain, which surrounds 
the Hoogsteen base pair of 8-oxoG and incoming dATP, explaining the increase in 
efficiency for the incorporation of dATP opposite 8-oxoG.

For Dpo4, the insertion of dCTP opposite G or 8-oxoG has similar catalytic 
efficiency, whereas the efficiency for incorporation of dATP opposite 8-oxoG was 
increased 250-fold compared with G, thus decreasing fidelity 200-fold opposite 
8-oxoG relative to unmodified G. Crystal structures show that the Arg-332 resi-
due in the little finger domain of Dpo4 can form a hydrogen bond with the oxy-
gen atom at the C8 position of 8-oxoG and stabilizes the Watson–Crick base pair 
of incoming dCTP and 8-oxoG. Notably, no stabilization function is observed for 
W-C pairing of 8-oxoG and dCTP at the active site of hpol κ. The Hoogsteen pair-
ing of 8-oxoG:dATP is favorable relative to 8-oxoG:dCTP pair in hpol κ, leading 
to structurally different bypass of 8-oxoG by Dpo4 and hpol κ.

2.3  DNA Damage Forms Frameshift During DNA 
Replication

DNA damage leads to frameshifts by adding or subtracting nucleotides in the 
newly synthesized DNA strand, disturbing DNA sequence, genetic information, 
RNA transcription, and protein expression. -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. 2.1).

Streisinger template-slippage mechanism: -1 frameshift produced in the 
 replication of repetitive DNA sequences can be explained by Streisinger 
 template-slippage mechanism. 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. Y-family DNA polymerase Dbh 
 generates -1 frameshift in repetitive sequences with error frequencies up to 50 %. 
In the crystal structure of Dbh, a cleft between the polymerase domain and the 
C-terminal domain provides ample space to accommodate extrahelical template 
bases. 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 inter-
act 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.

Misincorporation–misalignment mechanism: dNTP is firstly misincorporated 
and then the template misaligns so that dNTP can pair with the next template base 



9

correctly. DNA polymerase I (Klenow fragment) of bacteriophage M13mp2 cata-
lyzes DNA replication on M13 dsDNA containing a 361-nucleotide ssDNA gap 
using an imbalanced dNTP pool. -1 frameshifts 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 comple-
mentary 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 primer end was non-complementary to the 
5′-template nucleotide, reflecting the misincorporation–misalignment mechanism.

dNTP-stabilized misalignment mechanism: This mechanism is also called as 
Type II complex mechanism. Dpo4 produces -1 frameshifts. 0–2 % frameshifts are 
 produced with thymine or cytosine at the incorporation position, 9–12 % with ade-
nine or guanine, and 25–50 % with larger planar cyclic DNA adducts, e.g., 1,N2-ε-G, 
which has the strongest stacking interaction with the incoming dNTP. In crystal struc-
tures, purines and larger planar DNA adduct at the incorporation position can stack 
with the incoming dNTP that has paired with the next template base, forming a Type 
II  complex. The conformational change of Dpo4 upon forming the Type II complex is 
very fast, followed by a slow step for the formation of phosphodiester bond.

Fig. 2.1  Four mechanisms 
are proposed for the 
formation of -1 deletion 
frameshifts
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Loop-out mechanism: A loop-out mechanism is also proposed to explain the 
formation of -1 frameshift. In the bypass of an abasic site by S. solfataricus Dpo4, 
the abasic site in the template cannot base stack with an incoming dNTP and then 
loops out from the duplex. The incoming dNTP subsequently pairs with the 5′ next 
template base. In crystal structures, the abasic lesion that loops out can be accom-
modated in the cavity between the fingers and little finger domains of Dpo4.

2.4  DNA–DNA Cross-Linking Destroys DNA Replication

1,3-butadiene (BD), which belongs to bis-electrophilic agents, can produce DNA–
DNA or DNA–protein cross-links. BD can be oxidized to 1,2,3,4-diepoxybu-
tane (DEB) (Fig. 2.2). Alkylation of adenine or guanine base by DEB produces 
2-hydroxy-3,4-epoxybut-1-yl (HEB) DNA lesion, which contains an inherently 
reactive oxirane group that can further alkylate neighboring nucleotide bases 
within the DNA duplex to form DNA–DNA cross-links. The 3,4-epoxy ring can 
also produce DNA–protein cross-links by nucleophilic attack by amino acid 
groups in side chains of neighboring proteins. DEB reacting with a protein such as 
O6-alkylG DNA alkyltransferase or the tripeptide glutathione is also documented 
and probably more likely. Acrolein and other α,β-unsaturated aldehydes from cig-
arette smoke and automobile exhaust can also cross-link (inter-strand) DNA in a 
similar pathway.

N

NHN

N
NH2

O

OH
OH

N

HN

N

N

H2N

O OH

HO

DNA-DNA cross-
links

DNA
strand

DNA strand

HO

OH

Protein

DNA-protein cross-links

N

N
H

NN

H2N

O

OH

S

HO

Pr strand

HO

O

Protein

HO
O

2-hydroxy-3,4-epoxybut-1-yl (HEB)

1,3-Butadiene (BD)

O

O

1,2,3,4-Diepoxybutane (DEB)

Fig. 2.2  Formation of DNA–DNA or DNA–protein cross-links involving an oxidation product 
of 1,3-butadiene (BD) (Pr protein)



11

The cross-linking adducts block A-family DNA polymerases. Translesion DNA 
polymerases, such as E. coli pol IV and pol V, are also incapable of bypassing 
the cross-links. Crystal structures of these complexes have not been reported yet, 
but the general opinion is that these adducts are too bulky to be accommodated 
by the active sites of DNA polymerases. However, hpol κ can efficiently bypass 
DNA-peptide cross-links if the peptide is N-substituted and linked to the N2 posi-
tion of G, which can be considered an N2-alkylG adduct. The crystal structure of 
the complex containing N2-alkylG shows that pol κ completely encircles the DNA 
duplex using its unique N-terminal extension. This kind of structure may be flex-
ible enough in the hinge domain to allow pol κ to pass through these kinds of 
cross-linked bulky lesions.
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Abstract The real DNA replication in cell is performed by DNA replisome. 
Herein, we will discuss the Escherichia coli, T4 and T7 DNA replisome. When 
DNA replisome encounters DNA damage, the replisome will have different fates. 
Some DNA replisome bypass DNA damage with the aid of protein interactions or 
other assistant proteins in the replisome. Other replisome will dissociate according 
to some specific pathways.

Keywords DNA replisome · DNA damage · T7 DNA replisome · T4 DNA 
replisome · E. coli replisome

3.1  The DNA Replisome of E. coli, T7 and T4

DNA replication in vivo is performed by the DNA replisome. DNA replisomes 
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. The complexity of the DNA 
replisome results from protein interactions and various functions of accessory 
proteins within the complex. The DNA replisomes of Escherichia coli and 
bacteriophages T7 and T4 have been constructed in vitro.

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

Chapter 3
Fate of DNA Replisome upon Encountering 
DNA Damage
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The T4 DNA replisome consists of DNA polymerase, helicase, ssDNA binding 
protein, a trimetric clamp processivity factor, a pentameric clamp-loader complex, and 
six monomers of the primase. The DNA polymerase has polymerase and exonuclease 
activities. A clamp-loading complex contains four molecules of the gene 44 protein 
and one molecule of the gene 62 protein. T4 DNA polymerase is monomeric, but it 
forms a dimer (via a disulfide bond) when bound to primer–template.

The E. coli DNA replisome comprises DNA polymerase III holoenzyme, DnaB 
helicase, DnaG primase, ssDNA binding protein, and multiple accessory proteins. 
The Pol III holoenzyme consists of a three-subunit catalytic core (α-polymerase, 
ε-exonuclease, and θ), a homodimeric β processivity clamp, and a δδ’τ2γχϕ-
clamp-loader complex. The β clamp consists of ring-shaped dimeric proteins that 
encircle DNA and bind to the Pol III core, thereby giving the DNA polymerase 
high processivity. The clamp-loader complex opens and loads the β clamp onto 
a primed site. Each τ subunit binds to the DnaB helicase and one Pol III core 
polymerase, coupling the helicase and the polymerase.

The T7 DNA replisome contains only four proteins, but the replisomes of E. 
coli and bacteriophage T4 contain thirteen and eight proteins, respectively, most of 
which are accessory proteins. These accessory proteins have roles in protein inter-
action in the bacteriophage T7 system. In mammals, including humans, the DNA 
replisome is too complicated to be constructed at this point, and only simple repli-
cation complexes have been reported in vitro.

DNA replisomes have shown different patterns of DNA synthesis 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 to bypass damage as described below.

3.2  The E. coli DNA Replisome Bypassing DNA Damage

DNA replication machinery constantly encounters DNA lesions under normal 
growth conditions. Cox et al. have estimated that 10–50 % of all replication forks 
may be subjected to collapse in one generation of a single cell. Translesion DNA 
synthesis by single DNA polymerases may not reflect the accurate situation in 
vivo. Therefore, translesion DNA synthesis using DNA replisomes should be the 
object of more studies.

Addition of ddTTP can selectively block leading-strand DNA synthesis. The 
fate of E. coli DNA replisome was studied after the leading-strand DNA synthesis 
is blocked. The leading-strand polymerase remains stably bound to the helicase at 
the replication fork. The helicase continues to unwind DNA for ~1 kb ahead of the 
blocked leading-strand polymerase. The lagging-strand polymerase is connected 
to the stalled leading-strand polymerase and remains active in converting the 
lagging ssDNA to duplex DNA. When the lagging-strand DNA polymerase is 
blocked by a DNA lesion on the lagging strand, the leading- and lagging-stand 
DNA polymerases remain physically coupled, but functionally uncoupled. The 



17

leading-strand polymerase continues unabatedly, allowing the replication fork to 
continue. This action causes a large loop of ssDNA to accumulate on the lagging-
strand template. This loop grows until the supply of ssDNA binding protein 
is depleted. At that point, the naked ssDNA triggers the release of the stalled 
lagging-strand polymerase from the blocked site and resumes the synthesis of a 
new Okazaki fragment on a newly primed site.

After encountering a CPD DNA lesion at leading-strand template, the E. coli 
DNA replisome is only transiently blocked, which is then reinitiated downstream 
of the damage, dependent on the assistance of primase DnaG in the DNA 
replisome but not on any other known replication-restart proteins. Therefore, 
the E. coli DNA replisome can tolerate leading-strand template lesions and 
synthesize the leading-strand template discontinuously. However, the single 
E. coli DNA polymerase alone cannot bypass this DNA damage. Additionally, 
polymerases can transiently dissociate upon encountering the CPD lesion and 
allow 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.

3.3  The T4 DNA Replisome Bypassing DNA Damage

Bypass of a noncoding abasic site lesion in either a leading- or lagging-strand 
template has been studied by T4 DNA replisome. Lesion at the lagging strand blocks 
the lagging-strand DNA polymerase but does not block the helicase, primase, or 
leading-strand polymerase. When the primase synthesizes another RNA primer and 
the clamp is loaded, the stalled lagging-strand polymerase recycles from the DNA 
lesion and initiates the synthesis of a new Okazaki fragment. Therefore, this lesion 
does not affect the movement of the DNA replisome, with only a ssDNA gap left 
behind. In contrast, when a blocking lesion is at the leading-strand template, the 
leading-strand polymerase is blocked, but the bound helicase continues to travel, 
causing the leading-strand template to loop out. The leading-strand template is 
then rapidly coated with ssDNA binding protein. The replication fork travels about 
1 kb beyond the DNA lesion before the replication fork completely collapses. The 
primase and lagging-strand polymerase remain active, and Okazaki fragments are 
synthesized beyond the leading-strand lesion.

Single-molecule magnetic tweezers were used to study the mechanism of 
restarting the T4 replication fork that has been blocked by blocked DNA. The T4 
DNA holoenzyme, in cooperation with UvsW helicase, can overcome a leading-
strand lesion by periodical formation and migration of a four-way Holliday 
junction. The initiation of the repair process requires partial disassembly of the 
replisome through the departure of the replicative helicase. With the assistance 
of other accessory proteins, T4 DNA holoenzyme can bypass this leading-strand 
lesion.

3.2 The E. coli DNA Replisome Bypassing DNA Damage
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3.4  The T7 DNA Replisome Bypassing DNA Damage

Single-phosphodiester bond interruptions (nicks) can be introduced by endonucleases, 
recombination, repair, and the presence of two adjacent Okazaki fragments. Either T7 
helicase or DNA polymerase alone was blocked upon encountering a nick in duplex 
DNA. However, the helicase–polymerase complex can bypass this nick. In dsDNA 
unwinding, helicase contacts both DNA strands. However, a nick does not provide 
these contacts, and the helicase itself cannot unwind a nick. When helicase is associ-
ated with a DNA polymerase, protein interactions allow the helicase to bind to the 
template and to encircle helicase onto the 5′-end ssDNA of a nick, thus bypassing the 
nick. Addition of ssDNA binding protein gp2.5 to the complex further facilitates nick 
bypass by ~twofold.

Without ssDNA binding protein gp2.5, helicase and DNA polymerase cannot 
initiate strand-displacement DNA synthesis from a nick. Gp2.5 can bind to the 
displaced ssDNA, and its acidic C-terminal tail can interact with DNA polymerase. 
The helicase replaces gp2.5 and catalyzes strand-displacement DNA synthesis with 
gp5/trx at this 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).
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Abstract Various environmental carcinogens may harm human health. Environmental 
carcinogens damage genome by forming DNA adducts through different chemical 
reactions, including alkylation (which may involve cross-linking), oxidation, deamina-
tion, coordination, photo-addition, and hydrolysis. The DNA damage further results in 
various disease, cancer, and tumor.

Keywords Environmental carcinogens · DNA adduct · Chemical reactions ·  
Alkylation · Oxidation · Deamination

4.1  Environmental Carcinogens

Large amounts of chemicals are produced in industry, chemical engineering, agri-
culture, and exhaust. These environmental chemicals can be widely spread in air, 
water, and soil. Many of them have been shown to cause cancer (termed carcino-
gens). Animals produced tumors after exposure to these environmental carcino-
gens. Human exposure to specific chemical or physical carcinogens also produces 
characteristic mutational spectra, considered to be relevant to including tumor, 
cancer, and aging. Therefore, studies on how carcinogens lead to various diseases 
have been received world-wide attention.

4.2  Formation of DNA Damage After Exposure  
to Environmental Carcinogens

Environmental carcinogens result in DNA adducts through alkylation, amination, 
oxidation, photo-addition, hydrolysis, and coordination. Alkylating agents pro-
duce N2-alkyl-2′-deoxyguanosine (N2-alkylG), O6-alkyl-2′-deoxyguanosine (O6-
alkylG), polycyclic aromatic hydrocarbon modified DNA adducts (PAH-DNA), 
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and etheno (ε) DNA adducts. Bis-electrophilic agents form DNA–DNA or DNA–
protein cross-links. Oxidizing agents, ionizing radiation, and UV irradiation can 
form 7,8-dihydro-8-oxo-2′-deoxyguanosine (8-oxoG). Arylamines and 1-nitro-
pyrene (1-NP) produce 2-aminofluorene (AF-dG) and N-[deoxyguanosine-8-yl]-
1-aminopyrene (APG) following oxidation and esterification. UV radiation leads 
to photoproducts (cyclobutane pyrimidine dimer, CPD). Spontaneous hydroly-
sis of nucleotides results in the formation of apurinic/apyrimidinic (AP) sites. 
Heavy metal ions, e.g., Cr(III), form DNA–DNA or DNA–protein cross-links by 
coordination.

Alkylation: Formaldehyde reacts with the exocyclic amino group of G to pro-
duce N2-methylG (Fig. 4.1). Ethanol is enzymatically oxidized to acetaldehyde, 
which forms N2-ethylG (Fig. 4.1), present in liver DNA and urine of alcoholic 
patients. During these reactions, the intermediate imine is reduced to balance the 
stoichiometry. Acrolein forms 1,N2-propano-2′-deoxyguanosine (1,N2-propanoG) 
(a ring-opened aldehyde) by the reaction of the amino group at C2 position of 
deoxyguanosine with the double bond of acrolein. The aldehyde group can further 
reversely react with the N1 atom of deoxyguanosine to form a ring-closed form, a 
hemiaminal.

O6-methylG (O6-MeG, Fig. 4.1) is a common lesion arising from methylation 
at the oxygen atom at C6 position of G after exposure to tobacco-specific nitros-
amines. Many methylating agents are used in chemotherapy, in which this DNA 
adduct was also produced. O6-BenzylG, N2-benzylG, and N6-benzylA (Fig. 4.1) 
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can be formed by benzylation at the oxygen atom at C6 position or exocyclic 
amino group at the N2 position of deoxyguanosine or the amino group at the N6 
position of adenosine, respectively, after exposure to benzyl chloride.

Lipid peroxidation and exposure to bioactivated carcinogens vinyl chloride 
and vinyl carbamate can lead to the formation of a series of exocyclic etheno 
(ε) DNA adducts, including 1,N6-ethenoadenine (1,N6-εA), 3,N4-ethenocytidine 
(3,N4-εC), N2,3-ethenoguanine (N2,3-εG), and 1,N2 ethenoguanine (1,N2-εG). 
Alkylation of DNA by the reactive products of polycyclic aromatic hydrocar-
bons (PAHs) can also form PAH-DNA adducts. For example, benzo[a]pyrene 
(B[a]P) is initially oxidized to an epoxide (B[a]P-7,8-epoxide), then hydrolyzed 
to a dihydrodiol (B[a]P-7,8-dihydrodiol), and further converted to a diol-epox-
ide (B[a]P-7,8-dihydrodiol-9,10-epoxide, BPDE), which alkylates the exocyclic 
amino group at the N2 position of G or the N7 position of A to form BPDE–DNA 
adducts.

Amination: Arylamines and N-acetyl arylamines are carcinogens found in 
numerous occupational settings, tobacco smoke, and chemical dyes, leading to 
2-aminofluorene (AF-dG) and N-acetyl-2-aminofluorene (AAF-dG) through ami-
nation of the C8 atom of guanine (via an initial N7 reaction, linking the amine 
group of the arylamine). 1-Nitropyrene (1-NP) is the most abundant nitrated PAH. 
The active product of 1-NP (an ester of the reduction product hydroxylamine) 
forms a bulky N-[deoxyguanosine-8-yl]-1-aminopyrene (APG) adduct by reaction 
at the C8 atom of deoxyguanosine.

Oxidation: Oxidizing agents can produce 7,8-dihydro-8-oxodeoxyguanosine 
(8-oxoG) lesions (Fig. 4.1). 8-oxoG is a ubiquitous lesion arising from the oxi-
dation of C8 atom of G to form a hydroxyl group by free radical intermediates 
of oxygen, which are produced by chemical oxidation, ionizing radiation, or UV 
irradiation. The enol (a lactim) at the C8-N7 position of G is converted to a more 
stable 8-oxoG lactam form.

Photo-addition: UV radiation can lead to the formation of photoproducts, 
CPD, by cycloaddition of the C5–C6 double bonds of adjacent pyrimidine bases. 
Six diastereomers are generated in photo-addition, dependent on the position of 
pyrimidine moieties with respect to the cyclobutane ring (cis/trans stereochem-
istry) and on the relative orientation of the two C5–C6 bonds (syn/anti regi-
ochemistry. The trans-anti and trans-syn photoproducts are only present within 
single-strand or denatured DNA. The cis-syn form is formed in large excess rela-
tive to the trans-syn diastereomers within dsDNA.

Hydrolysis: Abasic sites (referred as AP sites) (Fig. 4.1) lose genetic informa-
tion. AP sites are generated via spontaneous, chemically induced, or enzyme-
catalyzed hydrolysis of the N-glycosyl bond. In mammalian cells, approximately 
12,000 purines would be spontaneously lost per genome per cell generation (20 h) 
without protective effects of chromatin packaging. Depyrimidination occurs at a 
rate about 100 times slower than depurination. Damaging chemicals, e.g., free rad-
icals and alkylating agents, also promote base release, mostly by modifying base 
structures that destabilize the N-glycosyl linkage to generate positively charged 
leaving groups.

4.2 Formation of DNA Damage After Exposure to Environmental Carcinogens
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Coordination: Heavy metal ions can form DNA–DNA inter-strand or intra-
strand cross-links by coordination interactions. Cr (VI) complexes can permeate 
cell membranes, in which Cr (VI) is reduced to Cr (III). Cr (III) can coordinate 
with oxygen atoms of phosphate backbone of two adjacent nucleotides in one or 
two adjacent DNA strands, producing Cr (III)–DNA intra-strand or inter-strand 
cross-links.

4.3  Disease, Cancer, and Tumor Resulted  
from Environmental Carcinogens

Yamagiwa and Ishikawa reported in 1915 the formation of tumors in the ears of 
rabbits after treatment with tars, and Cook et al. in 1933 isolated benzo[a]pyr-
ene as a carcinogenic component of coal tar. Till now, many chemicals have been 
shown to cause cancer (termed carcinogens). Animals produce tumors after expo-
sure to many environmental carcinogens. Human exposure to specific chemical 
or physical carcinogens also produces characteristic mutational spectra, including 
tumor, cancer, and aging. Therefore, studies on how carcinogens lead to cancer 
have received great attention.

Environmental carcinogens can be converted to reactive products in the body. 
These intermediates react with DNA to form DNA carcinogen adducts. In each 
human cell, >50,000 DNA-damaging events can occur every day. One cause of 
human breast cancer is that TP53 and MYC expressing endogenously high lev-
els of APOBEC3B lead C to T point mutation in somatic cells. DNA adducts 
lead to mutations in DNA replication, resulting in cell necrosis, aging, tumor, 
and cancer. DNA replication can produce mutations and directly lead to human 
diseases. Mutations or defects in human pol η result in one form of xeroderma 
pigmentosum V (XP-5), mutations of human pol β are associated with adenocar-
cinoma of the colon, and mutations of human pol γ result in progressive external 
ophthalmoplegia.
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Abstract Environmental carcinogens affect cell cycle progression,  proliferation, 
differentiation, DNA replication and repair, apoptotic pathways, and tissue 
pathology. Carcinogens regulate cell cycle by activation of some cellular signal 
pathways or formation of DNA damage. Carcinogens also induce cell apoptosis 
through different manners and promote cell proliferation through the inhibition 
of cell apoptosis. Gene expression is affected by carcinogens mainly through the 
 activation of signaling pathways and interaction with cellular DNA.

Keywords Environmental carcinogens · Cell cycle progression · Proliferation ·  
Differentiation · Apoptotic · Tissue pathology

5.1  Overview of Biological Activities of Cells

Cell is the basic structural and function unit of life, and it is highly complicated 
and organized, self-regulated. Cells consist of protoplasm enclosed within a mem-
brane, which contains many biomolecules such as proteins and nucleic acids. The 
biological activities of cell mainly include growth, metabolism, proliferation, 
apoptosis, and senescence. Cells grow through the functioning cellular metabo-
lism, by which individual cells process nutrient molecules. Cell proliferation 
refers to cell produce themselves by division. A single cell (called a mother cell) is 
divided into two daughter cells, which involves a serial of highly regulated events 
that lead to DNA replication and cell division. Apoptosis is the process of pro-
grammed cell death, which leads to characteristic cell changes and death. These 
changes include blebbing, cell shrinkage, nuclear fragmentation, chromatin con-
densation, and chromosomal DNA fragmentation. Apoptosis is a normal physi-
ologic process and plays an important role in homeostasis and development of the 
tissue. Cell senescence is the gradual deterioration of function characteristic of 
cell, for example, normal diploid cells cease to divide, normally after about 50 cell 
divisions in vitro.
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Environmental carcinogens have multiple effects on cells, including effects on 
cell cycle progression, proliferation, differentiation, DNA replication and repair, as 
well as apoptotic pathways.

5.2  Cell Cycle

Cell cycle is a set of event responsible for cell duplication. Cell cycle is divided 
into four phases. Transmission of genetic information from one cell generation 
to the next requires DNA replication during the S phase, and its segregation to 
the two new daughter cells is happened during M phase. Cell cycle is rigorously 
ordered for the correct duplication of cell. In a cell cycle, S phase is  preceded 
by M phase does not occur until S phase is completed. The time and order of 
cell cycle event are monitored by cell cycle checkpoints that occur at the G1/S 
 boundary, in S phase, and during G2/M phase. The checkpoints enable correct 
duplication of cell. If something wrong is happened in the process of cell cycle, 
the checkpoints will be activated.

Environmental carcinogens can regulate cell cycle by activation of some cel-
lular signal pathways or formation of DNA damage. Environmental carcinogens 
affect cell cycle mainly through acceleration or arrest of cell cycle progression, 
which is mediated by sequential activation and inactivation of Cdks, a family of 
serine/threonine protein kinases. These kinase activities are depended on cyc-
lins. 2-Methoxy-4-vinylphenol, an aromatic substance used as a flavoring agent, 
induces cell cycle arrest in G1 phase because of the increased expression of CDK 
inhibitor, p21, and p15; the decreased expression of cyclin D1 and cyclin E; and 
the inhibited kinase activities of CDK4 and CDK2. Another potent mammary 
carcinogen 6-nitrochrysene, increases the protein expression of cyclin-dependent 
kinase inhibitor p21 and a commitment increase of G1 phase in MCF-10A cells.

In addition, some environmental carcinogens also alter cell cycle due to forma-
tion of DNA damage. The cell cycle checkpoints can be activated by DNA dam-
age. Once activated, cell progression is stopped, allowing the cell to repair DNA 
damage. After damage repair, the progression of cell cycle resumes. Ochratoxin 
A, one of the most abundant food-contaminating mycotoxins, induces the forma-
tion of DNA damage and cell cycle arrest in human embryonic kidney cells (Yang 
et al. 2014). Condurango glycoside-rich component, which is a potential chemo-
therapeutic agent, stimulates DNA damage-induced cell cycle arrest in lung cancer 
cells.

Environmental carcinogens can also promote cell cycle progression.  
Di-(2-ethylbexyl) phthalate, which is persistent organic pollutant, increases DNA 
replication rate and accelerates the cell cycle through activating PI3 K–AKT–
mTOR signaling pathway. Tobacco-specific carcinogen 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone also promotes cells to enter into the S phase through NFkB 
activation and cyclin D1 up-regulation.
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5.3  Cell Proliferation and Apoptosis

5.3.1  Cell Apoptosis

Cell growth and apoptosis are highly regulated for homeostasis and development of 
the tissue. Apoptosis is program cell death, which can be initiated via two classical 
pathways. Binding of death ligands to their corresponding receptors leads to the activa-
tion of caspase 8. Disruption of mitochondrial membrane integrity by exogenous sub-
stances or endogenous expression of bcl-2 genes leads to the release of mitochondrial 
pro-apoptotic proteins and the activation of caspase 9. Caspases 8 and 9 further acti-
vate executioner caspases 3 and 7, resulting in proteolysis of proteins and cell death.

Apoptosis is the main cell death pathway that environmental carcinogens 
result in. It has been reported that various kinds of environmental carcinogens 
can induce cell apoptosis in vitro through different manners. One way is to reg-
ulate proteins that are correlated with apoptosis. The family of bcl-2 proteins is 
correlated with the release of mitochondrial cytochrome c and the activation of 
caspases. The metabolite of benzo[a]pyrene, B[a]P-7,8-dihydrodiol (BPDE), was 
found to induce apoptosis in human HepG2 cells, in which the exposure to BPDE 
initiates the degradation of Bid and the activation of other pro-apoptotic proteins, 
such as Bak. Simultaneously, BPDE stimulates the inhibition of anti-apoptotic 
proteins, such as Bcl-xL, which inhibits the release of mitochondrial cytochrome 
c. Another way is to form DNA damage. Environmental carcinogens can result in 
DNA lesion, such as DNA adducts and DNA strand break. If the DNA damage 
cannot be repaired, apoptosis will be activated.

Beside for the above-described manners, oxidative stress also plays an impor-
tant role in the apoptosis induced by environmental carcinogens. Reactive oxygen 
species (ROS) are continually generated and eliminated in biological systems and 
affect normal biochemical functions. Excess production of ROS in the cell induces 
apoptosis. Abnormal functions result in pathological processes. Highly reactive 
hydroxyl radicals attack cellular components, such as DNA, lipids, and proteins, to 
cause various kinds of oxidative damages. Polychlorobiphenyls (PCBs) congeners, 
PCB-77 and PCB-153, induce oxidative stress that leads to apoptosis in human 
liver cell line. 3-Nitrobenzanthrone and its main metabolite, 3-aminobenzanthrone, 
enhances the production of ROS and DNA damage. ROS is generated from mito-
chondrial and cytochrome P450s when environmental carcinogens induce cell 
apoptosis. These carcinogens are activated to produce ROS through cytochrome 
P450s. More importantly, the mitochondrial electron chain is the major source to 
“accidentally” generate ROS during apoptosis.

5.3.2  Cell Proliferation

In addition to cell apoptosis, environmental carcinogens can also promote cell prolifer-
ation, which result in carcinogenesis and aberrant cell accumulation. The promotion of 
cell proliferation induced by environmental carcinogens is mainly through regulation 
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of signal transduction pathways. Three major mitogen-activated protein kinase 
(MAPK) pathways control various cellular processes, including cell proliferation, 
differentiation, apoptosis, and stress responses to environmental stimuli. Each of the 
MAPK pathways consists of three-tiered cascades that mediate the signal transduction 
pathways from a variety of extracellular signals to regulate the expression of specific 
genes. MAPKs are comprised of three major subfamilies of tyrosine/threonine kinases: 
(i) the extracellular-signal-regulated kinases (ERK1/2), (ii) the c-jun N-terminal 
kinases or stress-activated protein kinases (JNK1/2 or SAPK), and (iii) p38 MAPK. 
Activation of ERK1/2 is mainly involved in cell proliferation and survival, whereas 
activation of JNK1/2 and p38 MAPK is associated with growth arrest and apoptosis.

Environmental carcinogens can promote cell proliferation by acti-
vating ERK1/2 pathways. The strongest tobacco-specific carcinogens 
4-(methylnitrosamino)-1-(3-pyridyl)-1-buta-none (NNK) showed a strong prolif-
erative effect on human normal and cancer mammary epithelial cells; the prolif-
eration multitudes of these cells are well correlated with the activation levels of 
ERK1/2 MAP kinases. Some environmental carcinogens can activate MAPK path-
way, while it is dose-dependent. Arsenic is a well-known carcinogen that  possibly 
promotes tumors and the development of various types of cancers. It has been 
shown that, dependent on the dosage, arsenic can lead to cell proliferation through 
the ERK or apoptosis through the JNK pathway. A low level (2 µM) of arsenite 
stimulates extracellular-signal-regulated kinase (ERK) signaling pathway and 
enhances cell proliferation. In contrast, a high level (40 µM) of arsenite stimulates 
the c-Jun N-terminal kinase (JNK) signaling pathway and induces cell apoptosis.

Epidermal growth factor receptor (EGFR) signaling pathway also regulates cell 
proliferation. Epidermal growth factor (EGF) plays an important role in the regula-
tion of cell growth, proliferation, and differentiation. EGF-binding EGFR on the cell 
surface stimulates the intrinsic protein–tyrosine kinase activity of the receptor and 
initiates a signal transduction cascade. As a result, intracellular calcium levels are 
increased, glycolysis and protein synthesis are performed, and some certain genes 
were transcripted, leading to DNA synthesis and cell proliferation. Benzo[a]pyrene 
promotes proliferation of human lung cancer cells by enhancing the epidermal growth 
factor receptor (EGFR) signaling pathway. The possible reason was that benzo[a]pyr-
ene may increase the expression of amphiregulin, one of the ligands of the EGFR.

In addition, environmental carcinogens promote cell proliferation through the 
inhibition of cell apoptosis. Benzene is a widely recognized human carcinogen. 
Benzene metabolites, p-benzoquinone and hydroquinone, restrain the NIH3T3 
cells apoptosis by inhibition of caspase-3. 2,3,7,8-Tetrachlorodibenzo-p-dioxin 
(TCDD) is a highly toxic pollutant ubiquitously present in the environment. 
TCDD causes cancer in multiple tissues in different animal species and is clas-
sified as a class 1 human carcinogen. It has been hypothesized that TCDD acts 
as a tumor promotor by preventing the initiated cells from undergoing apoptosis. 
TCDD partially inhibits apoptotic DNA fragmentation in both primary rat hepat-
ocytes and Huh-7 human hepatoma cells without affecting upstream apoptotic 
events (Martin et al. 2009). Survival of apoptosis might be involved in the initia-
tion of some types of cancer.
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5.3.3  Gene Expression

Many studies have indicated that the incidence of cell carcinoma is associated 
with environmental carcinogens and genetic factors. The biological activities of 
cell are controlled by genes, so the effects of environmental carcinogens on cell 
are closely related to gene expression. In fact, the effects described above, includ-
ing cell cycle, cell apoptosis, and cell proliferation, have been involved in gene 
expression. Several studies showed that environmental carcinogens alter genes 
that are involved in immune, inflammatory and stress responses and apoptosis. 
Different carcinogens may induce different gene expression, and gene expression 
may be dose-dependent. Fifteen genotoxic carcinogens were used to character-
ize gene expression in human lymphoblastoid cells (TK6 cells), and no similar 
gene expression was observed among these carcinogens. The gene expression was 
observed as linear relationship with the dose of trichloroethylene, benz[a]anthra-
cene, epichlorohydrin, benzene, and hydroquinone. The significantly altered genes 
were involved in the regulation of (anti-) apoptosis, maintenance of cell survival, 
tumor necrosis factor-related pathways, and immune response. Inorganic arsenic 
(iAs) is a human urinary bladder, skin, and lung carcinogen. Increasing concentra-
tions of iAs induced more genes and additional signaling pathways in HBE cells. 
The major signaling pathways altered included NRF2-mediated stress response, 
interferon, p53, cell cycle regulation, and lipid peroxidation.

Some environmental carcinogens are not directly carcinogenic, but they can 
convert to reactive metabolites which are capable of interaction with cellular DNA 
to form DNA adducts. Metabolizing enzymes are required in these processes. 
Environmental carcinogens can affect the expression of genes of these enzymes. 
Cytochrome P450s (CYPs), an oxidase system, are involved in the metabolism 
of exogenous substrates, including benzene, carbon tetrachloride, ethylene gly-
col, and nitrosamines. CYP1A1 is capable of metabolizing benzo[a]pyrene via an 
oxidation process. It has shown that benzo[a]pyrene can induce the expression of 
CYP1A1 gene. CYP2E1 is known to be involved in the metabolism of benzene, 
and its expression was increased in peripheral blood mononuclear cells even the 
concentration of benzene in air is as low as 0.01 ppm.

Gene expression is affected by carcinogens mainly through the activation of 
signaling pathways and interaction with cellular DNA. Mineral dust-induced gene 
(Mdig), a newly identified oncogene, is linked to occupational lung diseases and 
lung cancer. Using human bronchial epithelial cells and human lung cancer cell 
lines, arsenic was found to induce the expression of Mdig, partially dependent on 
the JNK and STAT3 signaling pathways. In recent years, “omic” technologies, 
which is a manually curated metadatabase that provides an overview of more than 
4400 Web-accessible tools related to genomics, transcriptomics, proteomics, and 
metabolomics, have been employed to get a deeper understanding of toxicological 
mechanisms and to predict toxicological outcome, such as carcinogenicity, by pro-
filing genomic perturbations. Toxicogenomic tools have also been utilized to dis-
criminate between classes of carcinogens based on global expression profiling. This 
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suggests that for compounds with insufficient toxicological information, associated 
gene signatures could be used to characterize their toxicological properties based on 
comparison with signatures associated with previously characterized compounds.

5.3.4  Cell and Tissue

Environmental carcinogens affect cellular physiology, including cell cycle pro-
gression, proliferation, DNA replication, and gene expression, result in tissue 
pathology, which refer to disease and carcinoma.

Tobacco-specific nitrosamines (TSNA) have implications in the pathogen-
esis of various lung diseases, and conditions are prevalent even in non-smokers. 
N-nitrosonornicotine (NNN) and 4-(methyl-nitrosamino)-1-(3-pyridyl)-1-butanone 
(NNK) are potent pulmonary carcinogens present in tobacco products and are 
mainly responsible for lung cancer. NNK and NNN significantly enhances phos-
pholipase A2 activity and reduces the surfactant lung phospholipid level. Exposure 
to carcinogenic polycyclic aromatic hydrocarbons (PAHs) has been implicated as 
the etiology of atherosclerosis. Monocyte-chemoattractant protein 1 (MCP-1) pro-
motes the recruitment of monocytes into atherosclerotic lesions. Treatment with 
B[a]P induces MCP-1 gene expression through activation of aryl hydrocarbon 
receptor in aortic tissue of ApoE−/−mice. These observations are agreed with in 
vitro studies with human endothelial cells (RF24 cell line and primary HUVEC).

Carcinogens can lead to tissue carcinoma. PAH and TSNA are recognized as 
potential etiological agents for oral cancer. Dibenzo[a,l]pyrene, the most potent 
known environmental carcinogen among PAH, is carcinogenic in the oral tissues 
of mice. Dibenzo[a,l]pyrene induces overexpression of p53 and COX-2 proteins in 
malignant tissues compared to normal oral tissues and tongues.

The effect of environmental carcinogens on tissue is studied in vivo; however, 
the molecular mechanism is studied in vitro. In order to further understand the 
damage effects of environmental carcinogens, we should combine the outcomes 
in vivo and vitro. Collaborative efforts are still required to investigate the effects 
of carcinogens on human health and to develop effective assays for toxicity assess-
ment, and to explore the effects of carcinogen on chemical pathways.
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Abstract In this chapter, we gave the detailed protocols for studies of bypassing 
DNA damage using a DNA polymerase. These methods include kinetic analysis, 
LC-MS/MS sequence analysis of full-length extension products beyond DNA 
damage, and X-ray crystal structure analysis of DNA polymerase containing DNA 
damage. Kinetic analysis contains steady-state kinetic analysis of single dNTP 
incorporation against DNA damage, full-length extension beyond DNA damage, 
pre-steady-state kinetic analysis of dNTP incorporation, and kinetic analysis of 
conformational change. This analysis gave details about how a DNA polymerase 
bypasses DNA damage.

Keywords Steady state · Full-length extension · Pre-steady state · LC-MS/MS 
sequence analysis · Conformational change · X-ray crystal structure

6.1  Introduction

In order to understand how DNA polymerase to bypass DNA damage, the steady-
state kinetic analysis of single dNTP incorporation against DNA damage should 
be performed to understand how the DNA damage affect dNTP incorporation. 
Comparison with unmodified nucleotide, we can know how the DNA damage affects 
DNA replication. The full-length extension beyond DNA damage can tell us how 
the DNA damage blocks DNA replication. For the details in dNTP incorporation  
mechanism, pre-steady-state kinetic analysis of dNTP incorporation can discover 
whether this incorporation has a fast burst phase and what are the dNTP dissocia-
tion constant and maximal dNTP incorporation rate. Kinetic analysis of conforma-
tional change will discover whether the DNA damage affects the conformational 
change that is always present for the bypass of unmodified nucleotide. Generally, 
full-length extension assay cannot give the exact sequence information of the exten-
sion products. LC-MS/MS sequence analysis will give the exact sequence informa-
tion for the full-length extension products beyond DNA damage. Not only kinetic 
analysis, X-ray crystal structure analysis of DNA polymerase with DNA containing 
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DNA damage will discover the active-site information in which how DNA damage is 
aligned and how DNA damage distorts active site. This kinetic analysis and structure 
analysis gave details about how a DNA polymerase bypasses DNA damage.

6.2  Kinetic Analysis of Bypass of DNA Damage

6.2.1  Materials

The materials were as follows: DNA polymerase, damaged and undamaged ssDNAs,  
Tris-HCl buffer (pH 7.5), NaCl, dithiothreitol, bovine serum albumin, glycerol, T4 
polynucleotide kinase, [γ-32P]ATP, dNTP, MgCl2, EDTA, formamide, bromphenol 
blue, xylene cyanol, acrylamide, and urea.

6.2.2  Preparation of Reaction Buffer

Reaction buffer contains 50 mM Tris-HCl buffer (pH 7.5) containing 50 mM NaCl, 
5 mM dithiothreitol, 100 µg bovine serum albumin ml−1 (w/v), and 5 % glycerol (v/v).

6.2.3  Preparation of Reaction Quench Buffer

Reaction quench buffer contains 20 mM EDTA in 95 % formamide (v/v) with 
0.5 % bromphenol blue (w/v) and 0.05 % xylene cyanol (w/v).

6.2.4  Preparation of Primer/Template that Contains DNA 
Damage at Incorporation Position

ssDNA primer was 5′ end-labeled using T4 polynucleotide kinase/[γ-32P]ATP for 
30 min at 37 °C. After heating at 95 °C for 10 min to activate T4 polynucleotide 
kinase, the solution was passed through Bio-Spin-6 (Bio-rad) to remove the unre-
acted [γ-32P]ATP. Then, the 32P-labeled primer is annealed to templates (20 % molar 
excess) by heating to 95 °C for 5 min and then slowly cooling to room temperature.

6.2.5  Analysis of DNA Incorporation Product

Products were separated using a 20 % polyacrylamide (w/v) denaturing gel 
 electrophoresis system containing 8 M urea, visualized using a Bio-Rad Molecular 
Imager FX instrument (Bio-Rad), and quantitated by phosphorimaging analysis 
using the Molecular Imager FX instrument with Quantity One software.
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6.2.6  Primer Extension Assay with All Four dNTPs

32P-labeled DNA substrate (100 nM) was incubated with DNA polymerase 
(0, 0.5, 2, 10, or 50 nM) in reaction buffer, and reactions were initiated by  adding 
dNTP·Mg2+ solution (100 µM each dNTP and 10 mM MgCl2). After different 
reaction times, the reactions were quenched by quench buffer and analyzed by gel 
electrophoresis and phosphorimaging.

6.2.7  Steady-State Kinetic Analyses

32P-labeled DNA substrate was extended in the presence of varying concentrations 
of a single dNTP. The molar ratio of primer/template complex to DNA polymerase 
is generally ≥10:1. Polymerase concentrations and reaction times were adjusted to 
limit primer conversion to <20 %. Under this condition, reactions were done with 
twelve different dNTP concentrations, quenched by the addition of quench buffer, 
and analyzed by gel electrophoresis. Graphs of product formation rate versus 
dNTP concentration were fit using nonlinear regression (hyperbolic fits, Eq. 6.1) in 
GraphPad Prism Version 3.0 (San Diego, CA) for the estimation of kcat and Km values

where kobs is the dNTP incorporation rate by unit DNA polymerase, equal to prod-
uct concentration divided by reaction time and DNA polymerase concentration, 
[dNTP] is the concentration of dNTP, kcat is the steady-state rate maximal incorpo-
ration rate, and Km is dNTP concentration at half maximal rate.

6.2.8  Pre-steady-state Reactions

Rapid chemical quench experiments were performed using a model RQF-3 
KinTek Quench Flow Apparatus (KinTek Corp., Austin, TX) with 50 mM Tris-
HCl buffer (pH 7.4) in the drive syringes. Reactions were initiated by rapid mix-
ing of 32P-primer/template and DNA polymerase mixtures with the dNTP·Mg2+ 
complex and then quenched with 0.6 M EDTA after varying reaction times. The 
reaction products (20 µl) were mixed with 5 µl quench buffer, separated using 
denaturing gel electrophoresis, and quantitated. Pre-steady-state experiments 
with excess DNA or with excess DNA polymerase were fit with Eqs. 6.2 and 6.3, 
respectively, using nonlinear regression analysis in GraphPad Prism Version 3.0,

(6.1)kobs = kcat[dNTP]/([dNTP]+ Km),

(6.2)y = A
(

1− exp
(

−kpt
))

+ ksst

(6.3)y = A
(

1− exp
(

−kpt
))

,
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where y is the concentration of product, A is the burst amplitude, kp is the pre-
steady-state rate of nucleotide incorporation, t is time, and kss is a steady-state 
velocity of nucleotide incorporation.

kpol and Kd,dCTP were estimated by performing pre-steady-state reactions at dif-
ferent dNTP concentrations and varying reaction times. Graphs of burst rates (kobs) 
versus dNTP concentration were fit to the hyperbolic equation

where kpol is the maximal rate of nucleotide incorporation, and Kd,dCTP is the equi-
librium dissociation constant for dNTP.

6.2.9  Pre-steady-state Trap Experiments

In order to test whether the presence of DNA damage accelerates the  dissociation 
of DNA from DNA polymerase, trap assay was performed. Reactions were 
 initiated by rapid mixing of a 70 nM DNA polymerase and 120 nM 32P-labeled 
primer/template containing DNA damage complex in reaction buffer (pH 7.4) 
with a second solution containing 1 mM dCTP and 5 mM Mg2+, with or without 
1.2 µM unlabeled trap primer/template without DNA damage in the same buffer. 
These two parallel reactions were performed for the same time and quenched 
with 0.6 M EDTA. The reaction products were quantified by denaturing gel 
 electrophoresis, and the data points were fit with Eq. (6.2).

6.2.10  Phosphorothioate Analysis

In dNTP incorporation mechanism, the pre-steady-state kinetic analysis  discovers 
the fast dNTP incorporation step, which includes the conformation change step 
and chemical bond formation step. These two steps cannot be distinguished by 
the pre-steady-state kinetic analytic method. In order to test which step is the rate-
limiting step, phosphorothioate analysis was performed. Reactions were  initiated 
by rapid mixing of 32P-primer/template and polymerase mixtures with (Sp)-
dNTPαS·Mg2+ complex (or dNTP·Mg2+) and then quenched with 0.6 M EDTA 
after varying reaction times. Products were analyzed and quantified.

6.2.11  Stopped-Flow Fluorescence Measurements  
of Conformational Change

Auto SF-120 instrument (KinTek Corporation, USA) was used in the measurement 
of transient fluorescent assays. The 335-nm-long-pass filter (CVI Laser Corp., 
Albuquerque, NM) was used to eliminate the excitation light. A specific band-pass 
filter was used to only bypass the emission fluorescent signal.

(6.4)kobs = kpol[dNTP]
/(

[dNTP]+ Kd,dCTP

)
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Fluorescent probe was added to DNA or some specific location of protein. For 
Y-family Dpo4, Trp-239 can be a fluorescent probe to detect the conformational 
change, and for A-family T7 DNA polymerase, A fluorescent dye MDCC can be 
attached to the figure domain to probe conformational change.

Herein, we use Dpo4 T239W as an example to explain how to detect the  
conformation change using SF-120. MgCl2 (5 mM) was included in both 
syringes. In typical experiments for measuring the effect of dNTP binding on flu-
orescence of the Dpo4 T239W, one syringe contained Dpo4 T239W and DNA in 
50 mM Tris-HCl buffer (pH 7.5 at 25 °C) containing 50 mM NaCl, 5 mM dithi-
othreitol, and 5 % (v/v) glycerol, and the second syringe contained various con-
centrations of the correct dNTP in the same Tris buffer. After rapid mixing, the 
final concentration of Dpo4:DNA was 1 µM. In all cases, standard assays were 
performed including all components except the reagent producing a change (e.g., 
dNTP in the case of fluorescence changes versus dNTP concentrations). The fluo-
rescence plots measured here represent the averages of eight different shots. The 
rates of conformation change at different dNTP concentrations can be obtained 
by nonlinear regression fitting the fluorescence increase signal against time using 
the equation:

where y is the fluorescence signal produced over time, A is the amplitude of the 
 signal, kobs is the observed rate constant, and t is time. The kobs apparent values were 
then plotted against dNTP concentrations using the hyperbolic equation (Eq. 6.6) to 
obtain the ground state dissociation constant of dNTP (Kd,dNTP), maximal forward 
conformation change rate (k3), and reverse conformation change rate (k−3):

All nonlinear regression analysis used GraphPad Prism Version 3.0.

6.2.12  Kinetic Simulations

In order to study each parameter at each step of dNTP incorporation  mechanism, 
kinetic simulations were performed using a minimal mechanism using DynaFit 
(BioKin, Pullman, WA) (Fig. 1.1). Due to the presence of DNA damage, 
the  minimal mechanism might not fit the experimental data. Some modified 
 mechanisms with the presence of a nonproductive ternary complex were used to 
fit experimental data. The least squares fit to the experimentally determined data 
were calculated.

(6.5)y = A
(

1 − e−kobst
)

(6.6)kobs = k3[dNTP]
/(

Kd,dNTP + [dNTP]
)

+ k−3

6.2 Kinetic Analysis of Bypass of DNA Damage

http://dx.doi.org/10.1007/978-94-017-7212-9_1
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6.3  LC-MS/MS Sequence Analysis of Extension  
Products Beyond DNA Damage

6.3.1  Materials

The materials were as follows: DNA polymerase, damaged and undamaged ssDNAs,  
Tris-HCl buffer (pH 7.5), NaCl, dithiothreitol, dNTP, MgCl2, E. coli uracil DNA 
 glycosylase, piperidine, EDTA, NH4CH3CO2, and CH3CN.

6.3.2  Preparation Sample of DNA Extension Products 
Beyond DNA Damage

DNA polymerase (5 µM) was incubated with uracil-containing primer/template 
DNA (10 μM), all four dNTPs (1 mM each), and MgCl2 (5 mM) in a final vol-
ume of 100 µl at 37 °C for 4 h in 50 mM Tris-HCl buffer (pH 7.4) containing 
5 mM dithiothreitol. Reactions were terminated by extraction of the remain-
ing dNTPs using a size-exclusion chromatography column (Bio-Spin 6 chroma-
tography column, Bio-Rad). Concentrated stocks of Tris-HCl, dithiothreitol, and 
EDTA were added to adjust the concentrations to 50, 5, and 1 mM, respectively. 
Next, E. coli uracil DNA glycosylase (20 units, Sigma-Aldrich) was added, and 
the solution was incubated at 37 °C for 6 h to hydrolyze the uracil residues on the 
extended primer. The reaction mixture was then heated at 95 °C for 1 h in the pres-
ence of 0.25 M piperidine (to break the primer chain at the abasic sites), followed 
by removal of the solvent by centrifugation under vacuum. The dried sample was 
resuspended in 100 µl of H2O for MS analysis.

6.3.3  LC-MS/MS Sequence Analysis of Extension Products

LC-MS/MS analysis was performed on a Waters Acquity UPLC system (Waters, 
Milford, MA) connected to a Finnigan LTQ mass spectrometer (Thermo Fisher 
Scientific, Waltham, MA), operating in the ESI negative ion mode. An Acquity 
UPLC BEH octadecylsilane (C18) column (1.7 mm, 1.0 mm × 100 mm) was 
used with the following LC conditions: Buffer A contained 10 mM NH4CH3CO2 
plus 2 % CH3CN (v/v) and buffer B contained 10 mM NH4CH3CO2 plus 95 % 
CH3CN (v/v). The following gradient program was used with a flow rate of 
150 µl min−1: 0–2.5 min, linear gradient from 100 % A to 95 % A/5 % B (v/v); 
2.5–6.0 min, linear gradient to 75 % A/25 % B (v/v); 6–6.5 min, linear gradient 
to 100 % B; 6.5–8.0 min, hold at 100 % B; 8.0–9.0 min, linear gradient to 100 % 
A; 9.0–12.0 min, hold at 100 % A. The temperature of the column was maintained 
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at 50 °C. Samples were injected with an autosampler system. ESI conditions 
were as follow: source voltage 4 kV, source current 100 mA, auxiliary gas flow 
rate setting 20, sweep gas flow rate setting 5, sheath gas flow setting 34, capillary 
voltage −49 V, capillary temperature 350 °C, tube lens voltage −90 V. MS/MS 
conditions were as follows: normalized collision energy 35 %, activation Q 0.250, 
and activation time 30 ms. The doubly (negatively) charged species were gener-
ally used for CID analysis. The calculations of the CID fragmentations of oligo-
nucleotide sequences were done using a program linked to the Mass Spectrometry 
Group (Medicinal Chemistry) at the University of Utah (www.medlib.med.
utah.edu/massspec).

6.4  X-Ray Crystal Structure Analysis of DNA Polymerase 
with DNA Containing DNA Damage

6.4.1  Materials

The materials were as follows: DNA polymerase, damaged and undamaged ssDNAs,  
Tris-HCl buffer (pH 7.5), NaCl, glycerol, 2-mercaptoethanol, dNTP, MgCl2, poly-
ethylene glycol 3350, and ethylene glycol.

6.4.2  Crystallization of Polymerase with DNA Containing 
DNA Damage

Different polymerases have different crystallization methods. Here, we use Dpo4 
and N2-NaphG as models to explain the crystallization process. A 18-mer tem-
plate containing N2-NaphG and 14-mer primer containing a 3′-terminal dideoxy-
cytidine were annealed to form a duplex. Dpo4 was mixed with DNA (1:1.2 molar 
ratio) in 20 mM Tris-HCl buffer (pH 8.0, 25 °C) containing 60 mM NaCl, 4 % 
glycerol (v/v), and 5 mM 2-mercaptoethanol and then placed on ice for 1 h prior to 
incubation with 5 mM MgCl2 and 1 mM dGTP. The final Dpo4 concentration was 
10 mg/ml. Crystals were grown using the sitting-drop/vapor diffusion method with 
the reservoir solution containing 20 mM Tris-HCl (pH 8.0 at 25 °C), 15 % poly-
ethylene glycol 3350 (w/v), 60 mM NaCl, 5 mM MgCl2, and 4 % glycerol (v/v). 
Droplets consisted of a 1:1 (v/v) mixture of the Dpo4-DNA-Mg2+-dGTP complex 
and the reservoir solutions and were equilibrated against the reservoir solutions. 
Crystals were soaked in mother liquor containing an additional 25 % polyethyl-
ene glycol 3350 (w/v) and 15 % ethylene glycol (v/v) and then swiped through 
paratone-N (Hampton Research, Aliso Viejo, CA) and flash frozen in a stream of 
liquid nitrogen.

6.3 LC-MS/MS Sequence Analysis of Extension Products …

http://www.medlib.med.utah.edu/massspec
http://www.medlib.med.utah.edu/massspec
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6.4.3  X-ray Diffraction Data Collection and Processing

Two Dpo4-N2-NaphG complex crystals were resolved. X-ray diffraction data for 
the Dpo4-N2-NaphG complex crystals (Npg-1 and Npg-2) were collected at the 
Advanced Photon Source (Argonne National Laboratory, Argonne, IL) on the 
21-ID (LS-CAT) and 22-ID (SER-CAT) beam lines, respectively. Both data sets 
were recorded from cryoprotected crystals using a wavelength of 0.98 Å at 110 K. 
The crystals diffracted to 3.0-Å resolution. Individual frames were indexed and 
scaled with the program XDS (Npg-1) or HKL2000 (60) (Npg-2). Both complex 
crystals belong to space group P21212. X-ray diffraction data collection and pro-
cessing statistics should be listed.

6.4.4  Structure Determination and Refinement

The structure of Dpo4 containing N2-NaphG should be refined based on a known 
and similar structure. A wild-type Dpo4-G complex (pdb accession code 2bqr) 
minus solvent molecules, template residue 5, metal ions, and dGTP was used as the 
starting model for Npg-1. Molecular replacement was performed using MOLREP 
as a part of the CCP4 program suite. The refined structure of the Npg-1 complex 
(minus solvent molecules, template residue 5, metal ions, and dGTP) served as the 
starting model for the Npg-2 structure, and the locations of the individual models 
were optimized by several rounds of rigid body refinement while gradually increas-
ing the resolution of the diffraction data. Manual model rebuilding was done with 
the program TURBO-FRODO. The maps were computed using the sA-modified 
coefficients. Clear positive density for the Mg2+ ions and the dGTP was observed in 
the initial difference Fourier electron density maps of both complexes, although the 
positive density was sparser for dGTP in the Npg-1 structure. Positive density was 
observed for the N2-NaphG-modified template residue, but several rounds of mod-
eling and refinement were required to ascertain the final orientation of the base and 
the naphthalene moiety in both structures. The CNS package was used for the refine-
ment of the models by performing simulated annealing, gradient minimization, and 
refinement of individual isotropic temperature and occupancy factors. The statistics 
of the refined models for all structures should be summarized. The crystallographic 
figures were prepared using PyMOL. Calculation of the DNA helical parameter 
descriptions was performed using CURVES.
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