Chem. Rev. 2006, 106, 420—452 420

Interactions of Carcinogen-Bound DNA with Individual DNA Polymerases

F. Peter Guengerich*
Department of Biochemistry and Center in Molecular Toxicology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232-0146

Received March 29, 2005

Contents 7. X-ray Crystal Structures of DNA Polymerases 439
1. Introduction and Significance 420 7.1. General Features of I_DNA Polymerases 439
5 General Apbroaches 41 7.2. Structures of Processible DNA Polymerases 440
pp o _ Bound to Carcinogen-Modified DNA
2.1 Synthesis of Modified Oligonucleotides 421 7.3. Crystal Structures of Translesion 441
2.2. Purification and Characterization of Modified 422 Polymerases
Ollgonucleptldes N 7.3.1. Dpo4 401
3. Thermodynamics of Base Pairing 424 7.3.2. Dpo4 and 1,N%e-Gua 441
3.1. Monomers 424 7.3.3. Other Translesion Polymerases 444
3.2. UV and CD Measurements 424 8. Interaction with Cross-linked Elements 445
3.3. Tm Measurements 425 9. Determinants of Mutation Spectra 446
3.4. NMR 425 10. Summary and Future Directions 448
3.5. X-ray Crystallography 425 11. Acknowledgments 449
3.6. Overall Considerations 425 12. Note Added in Proof 449
4. Polymerase Assays 426 13. References 449
4.1. Misincorporation Assays 426
4.2. Extension 426 . P
43, Exonuclease Activity 426 1 /ntroduct/gn and S/gn/f/cancg o .
4.4. Combined Systems 427 To appreciate the nature of this sgbject, itis useful to first
45. Pre-Steady-State Kinetic Experiments 497 consider the general topic of chemical carcinogenesis. In a
46. Site-Specific Mutagenesis 498 sense _the f|_eld began with the observations of two Lonqlon
e physicians in the second half of the 18th century. Hill
4.6.1. Polymerase Issues 428 associated nasal and oral tumors with the use of snuff
4.6.2. DNA Repair Background N 429 tobacco, and subsequently Padissociated scrotal tumors
5. Basic Issues Involved in Base Recognition 429 in chimney sweeps with the soots and tars these boys were
5.1. Hydrogen Bonds 429 exposed to. Later Rehtinked bladder cancer with the high
5.2. Watson—Crick Geometry 429 exposure of factory workers to aniline dyestuffs. In 1915
5.2.1. Experiments without Hydrogen Bonds 429 Yamagiwa and Ishikawlaeported the formation of tumors
5.2.2. Asymmetry 430 in the ears of rabbits treated with tars, and in 1933 Kennaway
5.3. Base Tautomers 430 and his associates isolated bergpjrene as a carcinogenic
5.3.1. General Issues 431 component of coal ta. _ .
5.3.2. N'-Guanyl Adducts 431 Thus, we have long hf_;ld evidence that chemmgls can cause
5.4. Stacking Interactions 432 cancer. Work by the Millefsand others, beginning in the
o 1940s, demonstrated that many chemicals must be converted
5.5. Bulk 432 to reactive forms in the body in order to cause cancer. These
5.5.1. General Issues 432 reactive forms of chemicals become attached to DNA and
55.2. N*Guanyl Adducts 432 proteins, and the structures of many of these DNA
5.6. Interactions with Polymerases 433 carcinogen adducts have now been charactefiZe@he
6. Kinetics 434 concept that somatic cell mutations are involved in cancer
6.1. General Considerations of Relevance of 434 goes back to the early 20th centtfhand was developed
Individual Polymerases further in studies demonstrating the relationship of carcino-
6.2. Normal Incorporation 435 gens, mutation, and cancef:*?The general concept is that
6.3. Checkpoints in the Catalytic Cycle 436 cells are init_iated by d_amage resulti_ng from a DNA-alkylating
6.4. Alteration of Catalytic Steps by DNA Adducts 436 @gent, yielding mutations that are fixed by subsequent rounds
6.5. Extra Steps in the Catalytic Cycle 437 of rgpllcauon. Most of the mutations are unlikely to yield .
6.6. Polymerase Switching 438 detrimental effects because they do not produce changes in

proteins or the changes are innocuous. However, some gene
products may show a critical gain or loss of function and

* Address correspondence to Prof. F. Peter Guengerich, Department oflead to loss of control of the functions of a cell, which can
Biochemistry and Center in Molecular Toxicology, Vanderbilt University |ead to a cancer state.

School of Medicine, 638 Robinson Research Building, 23rd and Pierce : - : :
Avenues, Nashville, TN 37232-0146. Telephone: (615) 322-2261. FAX: 1 0day most researchers in the field of chemical carcino-

(615) 322-3141. E-mail: f.guengerich@vanderbilt.edu. genesis would agree that cancer results from many factors,

10.1021/cr0404693 CCC: $59.00 © 2006 American Chemical Society
Published on Web 01/05/2006



Carcinogens and DNA Polymerases

b/ .
Dr. F. Peter Guengerich is a Professor of Biochemistry in the Vanderbilt
University School of Medicine. He received his B S. from the University
of lllinois in 1970 and then did his graduate work at Vanderbilt, receiving
his Ph.D. in Biochemistry in 1973. After two years as a research fellow
at the University of Michigan, he was hired as Assistant Professor of
Biochemistry at Vanderbilt in 1975 and has been on the faculty since
then, having attained the rank of Professor in 1983. Prof. Guengerich
has been Director of the Center in Molecular Toxicology, an interdepart-
mental program, since 1981. His research laboratory deals with the
chemical and biological mechanisms by which drugs and carcinogens
are processed. One area of interest is the enzymology of cytochrome
P450 enzymes, the major catalysts involved in the metabolism of drugs
and toxicants. Other research involves the chemistry and biochemistry of
modification of DNA, plus kinetic and structural studies of DNA polymerases

Chemical Reviews, 2006, Vol. 106, No. 2 421

disease states can be traced to heritable changes in DNA
repair enzymes and even DNA polymera&es.

Other lines of evidence could also be offered, but the
above four, as a whole, argue that the processing of BNA
carcinogen adducts is an important area of research activity.
DNA adducts are inert unless copied, and thus the roles of
DNA polymerases are of paramount importance. In the last
5—7 years this field has expanded with new knowledge and
the discovery of many new DNA polymerases. The interac-
tions of DNA—carcinogen adducts with polymerases will be
reviewed here. A PubMed search for “polymerases and
carcinogens” (using the connectand) yielded over 3400
articles, and a similar Google search produced over 51 000
hits. Obviously not all papers can be covered in this review,
and only a small fraction can be treated in much depth.

Before discussing some of the details, it is useful to briefly
review the major methods in this field and some of the basic
chemical and physical concepts underlying base recognition
in general. Our current knowledge of the subject of mu-
tagenesis indicates that major questions cannot be solved in
the context of only studies done with DNA, in the absence
of enzymes. However, the basic principles of thermodynam-
ics are used (and tweaked) by DNA polymerases, and
appreciation of the concepts and approaches is useful.

With this background several types of studies with DNA
polymerases and carcinogen-modified DNA will be pre-
sented and discussed, along with some of the author’'s own

with the goal of understanding the molecular basis of mutation and

interpretation relevance. Although the interaction
replication blockage in carcinogen-modified DNA. terpretations about relevance. Although the interactions

within cells are most important and many studies have been
done, the focus of this review will be studies of individual,
isolated DNA polymerases with oligonucleotides bearing
. . . ; ; . ; chemically defined adducts at specific sites. The most
is an issue in tumorigenesis (e.g. barbiturate and peroxisomeyeajled understanding of systems is possible at this level,
proliferation responses), as is general cell proliferatfon. g peit reductionist, particularly using kinetic analysis and
What are some of the main pieces of evidence that DNA x oy crystallography to study structure and function. Some
adducts have anything to do with cancer? Atleast four major giscussion of site-specific mutagenesis and mutation spectra
pieces of evidence can be offered. _ will be included. The point can be made that reliance on
() The appearance of DNA adducts can be highly oniy a single approach will never yield a particularly

correlated with tumorigenesis in some experimental animal jysightful understanding of mechanisms of chemically in-
models. That is, treating animals with known carcinogens gy ced mutagenesis.

causes both DNA adducts and tumors. For instance, good
correlation can be shown with aflatoxin BAFB;) in trout
and ratg?
(i) Experimental causation in model systems provides . L . :
strong evidence. A reactive product of a carcinogen can bez'l' Synthesis of Modified Oligonucleotides
added to a cell, and mutations and transformations résult. ~ One of the problems in the research on the interactions of
More directly, a reactive electrophilic metabolite (e.g. benzo- DNA polymerases with modified DNA is the need for highly
[a]pyrene diol epoxide) can be administered to mice and defined reagents, specifically pieces of DNA with a single
shown to cause tumot&With regard to DNA adducts, many  well-defined modification at an individual site. Thus, one
of these have now been shown, using the technique of site-cannot simply treat oligonucleotides or DNA with an alky-
specific mutagenesis,to produce mutations after transfec- lating agent and produce multiple modifications, as one might
tion with the vectorg?® in a cellular mutagenesis assay. The reasons are twofold.
(i) Mutation spectra show hot spots for different chemi- First, almost all chemical and physical (e.g., radiation) agents
cals. This phenomenon has been recognized for sométime. produce multiple types of damage; that is, methylating agents
With regard to human tumors, the tumor suppressor geneproduce some methyl adducts at most ring and exocyclic
p53 shows mutations in many cancers. The patterns showheteroatoms® Knowing which modification is involved in
good relationships to certain specific exposures, including the interaction with the DNA polymerase is important. The
sunlight and AFB?° and possibly some tobacco compo- second issue is that of sequence-dependent variations, which
nents?* Some of these mutations have biological effects; they will be discussed later. Therefore, the preparation of chemi-
may be involved in the stepwise process of tumorigenesis. cally modified oligonucleotides as reagents is an integral part
The mutation spectra can also be reproduced in experimentabf this research.
settings?? Four major approaches can be used to prepare modified
(iv) Some genetic predispositions to cancer are now clearly oligonucleotides (Scheme 1).
recognized to be related to deficiencies in dealing with DNA (i) The modified deoxyribonucleoside can be prepared and
adducts. For instance, xeroderma pigmentosum and othelincorporated using standard or modified oligonucleotide

not only the damage to DNA. For instance, modulation of
receptors and cell signaling (without metabolic activation)

2. General Approaches
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Scheme 1. Methods for Synthesis of Oligonucleotides Containing DNA Adducts at Defined Positiéns
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a(A) Incorporation of a phosphoramidite reagent containing a modified base using conventional DNA synthesis. This is a generally useful procedure if
the modified base is stable to the conditions of oligonucleotide synthesis and deprotection. (B) Postoligomerization strategy for modificzimonafal
base with an electrophile. This approach can be useful if the electrophile is specific for reaction with a certain base. In practice, a singiesithatont
base or, if multiple copies are present, extensive separation is done after the régEioRostoligomerization strategy involving a modified base. One base
is modified such that, after reaction as shown, the relevant modified structure is generated. An example is the non-biomimetic reaction dea2yfhasioe
(in the oligonucleotide) with an amine to generate the products normally produced by the reaction of epoxides with?&8®)dznzymatic incorporation
of a derivatized dNTP into DNA. This approach has been utilized but has three disadvantages: (i) only low scale reactions are feasible, (i\médified d
are usually poor substrates for polymerases, and (iii) purification and analysis are usually not trivial.

synthesis. The modified base must be compatible with the utilized in the preparation of unstable adducts such as the
chemistry used for preparation of the deoxynucleoside N’-guanyl adduct generated by reaction with AF&o8,9-
phosphoramidite and subsequent deprotection. epoxide3?33

In the early era of DNA synthesis, a number of different  If this approach is used, the investigator bears the burden
approaches were considered, but today the phosphoramiditef rigorously documenting the identity and purity of the
approach has become quite standardized and is used witlproduct. These standards hold in all cases, but particularly
commercial solid-phase cassette methods. Further, the generah this approach the potential for artifacts is very high.
protection methods used with the exocyclic groups have (i) An approach can be used in which an appropriately
become more standardized today (in this laboratory we rou- modified base is incorporated into an oligonucleotide and
tinely use 4tert-butylphenoxyacetyl (N) and 4-nitrophenyl-  then modified with a chemical to generate the final desired
ethyl or trimethylsilylethyl (O) protection). The variety of product. Such a “non-biomimetic” approach has been used
modified bases that have been incorporated using suchto prepare a number df-guanyl and\f-adenyl adducts by
approaches will not be elaborated here. In some cases, thiHarris and his associaté&? For instance, 2-fluorodeoxy-
work can be done by a commercial oligonucleotide supplier ingosine can be incorporated as the base and then reacted with
(e.g., with 7,8-dihydro-8-oxoguanine (8-oxoG)@#-MeG). an amine derivative of a (polycyclic aromatic hydrocarbon)
The chemistry needed for deprotection must be compatiblepAH to generate the known biomimetic prodéttThis
with the_incorporate_d base. Most Co_mmercial oligonucleot_ide approach usua”y works best with a re|ati\/e|y short 0|igo-
synthesis laboratories do not routinely accept synthesizednycleotide and a bulky adduct, in that separation of unreacted
nucleoside phosphoramidites from individual investigators, oligonucleotide will be necessary.
and such synthesis must be done independently. As a general () An enzymatic approach can be used, although this is
rule, we find that 1520 mg of a nucleoside phosphoramidite sy ally not feasible on a large scale. A modified dNTP is
is a minimum for success. Sometimes removal of the Cassetteprepared and added to the end of a primer, in the presence
and manual coupling, with longer time, is useful for modified ot 5 polymerase (and template). The chemical preparation
nucleosides. , , _of dNTPs is not trivial, in that rigorously anhydrous

Artifacts can be introduced during the deprotection congitions are needéd3 Also, DNA polymerases often
chemistry?® These can be avoided with the addition of show poor incorporation of modified dNTPSThe limited
reductants in some cases, e.g. 8-0%8G. amount of oligonucleotides that can be produced may be

(ii) An oligonucleotide can be treated with a reagent to gyficient for some biological studies, but the limitation may
modify the desired residue. This strategy is useful when the e an issue, even for characterization.

chemistry is incompatible with phosphoramidite and depro-

tection chemistry (e.gN’-guanyl adducts). An inherent 55 pyification and Characterization of Modified
problem is that multiple modifications can occur. One Oligonucleotides

strategy is to use only a single Gua or residue known to
react, to minimize undesired reactions. In some cases Modified oligonucleotides are usually purified by HPLC
positional isomers can be separated by chromatography (e.gor preparative gel electrophoresis (Scheme 2). Reversed-
individual N’-guanyl modifications§¢3 This approach is still phase (@) HPLC can be used with short oligonucleotides
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Scheme 2. Purification of Modified Oligonucleotide3
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aThe three most common techniques are shown. Reversed phase HPLC

can be used to separate shorter oligomers, generally- t@4emers. Mixed-

bed reversed-phase/ion-exchange systems are useful with longer oligomers.

In our own experience oligomers as long as 42-mers and differing in one
monomer length can be separatédlVith both types of HPLC, resolution

is improved with increasing temperature (up to a limiteB0 °C), due to

the attenuation of internal bonding interactions in the oligonucleotides.
Preparative polyacrylamide gel electrophoresis is useful for purifying short
or long oligonucleotides, although the recovery is often low (typically 50%
or less). In all systems there is relatively limited separation of positional
isomers of oligonucleotides. The degree of separation of a carcinogen-
modified oligonucleotide from an unmodified analogue varies, depending
upon the size of the adduct.

(up to ~20- to 24-mers), using increasing gradients of
CH3OH or CH;CN in ammonium formate or acetate buffers
(which allow for removal of the buffer by lyophilization).
Reversed-phase HPLC is not effective for longer oligonucleo-
tides, and a mixed resin HPLC approach is more useful

(reversed-phase plus anion exchange). Elution is accom-

plished with an increasing NaCl gradient (in a buffer
containing~20% CHCN).3” The salt must be removed by
gel filtration. Increasing the temperature to®D(maximum)
improves resolution. Typically adequate resolution of (e.g.)
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adduct, any apparent polymerase bypass past the adduct could
be the result of the contamination rather than any inherent
ability of the polymerase to copy past the bulky adduct.

In the author’s opinion, all papers dealing with modified
oligonucleotides must include appropriate evidence of purity
and identity. With the implementation of electronic “Sup-
porting Information”, “Supplemental Data”, etc. options by
many journals to provide easy access to supplementary
material, there is really no excuse for not providing such
documentation.

The two most common methods used to evaluate purity
of oligonucleotides are capillary gel electrophoresis and
denaturing polyacrylamide gel electrophoresis (Scheme 3).

Scheme 3. Standards for Purity and Identity of Modified
Oligonucleotide$
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a2The electrophoretic systems provide the highest resolution. Capillary
gel electrophoresis is a sensitive and very convenient means of evaluating
purity. Alternatively, polyacrylamide gel electrophoresis can be used.
However, 2P or other label is needed to provide sensitivity. If preparative
polyacrylamide gel electrophoresis has been used to purify the oligonucle-

a 41-mer and 42-mer can be accomplished, or alternativelyotide, then analysis in the same system does not really provide a criterion

42-mers with and without an adduct presént.

The major alternative is preparative gel electrophoresis (in
the presencef@ M urea). The experience in this laboratory
has been that resolution is generally better than that with
HPLC. Disadvantages are much lower recovery, the lower

of purity. MS is the most general method used today for establishing the
identity of oligonucleotides. MALDI-TOF MS can readily be done with
oligonucleotides 42 bases or less in length. Although some indication of
purity is provided, MALDI-TOF signal intensity varies greatly and the
absence of extra peaks should not be overinterpreted. Sequence analysis
can be done by creating ladders of digestion products by collision-induced

loading capacity, and, in some cases, the problem of sen-dissociation (CID¥42 or, more practically, with phosphodiesterase | or

sitivity of the modifications to the UV light needed to
visualize the oligonucleotide.

Standards for the demonstration of identity and purity of
modified oligonucleotides are important and have not

11,4347 cutting from the 3or 5 end. The differences can be used to define
the sequence of bases within the intact oligonucleotide.

The former has very high revolving power with oligonucleo-
tides and uses only trace accounts of matéfiflolyacryl-

received sufficient attention, in general. Many biological amide gel electrophoresis is sensitive if an oligonucleotide
experiments, particularly those involving mutation and other is tagged with a radioactive or fluorescent label. There are
biological endpoints in cells, are extremely sensitive to some caveats about the use of the method. If preparative
impurities. In cells, the origin of observed mutations could electrophoresis is used in the purification of an oligonucle-

be an impurity. Another common problem is the presence otide, then using the same method to establish purity is of
of an unmodified oligonucleotide in a modified oligonu- limited usefulness. In the past, we have found that even
cleotide reagent. This is even a problem in noncellitar  oligonucleotides purified by preparative electrophoresis can
vitro experiments. For instance, the extent of elongation of be resolved into multiple components using capillary gel

a primer is often very low in polymerase extension studies, electrophoresié’

particularly with bulky adduct# If even 1-2% unmodified The issue of identity of an adduct is a separate one from
oligonucleotide is present in an oligonucleotide with a bulky that of purity. If a deoxyribonucleoside is synthesized and
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Scheme 4. Watsonr-Crick, Wobble, and Hoogsteen Base Pairing Schem#&s
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aThe canonical WatsenCrick pairs can usually be observed using NMR spectrosébpie other binding modes are less common, and the most direct
evidence for the existence of each comes from X-ray diffraction work.

then incorporated into an oligonucleotide, the deoxyribo- studies are instructive in terms of basic mechanisms and,
nucleoside should be characterized by spectroscopy aslespite their limitations, have played a major role in directing
rigorously as possible before derivatization and incorporation. the thinking in the past. The considerations are almost
One approach to establishing identity is to digest the exclusively dominated by thermodynamic considerations.
oligonucleotide with nucleases and separate the (dephos-

phorylated) nucleosides by HPLC. This approach is useful, 3.1. Monomers

although (i) a considerable amount of oligonucleotide is Hydrogen bonding between the so-called “Wats@nick”
required if only UV detection is used and (ii) tr:)e method  ¢5065 of purines and pyrimidines is a major factor involved
only provides a limited index of purity; that is78.0% error _ jy the interaction of the normal four DNA bases with each
in the ratios of the nucleosides could be present. The yior (Scheme 4). However, the bonding of individual bases
sensitivity of the method could be improved with mass o cleosides to each other (e.g. dGuo:dCyd) is not observed
spectral detection. C . in aqueous solutions because of the hydrogen bonding to
The most common method of establishing identity today H,O. The sugars can be modified with hydrophobic groups

is probably mass spectrometry (MS), particularly matrix- 1 render the nucleosides soluble in aprotic solvents such as
linked laser desorption/time-of-flight (MALDI-TOF) MS. CHCl, and hydrogen bonding is then observed. One

Intact oligonucleotides as long as 42-mers ﬁzire 54eadi|y manifestation of the bonding is the changes in NMR chemical
handled, and the accuracy is better than 1 part #td Q0" shifts due to interactioP?53 This approach has been used in

The presence of the appropriate fMH]" (or [M — H]") some studies but has had very limited use with carcinogen-
ion is usually a good documentation of identity in most cases. 5qqucted DNA based. A limitation is the quantitative
Further characterization can be done by sequence analySiSdescription of the extent of binding.

Typically an oligonucleotide is digested with a phosphodi-
esterase (3~ 5' or 5 — 3') to create “ladders”, as observed 32 U\ and CD Measurements

in MS of the mixture (Scheme 3). The differences between ) ) ) - )
m/z units of the peaks can be used to confirm the sequence, Most studies with carcinogen-modified DNA have in-

including the position at which the modified base is present. Volved oligonucleotides of “medium” length, aside from
some of the cellular experiments in which long vectors are

: - necessary. The binding of two complementary strands of

3. Thermodynamics of Base Pairing DNA (or RNA) is characterized by a hypochromic effect
Before addressing the details of studies with polymerases,(decreased absorbance). Thus, a decreasegsitis usually

it is useful to consider the studies that have been done onassociated with base pairing, and conversely an increased

the pairing of DNA bases in isolation from protein. These Aggois associated with disruption of pairing.
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Figure 1. Mixing plot analysis of complementary oligonucleotides
to demonstrate bindingg. A complementary pair is shown in part
A, and a mismatch, in part B. Absorbance was monitored at both
252 and 260 nm in this case to maximize for both purine and
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demonstrated the importance of sequence context on the
conformational and thermodynamic properties of a cisplatin
DNA intrastrand cross-link.

In addition to the sequence context, the nature of the
chemical adduct and its stereochemistry can have major
effects. The importance of adduct stereochemistry on ther-
modynamic (and biological) properties has been well docu-
mented in the case of the PAFS? Also, even relatively
small adducts can have major effects on DNA melting
parameters. For instance, with\3;e-Cyt the fluorescence
and CD spectra indicate that only small changes occur in
the structure and the DNA is still in the B forfAiHowever,
large changes are inducedTr, AG®°, and duplex stability.
Even with the simple adduct 8-o0xoG, the results of spec-
troscopic and chemical experiments led Plum e%*ab

pyrimidines. The presence of an obvious minimum in such a Job conclude “...thermodynamic effects induced by the lesion
plot (part A) indicates that the two oligonucleotides are hybridized, 8-oxo0G:C (or GG) can result in relatively large changes in

as opposed to the pair with a single mismatch in part B. (Reprinted

with permission from ref 55. Copyright 1993 American Chemical
Society.)

One way in which to use such phenomena is with mixing
plots, sometimes referred to as Job pbts(Figure 1). As
the percentages of the two strands are mixedAthgof the
system will be at a minimum when maximum pairing occurs

(Figure 1). Thus, pairing is achieved in the case shown in

Figure 1A. If no break is observed, binding is weak or
nonexistent.

enthalpy which are partially or wholly compensated entropic-
ally to produce relatively modest changes in free energy”.
The authors further suggest that “...preferential nucleotide
insertion opposite 8-0xoG cannot be rationalized simply in
terms of large thermodynamic differences”, a point which
is borne out in studies with individual DNA polymerases,

which vary considerably in misincorporation frequefg§:¢

3.4. NMR

With the availability of superconducting magnets it has

CD spectroscopy provides another means of observingbeen possible to determine the structures of short oligo-

pairing of oligonucleotides. Normal B-type helixes are nucleotides and to establish the effects of bound carcinogens
characterized by a positive band at 270 nm and a negativeon these structures. A serious discussion of the analysis is
band at 250 nm. This pattern is diminished when the pairing beyond the scope of this section, and the reader is directed

is disruptec®

3.3. Ty Measurements
Melting transitions are analyzed by any of a number of

methods. Perhaps the most generally useful method is

differential scanning colorimetry. The method is expensive
in terms of the amount of sample required, but a single
melting analysis can provide all relevant thermodynamic
parameters, includingG°, AH, andASfor the binding?%-5”

An alternate approach is to use the spectral charges

to a very comprehensive earlier review focused on the
polycyclic®” See also a very comprehensive earlier review
focused on the polycyclic aromatic hydrocarb&hSuffice

it to say that most studies are done on 11- to 13-mers at
500-600 MHz (H basis), combining'H and 3C and
sometimes*P measuremenf$.Two aspects are critical: (i)
the through-space NOESY “walk” down the oligonucleotide
chain to establish the resonances of all atoms and (ii) the
downfield signals attributable to protons involved in hydro-
gen bonds.

mentioned earlier to monitor the transition, as a function of 3.5. X-ray Crystallography
increasing (or decreasing) temperature. The usual approach ™™

is to monitor Az as a function of increasing temperature
applied to a preformed complex of two DNA strands. The
resulting sigmoidal plot is analyzed to determine Tqg or
midpoint for the change, usually with a derivative method.
With appropriate equipment, work can be done with mL

of a solution withAzs = 0.10. The approach yieldsTa, at

a specific DNA concentration, but a careful consideration
of the thermodynamics requires a van't Hoff analysis, i.e.,
plots of 1T, vs In [DNA], and therefore multiple experi-
ments at different DNA concentratiof%:

1T, = (RAH®) In C+ (AS’ — RIn 2.356)AH°

The effects of a particular modification may appear different
if only T, is considered, compared toH° and AG°.5758
The thermodynamics of DNA interaction is a complex

subject and of considerable significance in the context of

Fewer structures of oligonucleotides have been established
by X-ray crystallography than by NMR, particularly of
carcinogen-modified oligonucleotides. Whether or not oligo-
nucleotides will crystallize is highly dependent upon the
sequence. The list of carcinogen-bound oligonucleotides
consists of a few notable entities includingN%-¢-Ade,
8-0x0G, andO8-EtG 8870 The benefit of such structures is
the high resolution.

3.6. Overall Considerations

A number of approaches can be used to examine the effects
of bound carcinogens on the structure of DNA. This
information is inherently useful in application to more
complex problems, e.g. the interaction of modified DNA with
polymerases and other proteins. A few general comments
are in order.

(i) Establishing the 3-dimensional structure of a modified

considerations of not only chemical carcinogens but also oligonucleotide is easier in these settings than within a

recombinant DNA and other biotechnology wéPKC One

important aspect is DNA sequence effects, which are

considered in modern predictive algorithA§°Pilch et al®*

polymerase.
(i) One limitation is that almost all of these studies have
the adduct “sealed” in the middle of two paired oligonucle-
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otide strands, a situation that may not be relevant to that in Scheme 5. In Vitro Assays That Can Be Used with DNA
which a polymerase senses an adduct at a replication fork.Polymerases
Thus, the analysis is done on a (polymerase-generated)p wMisincorporation

product that may not be relevant to the substrate ground state dNTP
and transition state. ¢ ol —
(iii) The structural biology approaches and many of the . —— §|— | =V
others do not result in parameters that can be directly applied g

to compare the influences of modifications on binding, with

the exception of th&./AG® approach, which still has caveats B Extension

in the interpretation of effects of individual residues, depend- dNTP

ing upon the analysi®:0 | — é
_A._ _

4. Polymerase Assays

C Combination: "Run-on" [dNTP]

[dNTP]

wT
<

As indicated earlier, thermodynamic approaches are in-

teresting but all have limitations as to what information can  Standing start P—
be obtained. Another problem encountered in this and other 4dNTPs

laboratories has been that the same adduct in an oligonucleo- — * ° : S|
tide miscodes in different ways with different polymerases. )

This is not only a quantitative issue, i.e., varying extents of "9 %" p—
activity, but also one of varying preferences for the insertion —_4dNTPs

of A, C, G, and T opposite a specific modified bd%é — ° 8=

Obviously these findings are not rationalized in the inherent
thermodynamics of the DNA bases binding to each other, p pre-steady-state
and the problem is a kinetic one. That is, the interactions of

the catalyst (polymerase) play a major role in the course of

the reaction.

Several approaches are commonly used in this type $ ol — o —
of research, and the salient features are treated briefy —T——e— *NP—= g|e—= | =
(Scheme 5). /
Time
4.1. MiSinCOfporation Assays aThe adduct is indicated as a solid circle. Parts A and B are steady-

Inth . | lex i ixed with state measurements in which the rafeof conversion of the oligonucleotide
n these assays, a primer template complex is mixed wit substrate (S) to the product (P) (usually a 1-base extension) is measured at

a polymerase and a dNTP (Scheme 5A). The primer is end-different dNTP concentrations. The plots usually fit to hyperbolae and yield
labeled, usually with &P-tag. The reaction is run for a fixed  the parameterk..: andKn. In this work it is appropriate to expressand
time (to keep the amount of product ~20% of the keat in units of reciprocal time, i.e., pmol of product formed {pmol of

. - .. DNA polymerase)?, or s'1 (as opposed to % product’. The extent of
SUbStrate)' A p|0t of reaction VeIOCIty (product formed/unit conversion of S to P should be20% to avoid problems with substrate

item) vs [dNTP] is usually hyperbolic. A simple comparison  depletion and product inhibition. In Part C, extension is done in the presence
is with the keafKn (i.€. enzyme efficiency) for each of the of all four dNTPs. The products usually include substrate, various lengths
four dNTPs. The proclivity for mutation is predicted by the of eédended pr:ocrj1UCt' Ellll-lengtg exgednded Fri]rodl;ct, and ngetimef GIffll-lerlgth
; ) “ » G product to which a “blunt-end” addition has been made to yield-a™
_rat|p (kca‘/.Km)Wm”@/(k“.a{Km)”ght’ Where. wrong and I’I.ght product. Although the approach has the advantage of making observations
'n_d|cate Incorporation Of_ a base y_'eldmg a mutation and of insertion opposite the adduct, separation of rates of individual steps is
“right” denotes “correct” incorporation, i.e., the base nor- difficult and the reactions can only be analyzed in the context of complex

mally pairing with the base that was modified (e.g. C with models. In pre-steady-state experiments (part D) rapid mixing equipment

1,N2-6-Gua).72 is used and the focus is on events that occur in the first catalytic cycle. If
this first cycle is faster than events occurring after product formation, then
the result is a kinetic “burst” and the first phase can be fit to a first-order

4.2. Extension plot and interpreted.

The ability of a polymerase to cause mutation is dependent
not only on misincorporatioiper se(vide suprg but also
on the tendency to extend the primer strand past the site of
the incorrectly inserted base. Polymerases, or at least
replicative DNA polymerases, have a strong tendency not
to insert bases beyond a misp&ir.

Experimentally the studies are done in a manner similar
to those for misincorporation, except that a specific base is .
placed in the primer strand opposite the modified base 4.3. Exonuclease Activity
(Figure 5b). The remainder of the analysis is simifaA DNA repair is obviously a major issue that influences the
simple way to predict the tendency of a polymerase to tendency of an adduct to produce a mutation in a biological
produce a mutation is to expand the previous equation to setting’® More than 130 genes code for the enzymes that

Another issue is determining what the product is. This is
not a trivial exercise, and such experiments are usually not
done. Historically, Maxam Gilbert sequencing of the prod-
uct has been dor®’® but this approach is often ambiguous
and very unsuited to analysis of mixturésAs discussed
later, MS provides a better approach.

give a parametef':"* repair damaged DNA in humar%.However, before this
action occurs, there is often a removal of damage within
f= [(kca{Km)WronJ(kca{Km)rithmsemonx many polymerases. Many DNA polymerases have exonu-

_ _ clease domains within the protein. When a mispair is made,
[(keafKm)wrond (Keaf Kmdrighdextension 116 polymerase can stall, as indicated above. This pausing



Carcinogens and DNA Polymerases Chemical Reviews, 2006, Vol. 106, No. 2 427

can allow time for the polymerase to release the DNA, and Scheme 6. Generalized Catalytic Mechanism for DNA
the damaged DNA can be sampled in the exonuclease sitePolymerases (Minimal Mechanismj

If we consider some DNA polymerases that catalyze Minimal Mechanism
incorporation opposite bulky adducts, the turnover is ap-

proximately once per 30 mitt,i.e., 0.0005 s'. However, a E+ Dy E+D,
polymerase-DNA complex typically dissociates at a rate of #

~1 st Eanuclease activity is relatively easy to analyze E-Dgay EDu

vitro; one simply begins with a system such as that shown PP, dNTP
in Scheme 5B and measures rates of degradation, in the )}{ K
presence of M§ and absence of dNTP. However, these I ED.-dNTP
measurements have generally been of less interest than e "
polymerization, and exonuclease-deficient mutants are often R };{
used in studies with DNA polymerases to simplify the

systems$® Some complex DNA polymerases (e.g., mam- E*Dyr PPy —@-—~ E*DydNTP

malian pol 68%) have not been prepared as exonuclease- @2E is the DNA polymerase, Dis the oligonucleotide substrate, dNTP

deficient mutants and have been used with the exonucleasds the deoxyribonucleotide triphosphate, E* is an “activated” conformational
activity presen?lvsz orm of E, Dy+1 is the oligonucleotide product, and PR inorganic

pyrophosphate. Step 8 occurs only in processive reaction, i.e., with
: movement of the polymerase along the oligonucleotide. For background
4.4. Combined SyStemS into the evidence for the conformational change and discussion of what
One common system is the use of a primmmplate pair possible events may be involved, see ref 93. With some polymerase/DNA
with a DNA polymerase and all four normal dNTPs. in the Systems, strong evidence exists for additional intermediates in the cycle
N 7 —86
presence of MY (Scheme 5C). This system is more (see Scheme 125:
representative of am vivo setting and is simpler to set up. One approach to gaining more insight into the reactions
It also prowd'es a raplq gl’lympse:‘ |an) the processivity of the 4f pnA polymerases with DNA and also damaged DNA
polymerase, i.e., more “off” and “on” reactions yielding more - pa5 peen with the use of pre-steady-state kinetic approaches.

intermediate-length bands instead of full-length product in The general concept is that the reaction is started and product

the case of a “distributive” polymerase. These assays arétormation sampled quickly (Scheme 7). With unmodified
often done prior to those depicted in Scheme 5A and B, as

a function of increasing concentration of the polymerdse. Scheme 7. Rapid Chemical-Quench Apparatus and Use in

Although these assays are easier to run tharkgheKn, the Estimation of ko for a Carcinogen-Modified
experiments (with the many individual concentrations of Oligonucleotide ; of Scheme 636.90.91a
individual dNTPs required), quantitative analysis of the A B
results of these experiments is not trivial. One rough - *—
parameter that can be used is the fraction of radioactivity
appearing as total products under defined conditions and pol %
compared to other experiments. It is possible to fit results DNA+N o
to a kinetic scheme with a “risefall” in the synthesis and varyt TP
decay of each product, with a set of appropriate equaffons. q M2+

One point that deserves some comment here is the use of t=025s
“running start” experimental designs (Scheme 5C), i.e., with —y

Time, s

a primer shorter than the part of the template leading to the EDTA\@ =
adduct. The advantage of the former approach is that a block
occurring prior to the adduct is observed in this setting. *=%p e=G, 0F-MeG, CF-BZG,...
However, sometimes the running start model is viewed N asyringe A contains a DNA polymerase bound to an unmodified or
an anthropomorphic manner, as if an enzyme can gainmodified oligonucleotide (the concentrations should be high enough to keep
momentum and would be more likely to incorporate past an most of the oligonucleotide complexed). The contents of syringe A are
adduct in this setting This is not the case: an enzyme mustrapidly mixed with a large molar excess &P-labeled oligonucleotide.
th h th | ’ f Sch 6 at H . ti t The DNA polymerase adducted oligonucleotide (denoted with a closed

go throug g _e CX,C €eo ) cheme b at each Inserton step. circle, ®) will dissociate and then bind to th&P labeled “trap” oligo-

Another “mixed” case is the presence of two polymerases nucleotide. As the time in this segment of the experiment is increased, more
in a single experiment, one that favors the incorporation dissociation and trapping will occur. An excess of dNWIB2* is introduced

opposite the modified base and one which favors the from syringe C and the polymerase reaction is allowed to proceed for a
extensiort? short, finite length of time to incorporate product into tPRP-labeled

oligonucleotide. The reaction is quenched (with EDTA), anc*#Relabeled

_ _ : : : product is quantified using gel electrophoresis and phosphorimager analysis.
4.5. Pre Steady State Kinetic Experlments The results can be fit to a first-order plot that yields an estimate of the rate

One of the problems with doing steady-state experimentsof dissociation of the DNA polymeraseligonucleotide complex. In
invohing DNA polymerases and oligonucieotdes is that the Ziec, O Smen i, & v B A w ettt
meaning okeaandKn is generally obscur.With the high has advantages in that the unmodified oIigonucIeotide is a better substrate
affinity of DNA polymerases for DNA, the rate of release or pnA polymerase (i.e. yields more product).
of the oligonucleotide is relatively slow and can even be
considered rate-limiting in many settings. Thus, relatively oligonucleotides, most DNA polymerases yield what are
little information may be revealed from the results of the termed “burst” kinetics. That is, the first cycle of the reaction
steady-state kinetic experiments. THg value does not  (steps -6 of Scheme 6) is completed rapidly, followed by
reflect the affinity of the DNA polymerase for a dNTP; a slow product dissociation step (step 7 of Schenf® Bhe
indeed, theK,, has defied a simple interpretation in these data will fit to a first-order exponential plus linear equation
systems? of the fornt®
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y=Al-e ") +kt analysis has revealed the existence of numerous mutations
at sites distant from the DNA modification itséf 197 and
The first-order rate constant is usually termedor koo some possible explanations have been proposed. With

and describes the rate at which the first reaction cycle occurs, SUttle” vectors, it is also possible to place vectors in
and ks is the “steady-state” rate. As discussed later, the mammalian ce_II_ culture and then move them into bacterial
limiting step is generally considered to be either a confor- SyStems to facilitate analysi¥’
mational event or the “chemistry” step itself (phosphodiester
bond formation}?®929 Exactly how carcinogen adducts 4.6.1. Polymerase Issues
influence the system will be discussed later. The advantage of doing site-specific mutagenesis is that
These experiments have considerable advantages in thehe biological effects of a defined lesion can be observed in
study of details of the interactions of DNA polymerases with a cellular environment (which is actuallyn »izo” in the
DNA and have been a focus of investigation in the author's case of microorganisms). This provides a great advantage,
own laboratoryf®-38.7381828586.997 Although the analysis  at least in overall biological relevance. One of the problems
may seem complicated to those inexperienced with kinetics, inherent in experiments with isolated polymerases is the issue
the purpose of doing pre-steady-state kinetics is to simplify of what accessory proteins are really required. For instance,
the analysi$® The overall goal in kinetic analysis is to define  pol lll, the replicativeEscherichia colpolymerase, has about
rates of individual steps in reactions. With a multistep 10 subunits® Mammalian pol 6 apparently has four
reaction mechanism such as that of a DNA polymerase subunitsii® plus proliferating cell nuclear antigen (PCNA);
(Scheme 6), the steady-state equations are very complex andhe enzyme will do some functions well with only two
as mentioned earlier, defining the meanindkgfandK., is subunits® but others may be useful in other settiréfs.
a very complex task. However, pre-steady-state kinetic data, Moving to a more complex experimental setting has ad-
with the input of some results regarding binding etc., can be vantages in terms of addressing the relevance of a phenom-
fit to a set of rate constants that can be used to describe theanon but reduces the ability to understand details of a
system reasonably well. For instance, the experimental designmechanism. With regard to DNA polymerases, a site-specific
in Scheme 7 can be used to measure the polymeiaisi\ mutagenesis experiment does not inherently provide any
dissociation constarit:?%! It should be emphasized that information about which proteins are involve. coli has
kinetic analysis will seldom “prove” a mechanism. However, fjye polymerase$!¥ 113 Some insight can be gained by

consideration of kinetics does quickly disprove some poten- examining the need for the SOS response, but even then,
tial mechanisms and reduce interpretation to the point thatthree of theE. coli DNA polymerases are candidafé3!!3

only a limited number of mechanistic possibilities are Also, the SOS response can be leaky. Many older experi-
feasible. Another general point to make is that kinetic ments with PAH adducts were done in the absence of SOS
analysis employs “minimal mechanisms” as much as pos- jnduction!# but in light of the current understanding of
sible. That is, in a DNA polymerase minimal mechanism translesion polymerases, it would seem highly likely that the
(Scheme 6), additional events may be associated with somesQS-inducible polymerases are the principal actors in these
of the steps shown (e.g., more conformational changes insystems.

the protein) but these are included within the rate constants ~Tpe plethora of mammalian polymerakésnakes assign-
estimated for each step. Adding steps to a mechanism canpent of the roles of individual polymerases particularly
be done, if necessary, to deal with fitting of kinetic data. gjficult. In contrast to the situation with the SOS response
However, such addition of steps must be justifiée® i pacteria, there is no simple method for preferentially
Adding steps will always lead to better fitting but also activating some of the systems. Further, the number of

increases the uncertainty about a system in that the numbeg,ansiesion polymerases that could potentially be involved
of unknowns in a set of equations is increased. is far greater than that in bactefs.

. . . A considerable amount of literature has been generated
4.6. Site-Specific Mutagenesis about the ability of individual isolated polymerases to copy
Site-specific mutagenesis refers to the process of introduc-past individual adducts. Ultimately the information will have
ing DNA modified at a specific site into a cellular system to be considered in the context of cellular systems. Two types
and then analyzing the mutations that ocEuFhe approach ~ of experiments can be applied. One approach is to use mu-
was pioneered by Essigmann and his assoéfa@svith O5- tant cell lines devoid of particular DNA polymerases and
MeG and has been subsequently applied to many otherexamine the toxicity and mutagenicity of adducts, whether
adducts. The term “site-specific mutagenesis”, as defined formed by added chemicals or with defined vectors trans-
here, distinguishes the process from “site-directed mutagen-fected into the cells. This has already been done with human
esis”, the process of changing the primary structures of pol K and PAH adduct$!’ Further, transfection of pdK
proteins for analysis in enzymology ét&. restored the phenotype to the wild tyjé.The other
Almost all of the work that has been done with this approach, which has not yet been reported to the author’s
approach has been with extra-chromosomal DNA elementsknowledge, is to use siRNA methods to attenuate indi-
(vectors). The analysis often relies on initial screens with vidual DNA polymerases in similar cell culture systems.
reporter genes, e.g. color formation in bacteria with the use Neither of these methods (nor mutants) will work in dis-
of lac genes, survival in selective media, été3192However, tinguishing a role for the major replicative DNA polymerases,
advances in hybridization technology permit the direct though.
analysis of base-pair and some frameshift mutants directly Another inherent issue in the cell-based studies is the use
in plates of bacterial coloni€4:193194 Advances in DNA of extra-chromosomal DNA in almost all systems, with a
sequence analysis have been considerable in the past twdew exceptiond®11811%though the assumption is generally
decades, and extensive analysis of replication products is nownade that the DNA polymerases involved in the replication
very feasible on a large scale. In this latter regard, such of these vectors are identical to those used in copying the
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same adducts in chromosomal systems, direct proof isnot sufficiently different from the case of the wrong pairs to

lacking. explain the low error frequencies. Even without allowing for
) exonuclease activity (and DNA repair by other systems),
4.6.2. DNA Repair Background systems must exist to amplify the small thermodynamic

Another issue to consider in cells is the DNA repair factors involved in the hydrogen bondiff§*’As indicated
background. Obviously any conclusions must have caveatse@rlier, individual DNA polymerases can produce quite
about repair, if comparisons are to be made. Studies with different misincorporation patterns.
cells deficient in certain DNA repair activities have been Alternate bonding patterns are shown for the wobble and
done for some time already, both in bacteria and in Hoogsteen systems (Scheme 4B and C), which also con-
mammalian cell$20 tain hydrogen bonds. The concept of alternate conforma-

A related consideration is the choice of the vector used t1ONS |mp3?sed by DNA adducts is not new. For instance,
with the cell system, whether prokaryotic or eukaryotic. A Loechlef**used the term "adduct-induced base shift” on the
major issue is whether to use a single-stranded or double-Pasis of studies done with molecular modeling. The concept
stranded DNA vector to introduce the DNA adduct and study S relatively simple: that adducts cause either base wobbles
it. Single-stranded vectors have the advantage of not being®" Pase rotations that will lead to abnormal pairing due to
repaired by many of the known DNA repair systen@-( ~ unusual pairing mechanisms (e.g. Scheme 4B and C).
alkylguanine DNA alkyltransferase (AGT) is an excep- Evidence foranti to synchanges (about the glycosidic bond)
tion'2Y). In addition, any replication of the entity must proceed Nave been seen with agnumber of adducts, including the
from the strand containing the adduct. Double-stranded rélatively simple 8-oxoG> A general issue, more difficult
vectors provide a model more relevant to the normal to address, is .whet_her these al'gernate conformations have
situation. However, they may be prone to DNA repair and much to do with miscoding. E\(ldence for some of these
DNA polymerases may use the opposite, unmodified strand Proposals has been developed in crystal structures of DNA
to copy the information. For these reasons mutation frequen-Pelymerases, discussed later under the heading Xeray Struc-
cies are generally higher with systems employing single- tUres of DNA Polymerases (item 7),4|nclud|ng 8-0X6&
stranded vectors compared to double-stranded vectors. ~ and 2-acetylaminofiuorene (2-AAF:

In a few cases, the introduction or overexpression of a .

DNA repair system leads to enhanced mutagenicity, e.g. 5.2. Watson ~Crick Geometry

AGT.122"1% These systems appear to involve some type of  The concept has been advanced that an important factor
cross-linking mechanism, and the AGT phenomenon will be in DNA polymerase coding is the overall size (and shape)
discussed laters{de infra). of the two bases involved in the pairing scenario. That is,

Sometimes conclusions are presented to the effect that ahe issue is the maintenance of the “Wats@rick geom-
certain adduct is not mutagenic in bacteria but is mutagenic etry” for a DNA polymerase as a driving force in incorpora-
in mammalian cells, inviting general comparisons of these tion events:3%
models for predicting risk. Before reaching conclusions, it  This view makes some sense if one considers the DNA
is necessary to consider the nature of the vector systemspolymerase to make a tight fit around the bases it samples
the DNA repair backgrounds of the cells, and aspects of theand to only accommodate the geometry of the dimensions
experiments that will influence which DNA polymerases shown in Scheme 4A. One problem is that the existing DNA

would be utilized in replication. polymerase crystal structures are not so tight and, further-
more, would not necessarily have to be for all possible
5. Basic Issues Involved in Base Recognition structures, even if these did not crystallize. Some motion is

. e . required to bring the DNA and dNTP in together, and one
Before embarking on some of the specific issues involved .5, probably not argue, from a single crystal structure, that

in polymerase interactions, it is instructive to consider the s js the only possible near-attack conformer or intermediate
general mechanisms proposed for coding and miscoding, iNapproaching the transition state.

that these are also the forces under consideration with
polymerases. Another article in this issue also deals with 5.2.1. Experiments without Hydrogen Bonds
the general problem of polymerase fidelity, and the reader

is referred to thig26 Evidence that hydrogen bonding is not an absolute

requirement comes from studies by Kool's group and others,
who have demonstrated selective and stable base recognition
5.1. Hydrogen Bonds (in DNA T, studies and in replication by DNA polymerases)
The concept of the importance of the purirgyrimidine with DNA base isosteres devoid of the capability for
hydrogen bonding in DNA structures was first advanced in hydrogen bondint§¢ %8 (Scheme 8). That is, modified base
the classic 1953 paper by Watson and C#KThis classic pairs can be set up such that a deficiency in size in the base
pairing (Scheme 4A) is usually referred to as the “Watson in an oligonucleotide can be compensated for by an increased
Crick geometry”. The G:C pair has three hydrogen bonds, size in the base of the incoming dNT9.140.142,143
and the A:T pair has only two. These values are reflected in  One of the other drivers in this work is base-stackirnde
typical analyses of sequence effectSjnvaluest?® but base infra). Although the results with the base isosteres are of
stacking is also a major factorifle infra).560 interest, some caveats must be considered. One issue is that
Statements often appear that suggest that the fidelity of the catalytic efficienciesk(./Kr) for the DNA polymerases
DNA replication is driven only by these hydrogen bonds. using the isosteric non-natural base pairs are usually very
The point has been made many times, however, that thelow and often resemble carcinogen-modified bdd&&ne
energy involved is not enough to explain the very high might not expect these systems to show the kinetic bursts
fidelity of DNA synthesist?®13°That is, the differences in  typically seen in reactions for normal pairing (Scheme 5D),
the free energies of the “right” base pairs (G:C, A:T) are and indeed these are not seen except in one'¢adaother
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Scheme 8. Incorporation of “Isosteric” Base Analogues by DNA Polymeras&®-141a

aSome have been inserted in the template while others have been used only as the dNTPs.

Scheme 9. Base Tautomers and Potential for Pairir¥§
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issue is that some but not all polymerases will use these mutagenic potential exists if the same modification is present
isostereg#0.144 in the DNA#

5.2.2. Asymmetry 5.3. Base Tautomers

Another issue is that of symmetry of the base pairs. If the  The normal four DNA bases are usually shown in the form
overall shape of the two-base pair were the only driver, then presented in Scheme 4, i.e., as the lactum tautomers.
one might expect to see similar results for various coding/ However, the bases can also be drawn in the enol tautomers.
miscoding phenomena regardless of whether one of the pairSuch tautomers could participate in aberrant pairing schemes,
was in the oligonucleotide or the dNTP. This is not the case, as outlined in Scheme 9. The different tautomers are related
as shown in studies with 8-0xoG in the oligonucleotide vs by only the transfer of protons and bonds. Th& pf dGuo
8-oxo dGTP¢ These considerations also apply to other work is ~9, and therefore, a significant fraction should exist in
on the significance of incorporation of modified dNTPs in the unfavored tautomer at neutral pH. The possibility that
mutagenesis; that is, the results of a miscoding study with asuch pairing could contribute to and be a major factor in
modified dNTP do not necessarily mean that the same mispairing was first proposed by Watson and Crick in their
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classic 1953 papé?’ The possibility was presented again
by Lawley and Brookes in 196% in consideration as a

Chemical Reviews, 2006, Vol. 106, No. 2 431

be sufficient for this purpose. The authors note that the
fraction of the nucleoside found as this tautomer (0.5%) is

mechanism for mutagenesis by methylating agents. At thatsimilar to the mutation frequency, although this congruence

time the only known methylation product wag-MeGua,
and the authors reported that th€,for the loss of the only
exchangeable protorN{-H) was 7. Thus, the anionic N1
atom could be involved in a pairing scheme (Scheme 10).

Scheme 10. (A) lonization and Tautomerization of an
N7-Alkylguanine and (B) Possible Pairing of anN’-alkylGua
Adduct with T2
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aSee ref 26.

5.3.1. General Issues

The possibility of the contribution of base tautomers to
miscoding was raised by Topal and Fresco in 1976.
Specifically, they proposed that tautomeric Hoogseti
synpairs were responsible for the formation of puriririne

pairs!*” Several theoretical papers have suggested that the,

base pairing of rare tautomers is a real possibifity}*°Also,
NMR studies withN®-methoxyAdo and uridine derivatives,
in CHCls, support the binding of tautomet¥.

Morgart®! has argued against the involvement of base
tautomers in pairing and mispairing. The point is made that
the current collection of X-ray and NMR structures of

does not necessarily prove a causal relationship. Further, the
authors propose that rare tautomers of the bases may be
involved in miscoding events.

5.3.2. N’-Guanyl Adducts

The issue oN’-Gua adducts can be considered again. As
mentioned eatrlier, in the initial methylation work, the Gua
N’-Me entity was considered to cause mutations by mispair-
ing, to yieldN’-MeG:dThd pairs (Scheme 18% With time,
more methyl adducts were characterized and a series of
studies and comparisons led to the view that the major
mutagenic product resulting from methylating agent®is
MeG 25 Support for this view comes from the ability of AGT
to lower the number of mutations produced by an alkylating
agent?2 However, these studies do not necessarily indicate
that anN’-alkyl Gua cannot be mutagenic.

A number of studies have been done wiB{2-(N’-
guanyl)ethyl]GSH (GSH= glutathione) in this laboratoryp?
In particular, a high level of base pair mutations can be
induced by treatment @almonellayphimurium cells with
S(2-chlorethyl)GSH>® The presence of traces 8f{2-(N?-
guanyl)ethyl]|GSH an&-[2-(05-guanyl)ethyl] GSH can also
be detecteds® but comparisons of the number of measured
adducts with mutations suggest that the major adduct, the
N’-alkylGua species, must account for some of the muta-
tions%® However, in another bacterial system, expression
of AGT did cause a partial attenuation of mutations and
suggests that some of the mutations may be du&[@
(O8-guanyl)ethyl]lGSH (which is known to be a substrate for
AGT).*?2 Studies with nucleosides indicated that the forma-
midopyrimidine (FAPY) ring-opened product is not readily
formed and should not be an issii& Also, the mutation
spectra generated with either ethylene dibromide &eif
S(2-chloroethyl)GSFP®158in several systems consistently
yield dominant G to A transitions. Depurination would be
expected to produce predominantly G to T transversighs.

oligonucleotides has not revealed evidence for the existence Al three of the known GSH-ethyl derivatives of Gua block

of such entities, and the proposal that these tautomers
present in the events surrounding the transition state for ba
incorporation defies experimental te$tsln X-ray structures

with G:T mismatches, the evidence supports wobble pairing

and provides no evidence for tautomeri¥fhHowever, the
possibility can be raised that only one form of the oligo-
nucleotide crystallized’H NMR experiments can detect
hydrogen bonds, at downfield chemical shift values, but the
resonances are not particularly good for distinguishing
exactly what the individual hydrogen bonds correspond to.

More recently, Fresco’s group has investigated the tau-

tomerism of 5-hydroxy dCyd, a mutagenic product formed
in the transition metal-mediated oxidative damage of d&%d.

Because of the 5-hydroxy group, the equilibrium is shifted
considerably to the tautomeric enol form in solution. In this
study, the approach involved the use of UV resonance Ramal

spectroscopy to detect the bands attributed to the minor

anionic tautomer. Although the fraction of 5-hydroxy dCyd
in this tautomer was only~0.5% under physiological

ard0lymerases and can produce some miscoding, as judged
sdly various parameter$ Of the ones examined, none showed

a preference for insertion of T opposite the modified G,
which would give rise to the G to A transitiors.Site-
specific mutagenesis studies (in cells) have not been done,
due to some technical issues with the adducts. The first
comparison of the mutation spectra with sitesNgfalkyl

Gua damage did not yield evidence for similarity of the
profiles*¢ However, in subsequent work in a yeakuman

p53 system, it could be demonstrated that a substantial
overlap of then vivo-modified sites K’-alkyl Gua damage)
overlapped the mutations (predominantly G to A) after a
period of time, thus providing evidence (i) that tigd2-
(N’-guanyl)ethyl]GSH adducts are producing G to A transi-
tions and (ii) that rates of DNA repair are a major factor in

rthe sequence specificity of mutatiéis.

Tautomeric-type base pairing may be a factor in these
mutations. An oligonucleotide containifgacetylS-[2-(N'-
guanyl)ethyl]Cys methyl ester, an analogue of GSH, was

conditions, its presence could be detected by the distincttitrated (adduct opposite C) and yielded K mf 8.2, as

Raman band indicative of this form. Whether or not this
tautomer exists in double-stranded DNA is unknown, and

judged by UV measuremem&Thus, a significant fraction
of the adduct could be deprotonated at neutral pH, and a

the sensitivity of the Raman spectroscopy approach may notpossible mispairing scheme is shown in Scheme 10.
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5.4. Stacking Interactions 5.5. Bulk

Intercalation has long been recognized as a factor in  Bulk might seem an obvious factor in blocking poly-
increasing the interactions between DNA strands in some merases and causing miscoding. However, the situation is
cases. For instance, the phenomenon has been described wethore complex. As mentioned earlier, some bulky residues
for AFB:; and some polycyclic aromatic hydrocarbons intercalate between bases and produtgher T, val-
(PAHSs), whereT,, values are increased by the presence of yesl®0.162163Hgwever, these same bulky adducts can block
these adduct®:'® In one of these casé$;the particular  polymerases. In work with GSH-ethyl adducts resulting from
stereochemistry of the DNA addudR (/s S) produced an  ethylene dihalides, th’-adduct was bypassed more readily
increase or a decrease Th. than theO® or N2 adduct’* Therefore, the position of the

As indicated in the above discussion, hydrogen bonding lesion is a major factor, in addition to the actual size of the
is part of the explanation for driving base pairing, whether adduct.
through classical WatserCrick pairing or alternate pairs
such as Hoogsteen, wobble, or minor tautomers. Work with 5.5.1. General Issues
entities not capable of hydrogen bonding indicates that
alternate forces must also be involvg#.14' One force
appears to be base stacking. Base stacking is a majo
contributor to the physical chemistry of certain sequence
selective phenomenrt&5°-167and the free energy is significant,
even though a canonical GC pair is intrinsically stronger than
an AT pair. Thus, GC content only explains part of the
differences among nucleotidesde supra.>® Minetti et al6t
consider the thermodynamic differences in adding the
individual dNTPs in DNA polymerase reactions and compare
enthalpies. They suggest a sequence-independent backgrou 2.
of compensating enthalpic contributions to DNA synthesis,ngj'ﬁz' NF-Guany! Adducts
with discrimination expressed by differences in noncovalent A systematic study of the effect of bulk at the N2 atom of

Even lesions as small &°-MeG'%* and 8-oxoG*%® pose
Iblocks to DNA polymerases and cause considerable mis-
coding, but some of the basis lies in the change in the
hydrogen bonding and theyn—anti equilibrium of the
nucleoside. In a study wit®-MeG andOf-benzyl (Bz) G
(in the template strand), the replicative DNA polymerases
bacteriophage pol T7 exaand HIV-1 reverse transcriptase
showed partial kinetic burst.The benzyl adduct showed
poorer bypass and incorporation than the methyl adduct.

interactions. Gua was done in this laboratotyPrevious work had shown
Base stacking was invoked to explain the stability of a that anN2-ethyl group could miscode with. coli polymerase
pyrene:abasic site pdit® Reineks and Berdié! also con- I Klenow fragment®> With the replicative DNA polymerases

sidered a series of modified dNTPs incapable of hydrogen T7 exo and HIV-1 reverse transcriptase, a methyl group
bonding, in the context of the ability of bacteriophage T4 had a much greater effect here than at the O6 position, even
DNA polymerase to pair these at an abasic site or a normalthough all atoms should have still been available. Strong
base. The size of the dNTP base was not a useful predictorblocking effects were seen for incorporation of C and
of pairing. Some other polymerases (but not all) can also do extension, even with only a methyl group. The parameter
pairing of analogues devoid of hydrogen bonding ability. kea/Kn for steady-state incorporation of C provides a
Reineks and Berdié! attribute the phenomena to base stack- quantitative means of comparing the effect of bulk (Figure
ing, particularlyz—z interactions with the base of the in- 2). The effect increased markedly from no substitution to
coming dNTP. The variations of the polymerases in partici- Me to Et and then was relatively constant up to a methyl-
pating in these interactions are used as one argument thaanthracenyl group (Figure 2). Similar decreases in the fast
the stacking interactions are not only between neighboring pre-steady-state kinetic phase were also 8ekiis of interest
bases in the DNA but also between the dNTP and aromaticto note that the parametky,/K, for incorporation of A was
residues of the polymera&&. The initial interaction may  relatively invariant with bulk and similar to the value for
trigger the movement of other residues in the polymerase.incorporation of C opposite the bulkier residues (Figure 2).
One criticism of many of the experiments done with pairs Perhaps this latter phenomenon can be viewed several ways,
incapable of hydrogen bonding is that the catalytic efficien- but one view is that not much information is involved in the
cies of the polymerases are extremely low with these A incorporation or the C incorporation with the bulkier
systemg39141 These low efficiencies raise the question of adducts. Most of the largé¥>-guanyl adducts in this series
how much the forces involved in these interactions reflect are not produced with real carcinogéfistiowever, the
those involved in normal base pairing. However, Reineks results obtained with PAHs and other relevant bulky adducts
and Berdi$*! found that one dNTP, 5-nitroindolyl-2 appear to be simila¥.3®
deoxyriboside triphosphate (Scheme 8), was inserted with  For comparison, the results are very different for transle-
10%fold greater efficiency than dATP with the polymerase sion polymerase¥? Bulk has much less effect. For instance,
gp43 exo. Further, burst kinetics were observed with a rate when the study (and auxiliary experiments) was done with
(koo) Of 28 s1.241 The polymerase would also insert the human poly, the enzyme was able to incorporate dCTP
5-nitroindolyl derivative opposite T and A, witky values opposite a guanine with ahP-substituent as large as a
of 1 and 4 st naphthyl without decreasing thie./Kn parametéf® (an
Other forces that can be considered here are related toanthracenyl group did inhibit) (Figure 2). Further, pre-steady-
desolvation in the active sifé! Another view is that DNA state kinetic bursts could even be observed with a group as
polymerases achieve selectivity by negative discrimination, large as a naphthyf® Similar results have been observed
based on work of Reineks and Berdisand Kuchta#® That with this series of adducts and human p¢Choi, J.-Y., and
is, polymerases are inclined to screen against matching ofGuengerich, F. P., unpublished results). The point should
the incorrect components of the normal set of four bases, tobe made, though, that the difference (in the steady-state
avoid errors, but are not so well “trained” to recognize parametelk.,/Kn) for incorporation of dCTP (“right”) vs
unusual types of basg¥® dATP (*wrong”) is less with the translesion polymerases
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Figure 2. Catalytic efficiency K./Km) Of correct incorporation
(dCTP) and misincorporation (dATP) opposite a serids’efuany!
DNA adducts with increasing buf{.Correct incorporation (dCTP,
solid symbols) and misincorporation (dATP, open symbols) are
shown (Me= methyl, Et= ethyl, Ib = isobutyl, Bz= benzyl,
CH,—Naph = CH,-(1-naphthyl), CH-Anth = —CH,(9-anthrace-
nyl), and CH—BP = CH,-(6-benzog]pyrenyl)). (A) Pol T7 (@,

A) and HIV-1 reverse transcriptasdl,( 0). (Reprinted with
permission from ref 97. Copyright 2004 American Society for
Biochemistry and Molecular Biology.) (B) Human pal (Reprinted
with permission from ref 166. Copyright 2005 Elsevier Publishing.)

(10?—10°% than with the replicative polymerases-1(?,
Figure 2). When the experiment of Figure 2 was done with
recombinant pold (plus PCNA), that polymerase was
intermediate (between pol TIHIV-1 reverse transcriptase
and human poly) in its ability to accommodate bulky
lesions!®®

The results are rationalized by the available crystal
structures of the DNA polymerases (Figure 3). The Dpo4
polymerase has a considerably looser fit due to less steric
exclusion. Further, this view is reinforced by some of the
structural results available for the translesion polymerases
(vide infra). Thus, a paradigm is emerging that the highly
accurate processive DNA polymerases fit tightly around Figure 3. Structures of pol T7 (A) and HIV-1 reverse transcriptase
DNA and have limited space for much more than the normal (B) and Dpo4 (C) with DNA modeled in ref 167. The figure shows
base pairs (A:T, G:C). The translesion polymerases havethe extra space available for the DNA in the translesion polymerase
looser fits and more space for modified DNA, but use of Dpo4 compared to the replicative polymerase pol T7. (Reprinted
these polymerases has a cost in terms of lower raids ( ¥Vlth permission from ref 97. Copyright 2004 American Society
. . e or Biochemistry and Molecular Biology.)
infra) and, more seriously, less fidelity (in most cases, but
not necessarily allyide infra).

as already pointed out, the interaction with the polymerases

: : dominates the outcomes of catalytic events. Already men-

5.6. Interactions with Polymerases tioned is the case for a general selection of processive DNA

Some insight can be gained into features of base interac-polymerases for the overall geometrical boundaries of the
tions from studies with isolated oligonucleotides, in terms size of A:T and G:C base pait% The other issue already
of hydrogen bonding, intercalation, and tautomers. However, mentioned ist—m base stacking of incoming dNTPs with
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aromatic residues in the polymerasd€sThe case against
symmetry of the bases in the template and the dRfist
also be rationalized in terms of interactions of both entities
with the polymerases.

A number of crystal structures of DNA polymerases are

now available, and some will be discussed at further length
below. Of course, many contact sites between the poly-

merases and the DNA strands have been identified. These
change as the strand moves through the polymerase (or, from

a different point of view, the polymerase moves along the
DNA). The relevant interactions of dNTPs with a DNA
polymerase are, in a sense, more difficult to identify in
structural biology experiments. The four normal dNTPs must
all bind to the polymerase and then move into appropriate
intermediate states (or “near-attack conform®&gs"y for
bond formation to occur and conformational changes of the
polymerase to also occurile infra). Identifying which of

the relevant steps a particular structure corresponds to may

not be trivial. Nevertheless, structural information with the

polymerases is certainly useful in answering questions about
these polymerases, particularly regarding carcinogen-ad-

ducted DNA.

At this point, some mention should be made of the general
issue of incorporation of carcinogen-modified dNTPs. A case

has been made that much of mutagenesis could be attributed

to this mechanism instead of miscoding opposite modified
DNA. Some reactions with activated carcinogens do not
readily occur with dNTPs, due to the need for intercalation
etc.l’%but in other cases reaction might be more facile due
to the exposure of the atoms involved in hydrogen bonding.
However, many of the reactions demonstrated with modified
dNTPs are not very efficient. For instance, the reaction of
8-0xodGTP has a very unfavoratig,.®® (It is suspected that

the lowerK, values reported by several groups are the result
of trace contamination by dGTP, which even at a low level
would explain the results. In our own work, the synthesis

Guengerich

Table 1. Major Polymerases Used in Kinetic and Structural
Studies

Processive DNA Polymerases

bacterial

pol Il (10 subunits)
eukaryotic

pol 6 (2—4 subunits)

pol e
models (viral and bacterial)

pol T4

pol T7 (exo)

HIV-1 reverse transcriptase

Bacillus stearothermophilusol | fragment (BF)

RB69

Translesion DNA Polymerases

bacterial

pol Il

pol IV (din)

pol V (umy
eukaryotic

pol

pol ¢

pol

REV1

pol &

others (poll, pol )
model

Sulfolobus solfataricuBpo4

Others

bacterial

E. colipol | (Klenow fragment)
eukaryotic

pol a

pol B
other

pol X

is focused ork. coli; some of the “model” polymerases are
from Archebacterspecies.
First of all, the four polymerases listed under “others”

proceeded through a pathway that avoided contamination by(Table 1) are not particularly good choices for studying

dGTP?2¢ Although the hydrolase MutT is generally consid-

polymerization with carcinogen-modified DNA, even though

ered to be an enzyme that exists to remove 8-oxo dGTP fromseveral crystal structures are availatilecoli pol | (Klenow

cells, a search for 8-oxo dGTP iB. coli has provided
negative result$]! suggesting an alternate function.) Thus,
limited evidence exists that major pools of modified dNTPs
exist in cells and that incorporation is a major event
contributing to mutation. As indicated earlier, experiments
demonstrating incorporation of a particular modification of
a dNTP should not necessarily be equated with similar
miscoding due to that adduct in the DNA templéte.

6. Kinetics

6.1. General Considerations of Relevance of
Individual Polymerases

One of the issues is choosing a DNA polymerase to begin
experimental work with. Many choices are available, al-
though obtaining some of these is not trivial. Ideally, one

fragment, with or without exonuclease activity) is easy to
expres¥ and is commercially available, which facilitates its
use. However, it is not particularly processive and is not well-
behaved kinetically?

Pol s is classified as a nucleotide transferase on the basis
of sequence identity/? Its function is really in DNA repair,
in the context of inserting a single base (dNTP) in a 1-base
gapped primer. Such a primer strand would be the product
of a glycosylase reaction on a modified base. Thus, pairing
a dNTP opposite an adduct is a rather abnormal function
for this enzyme, even if the protein is easy to work with.
Pol 3 has some “extension” capability and, more, is observed
with some mutant$’3 but this must be considered a model
activity even if this is a mammalian enzyme.

Swine fever pol X is a small enzyme that binds DNA.
Structures have been determined by NMR metHéts>
However, catalytic rates are extremely low and the function

would probably prefer a human polymerase that is easy to of this enzyme as a polymerase is unclear.

express, purify, and crystallize, has a high rate of activity,

Leaving these polymerases aside for most studies, the first

and has selectivity relaxed enough to permit some incorpora-choijce is whether to consider a processive polymerase or a

tion at noncanonical sites.

A list of the major DNA polymerases that have been
studied is presented in Table 1. For simplicity, the “eukary-
otic” classification is focused on mammals; some differences

translesion polymerase. The former have been known longer.
The translesion polymerase literature developed quickly
beginning about 1998, due to several reasons: (i) investiga-
tors had long desired to reconstitute the SOS response system

are seen with the yeast and Drosophila enzymes. “Bacterial” (umy?*?® and were able to do so with the finding that ttia
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and umu gene products were polymerases, not merely The next step, 3, and its rakg (and of coursek_s) are
accessory proteing®’7 (i) Searches, particularly using perhaps the most elusive of the cycle. With the early crystal
homology, led to the identification of translesion polymerases structures demonstrating the open and closed forms of DNA
in the newly available human genorhé. polymerase®¥ came the view that this movement of the
The processive DNA po|ymerases are the ones that firstﬁngers domain ponstituted this step 3. However, this view
encounter DNA damage and thus have relevance even if theyhas been questionéd.
may be limited in their abilities to proceed. The translesion How do we know that this step, whatever it is, really
polymerases are able to copy past damage, although definingexists? Part of the argument is simple logic, that some
which lesions are copied by them is an empirical effort. The repositioning of the appropriate dNTP is in order, as a part
translesion polymerases are more distributive. of an “induced fit” mechanism. However, this could be a
One might assume that the “bacterial” polymerases are vVery rapid process that would be kinetically silent. Another
simple and easy to purify relative to the eukaryotic DNA line of evidence is the long-standing observation, repeated

polymerases. This is not really the cage.coli pol Il is with many systems, that substitution of a dNTP with an
simple and easily expressed and purifié#? However,E. o-thio dNTP does not affect the rate of normal base
coli pols Ill, IV, and V are very complex systems, with incorporation but has a strong effect on the rate of misin-
multiple subunits, clamps, clamp loaders, €fc. corporation'®4 The assumption has been made that the only

Most of the mammalian translesion polymerases are notdifference between a dNTP and asthio dNTP is the bond

expressed well in bacteria (some success has been observegfréngth, akin to considerations of kinetic isotope effé€ts.
with human Rev1}8! Some detailed kinetic work has been 'his result, then, would mean that a step preceding phos-
done with mammalian DNA polymerases purified from phodiester bond formation in normal incorporation must be
tissues (not recombinant) although there are difficulties in rate-limiting, in that the pre-steady-state kinetic analyses in
separating individual polymerases and with proteol§sis. ~ Which these effects are revealed measure only stesi2

The *model” DNA polymerases listed in Table 1 have the burst phas® However, the point has been raised that
been popular. Those listed have been relatively easy tothe effect seen in the experiments witkthio dNTPs may

express and purify. Many of these have been crystallized.reﬂeCt poor geometry in an intermediate rather than only

86 i i i
The processive polymerases in this group show good kinetic E?Qd d?;rcerg?éﬁét fngtréﬁHZf f(r)(f)gvgjfgczrﬁggLZGO?X:ZLiTgeOf
behavior, i.e., high rates and sharp bursts. P P

pulse quench and pulse chase experim&s'8The logic
. is that greater incorporation in a pulse chase experiment can
6.2. Normal Incorporation only be rationalized by the existence of slow steps on both
The basic and generally accepted catalytic mechanism ofsides of the step in which the chemistry of product_forr_nat|on
DNA polymerases is presented in Scheme 6. For recent0CCUrs®®*#*® Thus, we can conclude that a kinetically
reviews of the action of DNA polymerases and some of the distinct conformation change step really does occur, even if
questions involved, see refs 93 and 182. The system is showrit cannot be seen directly.
for a steady-state situation in which an oligonucleotide is  The next step, 4, with its rate, is phosphodiester bond
used as the substrate and the product is released in each cyclégrmation and is probably irreversible with most DNA
as would be the case when a single dNTP is used (and onlypolymerases, aside from movement of the oligonucleotide
one site in the template is able to pair with it). In a processive to an exonuclease site for proofreading. As mentioned earlier,
system with all four dNTPs available, step 8 would be steps 2-4 can be isolated in a typical pre-steady-state kinetic
operative and the DNA would not be released at every step.experiment in which product formation is measured, but
The reaction begins with step 1, the binding of DNA and unfortunately the analysis cannot clearly disckyrmndka.
the polymerase. In enzymology, the interaction of two entities Although some changes in fluorescence signals have been
is treated as a second-order reaction between two spheresstudied, none of these appear to have been clearly assigned
in the absence of evidence for other st&Jhe size of the  to individual steps yet. Moreover, as pointed out by Jd¥ce,
two entities probably alters this rate somewhat, but the these seem to be rather variable among the polymerases.
generally accepted estimate of a second-order “on” rate is The steps designated with the rate constenendks are
in the range 19-10° M1 s 118 The “off” rate, k-1, will largely unstudied, except in a few “reverse” mode settings
control Kq, the affinity (Kq = k_y/k;). In both steady-state  (e.g. instituted by PRddition to run the system backward.
and pre-steady-state kinetic experiments, one usually startsThese steps follow product formation and are kinetically
with the preformed polymerasédNA complex. invisible in the forward reaction. The steps are obvious even
The next step is the initial reaction with the dNTP, which if silent, in that pyrophosphate must be released and, if a
is also assumed to be diffusion-limited and fast relative to conformational change occurs in the first part of the cycle,
other steps in the mechanism. However, this initial binding then a relaxation must occur to restore the enzyme to the
is not the whole story, in that the DNA polymerase binds initial state.
all four dNTPs and has to sort through these to position the The last step in the steady-state reaction is the release of
appropriate one for phosphodiester bond formation. Exactly the oligonucleotide product, unless all four dNTPs are present
how this happens is still unclear and is considered to be and processive synthesis occurs. In normal single nucleotide
linked to the next step, the “conformational change,” step 3. incorporation experiments with most polymerases, one
The K4 for dNTP binding, if measured in the presence of observes a rapid “burst” phase and then a slower, linear phase
DNA, is not trivial to measure, even if phosphodiester bond (Scheme 5D). The results clearly indicate that a step
formation is blocked, in that the reaction proceeds on and following formation of the measured product is rate-limiting,
two forms of the enzyme may be involved, so the apparent and the “off” rate of the product is usually considered to be
Kq (e.g. measured fluorimetrically) is a mixture of constants, the main contributor to this. In principle, this rate should
i.e., Kg = (k-ofko)/(k-s/(kst+k-5)).57:88 approximatek... Thekq rate ;) has been measured by rapid
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quench trapping experiments in several cases and found toeffect is that theK, for the dNTP increases, usually more

be close to thé, or the value predicted by fitting data to  than thek. for the reaction decreases. Doing such experi-

kinetic models’738.86,90,91,97 ments is not criticized, in that with many bulky adducts pre-
The reader should note that steps 1 and 7 are not reallysteady-state experiments effectively become steady-state

different, except for the 1-base difference in chain length. experiments anywa¥/:*¢°" However, the interpretation of

Therefore models of the kinetics should have similar values these parameters is very difficdf® The K, for a certain

for these parameters or explanations as to why differencesdNTP should not be a measure of the affinity of the dNTP

should exist. for the DNA polymerase. We do know that the fitting of the
“correct” dNTP opposite a template base is impaired by
6.3. Checkpoints in the Catalytic Cycle adduction of the site, although isolating a parameter that

) ) ] measures this change is very difficult. Without more
As an extension to the above discussion of the normal knowledge about the mechanism, one also does not know if
polymerase cycle, the steps can be considered at which the_ is ~k; or if kais ~ks or ks. Thus, these parametetg
enzyme might pause to determine if all is well and the cycle K y are of limited use except as primary screens of the

should proceed, to be a bit anthropomorphic. The checkpointstendency to misincorporafeor as preliminary data for other
have been reviewed recently by Joyce and BenRéwand experiments.

are related to th_e a}bov_e discus_sion of the cycle. One step postulated to be altered with modified DNA is
One checkpoint is with a lesion so bulky that the DNA  ha¢ fork_, and therefordq ona. That is, the affinity of some

polymerase would not be able to admit it, e.g. large molecules polymerases for DNA has been reported to be lowered after
cross-linked to DNA ¢ide infra). Another, and probably the  54ductioni®®193 In our own studies with both sm&e495

key one, is whether a dNTP can be sensed to interact with 5, bulky’-397adducts, we have not seen a pattern of this

the base to which it is supposed to pair (step 3). If an yne Several other studies have relied on gel shift experi-
acceptable maich is not sensed, then the enzyme does nOr%ents, which are rather unreliable for quantitative estimates
position itself to try the reaction. _ _ of affinity in that a thermodynamically stable equilibrium is

_ The coupling of steps 3 and 4 in the catalytic cycle is an not established (the free concentrations of the components
issue. It could be proposed that step 4 is another checkpointcontinue to change using the experiments). However, fluo-
if the proper geometry is not sensed. However, this may rescence titrations are simple and do proceed in an equilib-
already be considered to a part of the step 3 sensing. On&jym situation. Kinetic estimates have a different basis but
issue related to this is the possibility that the steps labeled 35re also sound. Further, direki measurements have not
and 4 in Scheme 6 have an effective “reverSalAn shown any major differencéé3886.97.194

glternative to the view that appropriat'e binding of a dNTP The main steps of concern are thoseKpandk,, the rate

is sensed and generates a conformational change is that thg, 4o nts of conformational change and phosphodiester bond
(two) conformations are always in dynamic equilibrium and 400 Relatively few pre-steady-state kinetic analyses
that proper dNTP binding to one entity distorts the equilib- of DNA polymerase action have been reported with car-

rium to the favored oné: , _ , cinogen-modified DNA. Some of the first work was done
Another checkpoint occurs if a mismatch is made and by Lindsley and Fuch& on 2-aminofluorene (2-AF) and
leaves an unfavorable geometry for the next step. For all oA aF c8.G adducts, but the rates were very slow at the
polymerases, extension of a mismatch among the canonicakjies Another early study by Tan et'dtinvolved O5-MeG
four bases greatly retards the following step. This phenom- 5,4 the Klenow fragment and led to the conclusion that

enon is actually used with some polymerases in strategiesy,q changes were in eithés or ks of the catalytic cycle
for the detection of genotypic variants. The situation can be (Scheme 6).

altered with carcinogen-modified DNA bases, in that the pair
with the “correct” base may not extend but the “wrong” base
may give an appropriate geometry for extension. For
instance, pol T7 readily extends an 8-oxoG:A pair but not

Misincorporation and extension past 8-oxoG have been
studied in this laborator{?81.949The results with several
polymerases show that several steps are not affected and that
. the steps affected most by the substitution of 8-oxoG for G
. 3
anv\?r?XOG'%ﬁZ'F' | heckpoi h are steps 3 and 4, although distinguishing between these steps

ena polymerase pauses at a checkpoint, therey ¢ o5y heen done by thio effects and fitting to models.

ﬁrelt tgrge tr?hajo[rjﬁzss;ble oq:ﬁotrr?es: () Th? polymera?]et 'SThe conclusion was presented that the rate of extension of
;Ii € ’ u I'e i ts ays Wlb ttr? enbzyme c?n% e.”ml‘g O pol T7- (in the first reaction) past an 8-0x0G:A or 8-0x0G:C
aflow for replication to occur, but tn€ Observed rat€ IS SIOWer. i a5 limited by the rate of conformational change instead

(if) It the DNA polymerase has an exonuclease domain, the ¢ nnsqphodiester bond formation, although this conclusion
DNA may be moved there for digestion. (iii) If the replication  yonends on the correct assignment of the observed fluores-
is blocked strongly enough, the polymeragaNA complex cence change.

will dissociate. Measurell, values k; of Scheme 6) of . . -
processive DNA polymerases are on the order of-Q.1 Wlt_h calf thymus pold, the difference between misincor- _
—1 37,38,86,90,91,9 ; _ poration at G and 8-0xoG appeared to be due to change in
s, torresponding to &, of ~1—10 s. Thus, a the K d th i f bhosphodiester bond f
polymerase has a limited amount of time to deal with an '€ Sg’dNTP.an e rateky) of phosphodiester bond forma-
tion.82 An interesting finding was that PCNA was a much
obstacle. " S o
more critical factor for replication of DNA containing
: : 8-0x0G than for unmodified DNA.
6.4. Alteration of Catalytic Steps by DNA Adducts o
y ps by A study of replication pas©®-MeG and0%-BzG by pol
The topic of this review is DNA-carcinogen adducts, and T7- and HIV-1 reverse transcriptase was déh¥.There
their effects on DNA polymerases will be considered here. was a clear effect of bulk on the rates of insertion, which
Many steady-state studies have been done with variouswas due in part to the increaskd for the dNTP. The pres-
combinations of adducts and polymerases. A very generalence of a dNTP also lowered tkg for the oligonucleotidé&®
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The effect of adduct bulk was also noted in work with does not adequately explain the altered kinetics observed with
pol T7- and HIV-1 reverse transcriptase witN>-Gua some unusual DNA substrates, e.g. DNA secondary struc-
adduct®’ The kinetic burst was reduced by a Me group and tures® DNA cisplatin and 8-oxoG adduct42°and natural
abolished by an Et or larger group. Thus, the effect of bulk “pause” sites due to hairpif82°3Suo et aP* proposed an
is more severe at the N2 position of Gua than at O6, evenalternate polymeraseDNA binary complex that exists in
though the former leaves the atoms involved in Watson equilibrium with the catalytically competent binary complex
Crick pairing available (but does change the electronic when either pol T7 or HIV-1 reverse transcriptase attempted
distribution). With very bulky adducts such as PAHs or to replicate DNA containing a cisplatifDNA adduct
exocyclic additions that obscure the Watsd@@rick binding (Scheme 11). Such an alternate conformation could explain
face of Gua, no kinetic bursts are observe#:°" Thus, the
rate of polymerization has been slowed to be less than theScheme 11. DNA Polymerase Scheme Expanded To Include
kot rate k; of Scheme 6). When the burst is lost, less an Inactive Ternary Complex®>972
information can be obtained about individual events within Alternate Mechanisms
the catalytic cycle.

A number of studies by the Prakash group have examined
various aspects of catalysis by some yeast and human (1’?
translesion polymerasé$}19%2% and in some cases pre-

E + Dy E+D,

steady-state kinetics have been analyzed. With yeasp,pol EDnia EDy  NTP
incorporation of dNTPs into modified oligonucleotide sys- PP; }J m

tems is relatively slow compared to the case of the more

processive polymerases (i.e-2 s, cf. 2080 s°1).66:81.95.201 ED,,,-PP; E'D,-dNTP
Also, the Kq antp Values are much higher (22L00 uM, cf.

1-4 uM for the processive polymerases). An interesting R f(
result was that paj inserted both bases (dATP) across from

a T-T dimer as efficiently as for individual T basé. E*D,,PP; —@— E*D_ dNTP E"D , «dNTP
However, with an abasic site no burst of incorporation was
observed. On the basis of these results, the conclusion was
made that both bases of the—T dimer are present
simultaneously in the active site. The analysis indicates that @%
the rate-limiting step in copying either T of the-T dimer

E+ D, E+D,

is either step 3 or 4 of Scheme 6. Another interesting recent EDns EDy dNTP E'D,
observation with yeast paj is that the pre-steady-staktgy PP W N
and Ky are similar for incorporations of dCTP opposite G
and 8-oxoG* ED,,, PP ED,.dNTP
Kinetic analysis of human pelhas also been dorifé&’ The
enzyme shows burst kinetics for normal incorporation but R /3/ \
is not particularly inefficientkyo = 0.6 s, Ky ante= 5 uM).
These studies argue that step 3 or 4 is rate limiting (Schemes E*Dyy PPy —@—=E*DydNTP E"D ,dNTP

5 and 6). Bursts were not observed for misincorporation of ~ 2See Scheme 6 for a guide to symbols and the basic mechanism.
the three nonmatched dNTPs. The authors concluded that(Reprinted with permission from ref 97. Copyright 2004 American Society
opposite a template A the correct nucleotide (dTTP) is for Biochemistry and Molecular Biology.)

referred because it is bound more tightly and incorporated
P grey b the decreased affinity for ANTP seen with-MeG 26 How-

more rapidly than the incorrect nucleotides. However, : ) i BRRES T
opposite a template T, both the correct (dATP) and incorrect €Ver, an altemative explanation, used in our own ;e

nucleotides were incorporated at similar rates. The greater'S that the alternative complex is a ternary one. Kinetic
efficiency of dGTP incorporation relative to A was attributed diScrimination between the binary and ternary alternative
to tighter binding of dGTP. Another conclusion was that the COMPlex models is not readily possible (see also discussion
incipient base pair is accommodated differently in the active @P0ut whether dNTP binding is before or after the confor-
site of pol: depending upon the template base; when T is Mational changey’ If the concept of a ternary alternate
the templating base, pelaccommodates the wobble base COMPlex is accepted, discrimination of which other species
pair better than the WatserCrick base pair. This conclusion ~ Would equilibrate is ambiguous. . -
may be valid, although one general concern about the system Several experimental situations have yielded substoichio-
is that JATP incorporation opposite template T is 30-fold Meric bursts of product in pre-steady-state experiments,
slower than dTTP incorporation opposite templat&®and including the normal base incorporation by HIV-1 reverse

other possible explanations may account for the difference. franscriptasé’ incorporation of C or A opposite 8-0xoG by
HIV-1 reverse transcriptase and bovine pgf-°®incorpora-

; : tion of 8-oxo dGTP opposite template®€2° incorporation

6.5. Extra Steps in the Catalytic Cycle of dCTP and dTTP opposit@®-MeG and08-BzG by pol

In kinetic simulations, the general approach is to use a T7~ and HIV-1 reverse transcripta&®® and incorporation
“minimal mechanism”, that is the simplest one that can be of dCTP opposité&N>-MeG 27 All of these sets of partial burst
used to describe the data (Schemé?®dj.extra steps are  data were readily fit using the alternative complex model,
included, there is more uncertainty as to what the rate with the ternary complex following step 2 (Scheme 11).
constants are. Many sets of polymerase kinetic data have Some points should be mentioned. First, the concentration
been fit to the minimal mechanism (Scheme 6). However, of polymerase must be known exactly. In work with HIV-1
several studies have proposed that the minimal mechanisnreverse transcriptase, quantitative amino acid analysis was
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used for this purpos®&.However, even then the possibility conformational change is in the polymerase, the oligonu-
can be considered that not all of the purified enzyme is active. cleotide, or both. Unfortunately none of the systems for
In other studies with modified DNA, comparisons are made which evidence for alternate conformations has been pre-
with the magnitude of the burst with unmodified DN&Y” sented has been crystallized yet. However, some unusual
Also, in using the alternative model, only the rates of step 3 pairing combinations have been observed thus far in the
(conformational change) or step 4 (phosphodiester bondcrystal structures that are available for other polymerase
formation) and the step going to and from the alternative oligonucleotide complexes. One possibility might be that the
complex are allowed to chan§e® ternary complex consists of the dNTP bonded in a wobble
Additional evidence for a reversible exchange with an or Hoogsteen pair which is in equilibrium with Watsen
alternate complex comes from single turnover experiments, Crick pairing, which proceeds to yield product.
which show biphasic kinetics. In this experiment (Figure 4),  The existence of such alternate complexes is not excluded
from other systems. If no kinetic burst is observed, then it
T B is not possible to provide kinetic evidence for such an entity,

A ol P . . .
= even if it does exist and contributes to the reaction.

— —

‘ 6.6. Polymerase Switching

o Some of the differences in the processive and translesion
; DNA polymerases have been discussed, in the sections on
‘j=*:N._ both general considerations of choices of polymerases to
‘ study and kinetic analysis. The resulting paradigm is this: a
* =P e adduct processive polymerase works along DNA until it comes to
60 T T T T T a lesion that blocks the polymerase because the rate of ANTP
A incorporation is slower than dissociation. One translesion
polymerase now binds to the DNA and inserts a dNTP, or
perhaps a few more before dissociating. The translesion
VMeG polymerase should not operate for long on normal DNA
because these polymerases tend to have high error rates when
they copy normal DNA&%4205This sounds reasonable, but
the question remains how. A 2002 review by Lehntdhn
60 outlines the problem: we do not know (i) if the replication
o ) . L 0 5 10 15 20 machinery completely dissociates from the DNA at the site
0 1020 30 40 50 60 of damage or if it is temporarily displaced, (ii) how an
Time, s appropriate polymerase is selected to carry out translesion
Figure 4. “Trap” experiment for restricting rapid kinetic analysis ~ Synthesis (at a particular lesion), (i) whether the replicative
to the events occurring in the first catalytic cycle of Schemes 6 polymerase “hands over” to the translesion polymerase and
and 11%3-86.97202The principle has some similarity to that presented  the process is reversed immediately beyond the damage, or
in Scheme 7. A preformed complex of the DNA polymerase and a \yhether in some cases replication reinitiates beyond the

radiolabeled oligonucleotide is present in syringe A. The contents . ) :
of syringe A are rapidly mixed with the contents of B, a dNTP damage, leaving a gap to be filled later by the translesion

MgZ* complex and an excess amount of an unlabeled “trap” POlymerase, (iv) whether lesions in the leading and lagging
oligonucleotide. The polymerization reaction is initiated by the Strands are handled differently, (v) what the functions of the
(diffusion-limited) reaction of the polymeras®NA complex with ubiquitin-conjugating systems are, and (vi) how post-
dNTP. When the catalytic cycle is completed, the radiolabeled DNA replication repair interacts with the cell cycle checkpoint
is dissociated and essentially only unlabeled DNA becomes bound pechanisms.

to the polymerase; reactions occurring after the first cycle are . . .
invisible because néP-label is present. (Reactions are quenched Some literature has appeared since that review. Fuchs and

with excess EDTA.) With all radioactive products being generated hiS associates have worked wigh coli pol IV and V and
before the second reaction cycle begins, the occurrence of mul-related the binding of these pols and pol 11l to DNA through
tiphasic kinetics indicates that more than a single reaction cycle the -clamp80-207.208pq| V is postulated to also interact with

(Scheme 6) is involved. The phenomenon is rationalized by a pool the tip of RecA. After a short stretch of synthesis by pol V,
of the DNA polymerase that is in equilibrium with the rest but o) || js reassociated®

converts slowly to the active form (Scheme 11). The biphasic nature . . : . .
of the data is clear in part A, and a semilogarithmic plot of the Although many details .St'" remain to bg established in
results is shown in the inset (part B). (Reprinted with permission theE. colimodel, mammalian DNA synthesis past damaged

from ref 97. Copyright 2004 American Society for Biochemistry DNA is even more complicated and major questions remain
and Molecular Biology.) (Scheme 12). Polg and: have both been shown to be
localized to replication foci in cultured human XP-V cells.
unlabeled trap DNA is added in the dNTP syringe so that However, the conclusion about pgltargeting pol: to the
only events occurring before the polymeraséigonucleotide replication fork does not resolve the issues raised by
complex(es) persist are observed. The observations that twd_ehmanr?®® That is, even if we imagine a large replication
single-exponential steps occur in this reaction provides strongcomplex of all the processive and translesion polymerases
evidence that two forms of the polymerase complex are together with the accessory factors at the DNA replication
involved, and these experiments have been done in severafork,?*®not all can be in the proper position at any one time.
caseg$s3 86.97.202 Kunkel's laboratory has recently reported a series of
The kinetic analysis provides strong evidence for the experiments wittfSaccharomyces cearsiae polsd, ¢, andy
existence of alternate polymeradeNA complexes but does  and T-T dimers®” Thesein vitro experiments appear to
not indicate what the structures are, or even whether therecapitulate the expected situation in terms of blocking,

»
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Scheme 12. Proposed Interactions of Mammalian Scheme 13. Strategy for Analysis of Rates of Association
Polymerases with PCNA and Each Othe}81.199.209214a and Dissociation of Polymerases at Blocked Sites on
Replication Forks?

| Proposed polymerase interactions I

36 L4

\ j Kot (for 0)
}'g—’{ Rev1 (C-teminal 100 a.a.) gg*

j kon (for m)

24%
36

Pol &= Rev3/Rev7 4

aThe single-headed arrow for RFC (replication factor C) indicates its dNTP j kol (for single cycle)

role in loading PCNA onto DNA (or long oligonucleotides). The double-

headed arrows indicate postulated interactions among proteins. @ o @ koo @
. (for single cycle) N (for single cycle) .

. . . 27

incorporation by the translesion polymerase (@ppland then. % — o % — o %

extension by pob/e. Apparently no PCNA was present in

the system. PCNA is generally considered to act as a trimeric l Kt (for 1) l Kt (for 1) j Kot (for 1)

“clamp” around DNA to promote processivity’ A variety

of effects have been seen with replicative and translesion 25

polymerases, particularly with DNA damagje?199.212.218

* * *

27
hd 36 hd 36

In principle, the experimental protocol of McCulloch et lkcn (for 6) lkon (for ) llq,n(forb)
al® could be extended into a system in which quantitative
analysis is done (Scheme 13). A key question is what the @
“off” rates are for the individual polymerases, including the  25* 26 27—

36 36 36

effects of individual DNA modifications. In principle, the
kinetic issues could be addressed in basieitro systems,
with and without DNA.

However, the system may be more complexvivo, if
other accessory factors are involved or if a known accessory
factor is modified. Evidence exists that ubiquitin and SUMO ]

Gels:

36-mer

modification have effects on PCNA that modulate the
functions of yeast polg and(.2%5219220The Lys164 residue

of PCNA has been proposed as a site for both ubiquination
and SUMO modification in a yeast systéf These studies
were done in yeast cells. Unfortunately the preparation of Time ———>

specific ubiquitin- and SUMO-modified PCNA molecules aThe experimental procedure involves incubating®rd-labeled (*)

is not trivial, at least in amounts sufficient to do sophisticated Primer—template complex (and all 4 dNTPs) with a mixture of paand
. it . t ith defined t pol # in this case £ PCNA and any other factors), with analysis of the
n v rO (:"Xpe”mer_1 S \_Nl € '_ne . reagen S . (radioactively labeled) products by gel electrophoresis/phosphor imaging.
Ultimately bothin vzitro andin vi vo eXp_erlmentS will be The time course of the formation and disappearance of individual products
needed to fully address the questions raised by Lehrff&nn. will be fit to a kinetic model with the rate constarits, kofr, andkpo for
pol 6 and poly (using DynaFit or other software prograih&9, and the

arameters can be compared with those obtained in analyses using onl
7. X-ray Crystal Structures of DNA Polymerases Single ANTP incorporations, me I analyses using ony

24-mer | m—————

7.1. General Features of DNA Polymerases change has been sensed for many of the processible poly-

Until recently most of the work on the structures of DNA Mmerases (but may not be part of the mechanism for
polymerases was done primarily with the Klenow fragment translesion DNA polymeraseside infra). This change had
and mammalian pg#, plus some on replicative polymerases. _beer_l assoc_late_d Wl_th the mt_:luced fit or conformaﬂonal change
Before consideration of structures of polymerases bound toimplicated in kinetic experiments, but today there is some
modified DNA, it is useful to briefly consider the general controversy about whether this open/closed change is
features. For an earlier and much more extensive review,lnvolved or some other step constitutes the conformational
see ref 222. change?

Briefly, DNA polymerases have a well-characterized = The DNA polymerases studied to date bind two metals,
general structure that resembles a right-hand with fingers, one of which appears to dissociate and reassociate in every
palm, and thumb domains. The DNA sits in the palm and is catalytic cycleZ?* During catalysis under normal conditions,
contacted by the thumb. The polymerase has to be able tothis metal is M§", but C&* can be substituted in structural
bind all four of the dNTPs, but this is a nonspecific initial Studies (to prevent catalysis).
reaction. When the correct dNTP is sensed at the template Before considering the carcinogen DNA adducts, it is
site, the “fingers” domain of the polymerase closes to convert useful to briefly consider mismatch errors and the structural
the “open” form of the polymerase to a “closed” foPAThis basis in polymerases. The chemical issues were considered
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earlier in this review. Johnson and Be®4dave used the
thermophilicB. stearothermophiluDNA polymerase large

Guengerich

containing an 8-oxoG:dCTP pd&t.The RB69 polymerase
is a member of the B family. With a primed abasic site, a

fragment (termed “BF”) and reported an extensive study of novel open and catalytically inactive conformation of the
the structures of all possible 12 mismatches. The authorspolymerase was observed, which may explain the blocking
suggest four mechanisms that lead to stalling at the mis- effects of these sites. With the 8-oxoG:dCTP pair, the anti
matches: (i) disruption of the template strand and preinser- conformation (of 8-oxoG) was observed and the ternary
tion site (G:T, G:G, A:C, T:C), (ii) disruption of the primer complex was reported to be almost identical to the normal
strand and assembly of the catalytic site (T:T, C:T), (iii) G:dCTP systerf® This latter result appears to contrast to
disruption of the template and primer strands (A:G, T:G), the work with 8-0xoG and the BF polymera$ébut a direct
and (iv) fraying of the DNA at the insertion site (A:A, G:A, comparison of the kinetics of the two polymerases and their
C:C)#?4The pairing involves several components including tendencies to insert A vs C has not been done.

wobble pair andsyn-anti pairing. Three of the 12 mismatch Ellenberger’s laboratof? has also reported crystal struc-
structures were disordered at the site of the mismaitch,reg of 8-0x0G-containing DNA with a DNA polymerase,
suggesting the presence of multiple species and an equilib-5o| T7 exg, for which considerable kinetic information is
rium. Johnson and Beese also observed the effects ofyy4ilaple3673.9 with this enzyme, dCTP insertion is con-
extending a mismatch up to 6 bp away from the primer gjgeraply preferred over dATP inserti8hBrieba et al3
terminus; long-range distortions in the DNA transmit the \yere able to crystallize pol T7 with dCTP inserted opposite
presence of the mismatch back to the active site. The aUthorstemplate 8-0x0G, but not dATP. In the structure, the O8 atom
conclude that while the binding interactions of equivalent o g.oxoG was tolerated due to the strong kinking of the
correct gase pairs are identical, as shown with this poly- pNA template. A model with dATP present predicts strong
merasé&?* the various mismatches should all interact in cjashes that would attenuate (but not eliminate) A insertion.
unique ways with 'the polymerase..ln I|ght'of this, we shoyld However, in this model, if A were inserted, it would be
expect a wide variety of modes o_f interactions of the myriad predicted to be paired with 8-0x0G in a Hoogsteen pair and
of DNA adducts with even a single polymerase, and the the minor groove surface of the mismatch would mimic a
complexny will be even greater as more poly_merases are normal G:C paif3 These results provide a reasonable
considered. Nevertheless, the results of studies done ovegypjanation for the kinetic resul®éin reviewing the results
the next few years will probably be able to be organized qf the earlier pol T7 exo kinetic results from our own
into some common general modes. laboratory?® it is important to note that the pre-steady-state
results provide a better index of the discrimination between
the insertion of dCTP> dATP than do the steady-state
parameters. However, in most cases with DNA adducts,

Characterizing structures of DNA polymerases in contact particularly bglkler ones, kinetic bursts are not seen a71nd the
with DNA adducts has only been realized in the past few 25Says effectively all become steady-state anaffjsés!
years, despite many earlier efforts. The choices of the right Ellenberger’s group has also published structures of pol
polymerase, DNA modifications, and oligonucleotide se- T7 with oligonucleotides modified with the bulk@3-Gua
quence are all interacting, and critical factors for success adducts derived from 2-AF and 2-AAF. Previous studies with
and are also empirical. Another point is that structural these adducts have indicated that the 2-AF adduct is blocking
information is best understood when coupled with studies and causes mismatches while the 2-AAF adduct is very
on the characterization of enzymatic events (i.e. sequenceblocking and, when bypassed, causes frame siif&imilar
analysis of products) and kinetics. results have been observed in attempts to do pre-steady-state

Using the B. stearothermophiluBF replicative DNA kinetic analysis with pol T7 and these adduétsThe crystal
polymerase, Beese and her associates have characterizegfructures (two with 2-AF, one with 2-AAF) show that the
structures with 8-oxoG and a PAH. The 8-oxoG redéits 2-AAF adduct adopts ayn conformation that leads to
indicate that an 8-0xoG:A pair is preferred and explain the intercalation of the fluorene entity into the fingers domain
kinetic proclivity for this outcome (which is relatively general and keeps the polymerase in an open configurafibmhis
among DNA polymerases, though to different extett¥)95.225 result is proposed to be linked to blocking and frame shifts.
As in the case of NMR and X-ray crystal structure work The 2-AF crystals did not have well-defined electron density
done in the absence of polymera8ts favored mode at the adduct, presumably reflecting considerable mobility.
involves a Hoogsteen pairing of 8-oxoG and dATP facilitated ~ As mentioned earlier, pgB is not a particularly good
by adapting asyn conformation for 8-oxoG3% An anti model for misincorporation opposite DNA adducts in that
conformation is used in pairing opposite C (dCTP), including such events are rather unrelated to its function. However, a
template distortion in the DNA and the polymerase, which structure of poj3 bound to a mispaired oligonucleotide has
prevents the next template base from occupying the prein-peen publisheé?® In the mispairs (both A:C and T:C), the
sertion site. two bases stack partially rather than engage in any kind of

The same polymerase (BF) has been crystallized with ahydrogen bonding with each other. Instead of closing, as in
PAH derivative, the most common adduct derived from normal incorporation, pgh adopts a partially open confor-
reaction of benza]]pyrene diol epoxide with DNA (aiN? mation that does not facilitate catalysis. In another structure
guanyl adduct¥?%In this structure the PAH adduct is paired of pol 8 with an 8-0xoG in the templaf? the modified
with a C. This polycyclic adduct adopts a conformation that guanine residue is in the normati conformation and forms
places it in the minor groove, leading to extensive disruptions Watson-Crick hydrogen bonds with an incoming dCTP. To
between the DNA and the polymer&de. accommodate the oxygen at C8, tHgphosphate backbone

Kisker and her colleagues have utilized a different repli- of the templating dCTP is flipped 180The flexibility of
cative DNA polymerase and reported structures with two the template sugaphosphate backbone is one of the
oligonucleotides, one containing an abasic site and oneparameters that influences thanti—syn equilibrium of

7.2. Structures of Processive DNA Polymerases
Bound to Carcinogen-Modified DNA
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8-0x0G??° In this work, a crystal was also obtained with base pairs and the other with the PAH extruded in the major
damp opposite the template 8-0xoG, with the 8-0xoG also groove and exposed to solvéeifitin the former, the DNA is

in an anti conformatior??® The point should be made that distorted. It is of interest to note that the rate of replication
with pol § there is always a sharp bend in the DNA as it sits of the enzyme past the lesion was enhanced by the addition
in the polymerase active site, which may affect its behavior of organic solvent, which also appears to stabilize one of
relative to other polymerases. (See note added in proofthe conformations seen in the crystal structiife.

regarding Dpo4 structures with 8-0x0G.) In another Dpo4 study, Ling et & addressed replication
past abasic sites. The major outcome of bypass-is #ame
7.3. Crystal Structures of Translesion shift. This phenomenon appears to be distinct from the
Polymerases pattern seen with the replicative polymerases (Bndoli
SOS polymerases), which have a tendency to insert A in
7.3.1. Dpo4 the mutational studie$? Ling et al?**solved a series of five

The translesion DNA polymerases quickly became popular Structures, with different oligonucleotides, that present a story
targets for structural studies because of their ability to bind 0f the course of the polymerase copying. The group
and process modified DNA. The archebacteBiasolfataricus characterized structures corresponding to dNTP incorporation
polymerase Dpo4 is readily expressed, purified, and crystal- OPPOSite the abasic site, 6l frame shift, at+-1 frame shift,
lized and has been used by several groups. The first structurénd an “unproductive” complex. A major conclusion from
was that of Ling et al®” and involved a ternary complex of this work is that the insertion step of translesion synthesis is
Dpo4 with an oligonucleotide and ddATP. The structure highly template dependent, with the baset a lesion
resembles those of previously characterized DNA poly- Instructing dNTP incorporation, while the lesion itself is
merases in having a palm/thumb/fingers structure, but thereS“PZped out® This pattern appears to apply with the adduct
are two major differences: (i) the active site area has 1.N*-e-Gua gide mfra). _ _
considerably more space for the DNA (Figure 3), and (i)  Another conclusion from the available work with Dpo4
the structure contains an additional “little finger” doméih. ~ is that this and other Y family polymerases do not show a
Mutagenesis experiments have demonstrated that this littlediscernible movement of the fingers domain upon binding
finger domain imparts some specificity to the different of the correct dNTP. However, Suo has offered kinetic
translesion polymerasé¥.Yang?! has recently reviewed the ~ €vidence that some type of induced fit process is operative
available structures of Dpo4. with Dpo4 18 The structural work shows that the little finger

The Dpo4 structure was solved in the presence of a correctdomain at the C-terminal undergoes rigid body movement,
and an incorrect incoming dNTP (1.7 and 2.1 A, respec- depending on the DNA substrate and the fit of the template
tively).16” Dpo4 makes limited and rather nonspecific contacts base and incoming dNT#2 This movement (which may
with the replicating bases involved in the pair, thus limiting e linked to the “induced fit" process) is proposed to facilitate
the base selectivity. The structures also reveal capture in thelfanslesion synthesis and successive steps of nucleotide
translocation of two template bases to the active site at fransfer. (See note added in proof.)
oncel®’ The so-called “type I” and “type II” structures exhibit 2
different active site configurations. In the type | structure, /-52- Dpo4 and 1,N-e-Gua
only one template residue is accommodated in the active site Recent work in this laboratory has been done on the

pocket, coding for d(d)ATP (opposite T). The DNA minor  interaction of the model translesion polymerase Dpo4 with
groove faces the protein in the active site that is unusually pNA containing 1N*e-Gua (Scheme 14%:105.2361 N2--Gua
accessible due to the small amino acid residues (Gly41,is one of the DNA adducts formed from oxidation products
Alad2, Alad4, Ala57, Gly58). In type Il structures, two  of vinyl chloride and other vinyl monome#&:240 This lesion
adjacent template bases are admitted into the active sitejs also formed from the oxidation products of fatty acids,
simultaneously. Thus, aT dimer could be accommodated  resulting from lipid peroxidatioA! In E. coli cells, the main
(vide infra). To bypass such a lesion, Dpo4 may skip the outcome remains coding for dCTP insertion, and the main
first base and replicate only the second. misincorporation is insertion of T (G to A transition), with
Dpo4 is inefficient in extending all mismatches. Trincao A following (G to T transversion}? However, with several
et al?®2 solved a structure of Dpo4 with a G:T mispair in  processive polymerases aBdcoli pol | (Klenow fragment
the primer-template complex, in the presence of an incom- exo~) and rat polg, the residues C, G, T, and A were all
ing dNTP. A reverse wobble pair (Figure 5) deflects the 3  inserted to some extent anel and—2 frame shifts were
hydroxyl of the primer strand away from the incoming detected? In a mammalian cell (chromosomal integration)
dNTP232 study, a variety of mutations were seen including G to A
The first Dpo4 structure with an actual modified DNA transitions (insertion of T), plus some mutations away from
lesion was that of ais—syncyclobutane thymidine dimé#3 the adduct site and rearrangemeiits.
The two structures obtained can be considered in the context 1 N2-e-Gua has most of the Watse€rick coding face
of the type l/type Il discussion above. TheT3of the cis— covered with the added two carbons (Scheme 14). The results
synT—T dimer forms a WatsonCrick base pair with the  obtained with different systems are unusual and show some
incoming ddATP, but the'ST of the lesion forms a Hoog-  of the difficulties in studying these systems. In reactions with
steen base pair with the ddATP insgn conformatior?33 single dNTPs, Dpo4 inserts an A and then two more A’s
Another Dpo4 adduct structure is that of a PAH adduct, a (Figure 7, Table 2). The last of these is opposite an A, and
benzof]pyrene diol epoxideN®-adenyl derivative (Figure  then the polymerase stops abruptly. However, if a mixture
6).234 The ternary complexes have T opposite the modified of all four ANTPs is used, a different result is seen (Schemes
A; attempts to place dATP, a preferred miscoding base, 15 and 16). The final product was a mixture, characterized
opposite this were unsuccessful. Two conformations were using MS, and dependent upon the basefihe adduct?
observed, one with the PAH moiety intercalated between When a C was present ®f the 1N%*e-Gua, two major
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A-T Watson-Crick

Ge*T wobble

Figure 5. Dpo4 crystals with a G:T pair in a reverse wobble configuratidrOverall views of the different complexes are shown in part a. Close-up views are shown in part b. In par
comparison is shown for standard and reverse G:T wobble pairs (see Scheme 4). (Reprinted with permisdiaiuirerStructural & Molecular Biologyhttp://www.nature.com), ref 232.
Copyright 2004 Nature Publishing Group.)
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Figure 6. Dpo4 with an oligonucleotide with aN8-Ade derivative obtained from#)-(7R8S9S10R-benzof]pyrene diol epoxidé34 (A)
Comparison of the X-ray and NMR structures. The crystal structure is depicted with the electron density. The BP-1 and BP-2 forms are the
two structures seen. (B) Hydrogen bond formation for the two structures. (C) Overlay of the BP-1 (blue) and BP-2 (gold) structures. See
original reference for more descriptié#f.(Reprinted with permission from ref 234. Copyright 2004 National Academy of Sciences.)

2 105,236,238  GGGGEE -
Scheme 14. N*e-Gua g'—ccccc&gggggggﬁ;gg;ng;ac:'r—sf 23-mer primer
0]
N
L ™| aalil
—  — -
NN N Esenenes GheneDes SSAPERED EDEDPEDES
H ll\l\ll\l\l\l
aThis is one of the “etheno” bases, which can be derived from reactions 77 -—— E— - C e——

of DNA with bis-functional electrophiles, particularly those generated from - EBERERS  EBERES  ESEme—
lipid peroxidation or from the oxidation of vinyl monomers (e.g., vinyl
chloride, acrylonitrile). Other etheno adducts includibde-Ade, 3N*¢- A G c il
Cyt, andN?,3<-Gua. e A= = ]

. . . Figure 7. Insertion of bases oppositeNg;e-G by Dpo4 and pol
products were obtained, as characterized by MS collision- T7-. X = 1 N%¢-G. In each case, 100 nM primetemplate (primer

induced dissociation (CID) analysi$.The minor product  32P-end-labeled) was incubated with the indicated dNTP (A, G, C,
corresponds to a pairing of A oppositéNi-¢-Gua, followed or T; 250uM) at 37 °C for 30 min with increasing concentrations
by correct nseron of the remaining bases opposie the S Pried Dt or ol 17 (hredonny 0, 22,50, ot oo ),
template bases. The major product corresponds to a Sk'.p ermizsion fromgref 42. Cop%/right 2005 Am%rican gociety for
of the polymerase past the adduct and then accurate codmggiochemistry and Molecular Biology.)

to yield a—1 frame shift (Scheme 15). However, whena T

is 5 of the adduct, then a mixture of four products was DNA (1,N%¢-G)—dATP ternary complex shown in the boxes
obtained (Scheme 16). The boxes in Schemes 15 and 16n Scheme 16A-C.

indicate the intermediates for which X-ray structures were It should be emphasized that the approach of defining the
obtained?? See Figures 8 and 9 for structures of the Dpo4  product under these conditions is one that is not normally
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Table 2. Incorporation of Nucleotides Opposite and Following two for which crystal structures have been obtained both

1,N%-€-G by Dpo4*? contain the A:T pair with the N?-e-Gua bypassed but not
T/A bulged out. The A:T pair has classical Watsd@rick pairing.

C/A A This structure has_some semblance_to the; Dpo4 work of Ling

¢ et al.}% suggesting that the active site of Dpo4 can
5’ —~GGGGGAAGGATT =37 accommodate two template bases. In the work with th@ T

3’ -CCCCCTTCCTAAGXTACT-5" photo-cross-link, the entire dimer appears to occupy the

primerd T active site and pairing to the “second” of the T's can occur

in the absence of pairing to the first.20!

X=1,N2-£-G (shown as G in table - .
! £-G ( ) These results demonstrate the difficulty of understanding

dNTP the molecular details of events involved in catalysis. Thus,
inserted template K (uM) Keat(min~) KealKm a mixture of kinetic and structural studies must be considered
dc 3. 47+04 6.4+0.13 1.4 along with analysis of products. The methods applied here
3-GTA include steady-state and pre-steady-state kinetics, X-ray
dc g-G*TA 96+ 14 0.0057 0.0002 0.6x 10°* crystallography, and MS as well as the organic and analytical
dA o 3345 0.0274+ 0.001  0.0008 chemistry and enzymology needed to prepare the reagents.
3.G*TA Dpo4 has been a useful model for translesion polymerases
dA 5-A 46+ 6 0.15+0.01 0.0033 and, because of the relative ease of purification and crystal-
3-G*TA lography, of the interaction of carcinogen-modified DNA
dA S-AA - 88411 0.29+0.01 0.0033 with DNA polymerases in general. Other Dpo4 crystals
dT 2,:SATA 140 4+ 22 204015 0014 obtained, in collaboration with Prof. M. Egli, at the time of
I.GTA this writing include 8-oxoG and 8-hydroxypropano Gua. The

MS CID analysis approach has also been applied to several
adducts. 8-OxoG is essentially non-miscoding, even more
so than poly®® or pol RB69%° O5-MeG gave~/; incoropo-

i raiton of T with Dpo4. TheC8-guanyl adduct derived form
done. In work with longer DNA, the product could be the heterocyclic amine 2-amino-3-methylimidazo[#];5-
analyzed by fluorescence-coupled nuleotide sequencing.quinoline (1Q) in theNarl sequenc¥? yielded a complex
However, this approach has not been applicable to shortprodyct, which involves multiple frame shift realignments

oligonucleotides, unless they are ligated into longer pieces (zang, H., Stover, J., Rizzo, C. J., and Guengerich, F. P.,
of DNA. Maxam-Gilbert sequencing can be used on short npyplished results).

pieces of DNA and we have done this in the pgdst,but

the results are not always clean and mixtures are a major7.3.3. Other Translesion Polymerases

problem. In work with longer DNA, the product could be i

analyzed by fluorescence nucleotide sequencing, but this is Three other translesion DNA polymerase structures are

also difficult with mixtures. MS, used here, provides a much available, all coming from the Prakash/Agarwal groups. At

superior analysis of sequence. the time of preparation of thls review none of these
Thus, the results obtained with single dNTP analyses polymerases has been crystallized with a DNA adduct.

appear to be misleading (Figure 7). Mechanisms to explain A S. cereisiaepol 5 structure has the classic right-handed

the observed results (with all four dNTPs) are presented in palm, fingers, and thumb domains plus a C-terminal “poly-

Schemes 15 and #8.The proposed mechanisms are cor- merase-associated domain” (PAD), which corresponds to the

roborated by the X-ray crystal structuf8sThus, the mech- little finger domain of Dpo4** The residues involved in

anisms involved include direct coding for A opposite the catalysis were identified. A feature of this structure is that

adduct (1N*-e-Gua), what appears to be a “dNTP-stabilized the fingers and thumb domains are relatively “short and

misalignment??2 an apparent variant of the latter that Stubby.”

produces a 2-base deletion, and a more complex mode of A human pol: structure has been solved (2.1 &).The

the dNTP-stabilized misalignment that involves rearrange- structure reveals two protein molecules bound per DNA, one

ment of both the primer and the template (Scheme 16B). at the blunt end of the oligonucleotide and the other at the

The intermediates in Scheme 16B are apparently stable; thereplicative end. This latter active site has a template A paired

2 The underlined section of the primer is shown in the table, with
insertion opposite the bold.

Scheme 15. Proposed Events in Incorporation of DNTPs into an Oligonucleotide Paired withN3-e-Gua To Give the
Characterized Products

dGTP
5 primer—C »! primer—C :G primer—-C—G primer—C—GTGA
3" template—G—XCACT template—G—XCACT template—G—XCACT template—G—XCACT
. dATP
5 primer—C primer—C primer—C—A primer—C—AGTGA

\ — | — I
3" template—G—XCACT template—G—XCACT template—G—XCACT template—G—XCACT

a1n this setting, theresia C 5 of the 1N?e-Gua. The MS analysis of the products indicated a 84:16 ratio of the products shown in parts A and B,
respectively. An X-ray crystal structure has been solved for the intermediate shown in tfe(Beyrinted with permission from ref 42. Copyright 2005
American Society for Biochemistry and Molecular Biology.)
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Scheme 16. Proposed Events in Incorporation of DNTPs into an Oligonucleotide Paired withN2?-e-Gua To Give the
Characterized Productst

A primer—C anTe i C—A
- . primer—C—
' ——
template—G—XTACT template—G—XTACT
5 primer—C /
3' template—G—XTACT ¢
. dATP
primer—-C . primer—C—A primer—C—AATGA

: — —>
template—G—XTACT template—G—XTACT template—G—XTACT

) dATP ) )
5  primer—C primer—C : primer—C—A primer—C—AT
B 3' template—G—XTACT template—G—XTACT template—G—XTACT template—G—XTACT
T T AT, ¢ TITP
primer—C—ATGA < primer—C—ATG < primer—C T < primer—C—A /
template—G—XTACT template—G—XTACT template—G ACT template—G—XTACT
X—T
C ATP
primer—C de primer—C—A primer—C—ATGA
template—G—XTACT template—G—XTACT template—G—XTACT
5 primer—C /
3' template—G—XTACT *
) dATP
\ primer—-C . primer—C—A

. —
template—G—XTACT template—G—XTACT

D dTTP

5 primer—C > primer—C : primer—C——T primer—C——TGA
8' template—G—XTACT template—G—XTACT template—G—XTACT template—G—XTACT

a|n this setting, theresia T 8 of the 1N2-e-Gua. MS analysis indicated that the reactions shown in parts A, B, C, and D accounted for 31, 27, 24, and
18% of the products, respectively. X-ray crystal structures have been obtained for the intermediates shown*fr(Regested with permission from ref
42. Copyright 2005 American Society for Biochemistry and Molecular Biology.)

to dTTP in a Hoogsteen mod®. This Hoogsteen pairing If two DNA strands are cross-linked together, it is difficult
may explain the varying efficiencies and fidelities of pol  to understand how a polymerase would be able to copy past
at different residues. Nair et #° propose that this is a  this, except a situation involving formation of a complex
mechanism for replication by this translesion DNA poly- structure in which a triplex was formed with DNA folding
merase through minor groove adducts that are very blockingback. One possibility is that a DNADNA cross-link could

to other polymerases. Also Hoogsteen binding is a potential move into the active site of a polymerase and then decompose
mechanism for “displacing” adducts that interfere with to a new entity that could be copied or could react with the
replication?*® polymerase itself. A hypothetical example ifN&guanyl:

A structure of the catalytic core of human pohas also  N7-guanyl cross-link that could move into the active site of
been reported® again without a DNA adduct. As with pol  the polymerase, perhaps with some strain on the system, and
1, the fingers domain is “stubby”. Other interesting features then break the linkage to yield an abasic site or a FAPY
include the rather restrained nature of the fingers domain adduct that could be copied. Presently this is a hypothetical
(regarding the fit of the DNA) and the presence of the polym- sjtuation. More viable possibilities are some of the systems
erase-associated domain (*PAD") on the dorsal side of the st died by my own colleagues (Profs. Rizzo, Stone, Harris,
palm domain. The suggestion is made that this polymerasepjarnett) in which DNA adducts containing masked alde-
has effective constraint during the incorporation/misincor- hydes can yield quasi-stable cross-links that could open again
poration event but less constraint after the insertion step. J yield reactive specigd325°For instance, the Gua malon-

. . . dialdehyde adduct (pyrimido[1 &purin-10(3H)-one, termed
8. Interaction with Cross-linked Elements “M 1G") is probably capable of such behavid?In cultures

Knowledge about the interactions of cross-linked materials of human embryonic kidney cells, mutations were dependent
with DNA polymerases is relatively sparse. Some of the upon the presence of an active nucleotide excision repair
biological actions related to these involve more complex System. This conclusion applied to base pair substitutions
biological systems (e.g. recombination, which can lead to as well as the large deletions. DNA interstrand cross-links
complex rearrangements and deletio¥{§+%24° The pos- would not be expected, but conceivably the cross-link could
sibilities of processing of cross-links are still largely hypo- rearrange to yieldN>-(3-oxopropyl)Gua or MG, the ring-
thetical. However, a few situations will be considered, and closed form, which could then miscode. Another possibility
some systems bear consideration for study. is that the cross-link would decompose to a reactive aldehyde
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mutagenic phenotype is probably not due to complex
rearrangements.

How can cross-linking of a protein cause mutations? Part
of the answer comes from an analysis of the tryptic peptides
recovered after cross-linking to an oligonucleotfdéScheme
17). Part of the fraction contained the active site Cys145
attached to an ethylene and then a Gua B#sdhis
conjugate could be recovered following overnight heating
at 37°C (part of the typical trypsin procedure), a 60 min
heat step (98C) at neutral pH, or hot piperidine treatment.
The product results from aw-alkylation of Gua by the half-
mustard generated from AGT reaction with ethylene dibro-
mide (AGT—Cys**~CH,CH,Br). Loss of the base due to
destabilization of the glycosidic bond (dueN6-alkylation)
yields an abasic site. In & coli system, one would expect
depurination to code for insertion of A and thus yield an
increased fraction of G to T mutants in the mutation
spectrum'®® This was indeed the case when the mutation
spectra were analyzed, compared with a control experiment
devoid of AGT*?®However, the explanation is not complete
because (i) the G— T transversion increase amounts for
less than half of the mutagenic events related to AGT
expression, (i) adducts with all of the four bases (A, C, G,
Figure 8. Dpo4—DNA (1,N%¢-G)—dATP ternary complex, to 2.1 1) can be formed, as indicated by the results of the cross-
A. This is the first intermediate shown in the boxes in Scheme linking/gel shift experiments, and (iii) the recovered tryptic
16A—C. (Reprinted with permission from ref 42. Copyright 2005 peptide-CH,CH,—Gua adduct accounts for less than half
American Society for Biochemistry and Molecular Biology.) of the total radioactivity bound to DNAZ Further analyses
are in order.

This same paradigm appears to apply to methylene
bromide, diepoxybutane, and probably most other bifunc-
tional electrophiles capable of producing cross-links in this
mannert?*157AGT is involved in this phenomenon because
of the high nucleophilicity of its active site Cy% The
possibility can be considered that other nucleophilic proteins
are present near DNA and may also demonstrate this
phenomenon. A search is in progress in this laboratory, in
collaboration with Prof. D. Liebler.

The general question of how a bound protein on DNA
can cause mutations is of interest, in that only some of the
mutations can be attributed to the depurination mechakfsm.
The problem is that the dogma is that DNA is copied in a
“double-stranded” manné?® However, only one of the
strands of the original DNA is passing through the poly-
merase. However, even if a base were flipped out to allow

‘ for some type of Hoogsteen or other alternative pairing, the
. : A extra 25 kDa of AGT would presumably not be able to fit
Figure 9. Expanded view of the Dpe4DNA (1,N?-¢-G)—dATP into the polymerase, even a translesion polymerase. The
ternary complex. (Reprinted with permission from ref 42. Copy- possibility has actually not been tested. Another possibility
right 2005 American Society for Biochemistry and Molecular s that proteases digest the AGT in cells to leave only small
Biology.) peptides that enter the DNA polymerase and can cause
_ mutations. That latter possibility has precedent in earlier
that would become covalently linked to the polymerase. In ethylene dibromide work in this laboratory, in which GSH

a model system, an oligonucleotide containingGvwas conjugates are mutagenic (Scheme 10). The protease hy-
mixed with the restriction endonucleasedRl and inhibited  othesis is experimentally testable.

the enzyme and was covalently bolfHA similar result
m'ght be possible with a DNA polymerase. g paterminants of Mutation Spectra

nother example is one currently under investigation in
this laboratory. Expression of AGT in bacteria greatly = Before concluding, it is of interest to consider the basis
enhances the mutagenicity and toxicity of the potential bis- of mutation spectra, or “hot spots” for mutagenesis, in that
electrophile ethylene dibromide? In collaboration with Prof. one possible reason is the interactions of DNA polymerases
Pegg’s group, we have shown that the phenomenon involveswith adducted DNA. The issue is of relevance in that many
cross-linking of AGT to DNA!??2 However, there is a  human tumors contain mutated genes, particularly3%3.
problem here in that a protein (AGT) of 25 kDa is cross- Some of these mutations probably lie on the pathway of
linked to the DNA and will be difficult to copy past. The tumor initiation or development. Moreover, many efforts
mutations seen in bacteria are base pair mutations, so théhave been made to associate these mutational spectra with
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Scheme 17. Events Proposed To Be Involved in the Activation of Ethylene Dibromide by GSH Transferases and AGT
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aThe GSH pathway involves the GSH half-mustard and an episulfonium ion intern¥é8{atat shown). The three guaninethylene-GSH conjugates
all have the potential to block and miscode, at least with model polymefhaklpugh which of these adducts is most genotoxic in a cellular context is yet
undetermined. The AGT pathway involves similar chemistry with the l&w®@ys'4® group of AGT reacting with ethylene dibromide!25°0One of the sites
of DNA conjugation is the N7 atom of guanine, and some of the mutations are explained by this modification and the resulting depurination (G to T
transversion}?3 The sites of formation of the adducts to other bases and the mechanisms of mutagenesis, particularly the dominant G to A transition, are
still under investigation. (Reprinted with permission from ref 123. Copyright 2004 American Society for Biochemistry and Molecular Biology.)

cancer etiology, particularly exposure to particular physical The sequence location probably does affect these (biological
and chemical agents in the environment. Considerable properties) and other “postmodification” chemistry, although

evidence has been presented with UV ligh§t?° AFB,,261
vinyl chloride?%? and tobacc@!

apparently the issue has not been addressed directly, to the
author’s knowledge. With some events, mapping techniques

TopaP®3raised the prospect that the existence of mutation such as those we have used recépitlgould be useful.
hot spots could be considered to be due to either selective (iii) Another possibility is the influence of the sequence
chemical reactions by electrophiles or the “hiding” of adducts context on rates of enzymatic DNA repair of an adduct.
from DNA repair systems at certain sites. We have consid- Evidence for sequence context effects exists with several
ered the molecular basis of mutation spectra in relationship DNA repair systems2¢ Cellular experiments have implicated
to a particular chemical, ethylene dibromide, and refer the such selective rates of DNA repair in the mutation spectra

reader to the relevant discussif Five major phenomena
can contribute to observed mutation spectra.

(i) The first issue is the binding selectivity of the mutagen.

As indicated earliet®8 this could be the result of electronic

observed with UV light in mammalian celf8 and forS-(2-
chloroethyl)\GSH in a yeast-based human p53 systém.

(iv) DNA polymerase activity context effects are relevant
to the scope of this review. Several possibilities can be

factors related to the sequence (e.g. electrostatic potentialconsidered. There is already ample evidence that the course
within runs of G’s), effects of the sequence on the local of action by a polymerase can be highly dependent upon

structure in the DNA which in turn influence interaction with

the DNA sequencé&’-2¢8For instance, some sequences are

chemicals, and the structural influences of bound proteins. inherently more prone to slippage and thus frame skfifts.
A relevant example may be the PAH-generated mutations The position at which a DNA adduct occurs can influence
in p53, which seem to be associated with enhanced adductiorthe blocking of a DNA polymerase, the rate and extent of

of CpG islandg5

(ii) Another possibility is a “secondary” change of an initial
adduct. For instance, the conversion ofNfhguanyl AFB
adduct to a FAPY derivative will change the biological
properties®® as would depurination to yield an abasic site.

misincorporation of a base(s) opposite the adduct (or
frameshifts), and the proclivity of a polymerase to extend
past the adducts. First of all, some aspects of the stacking
interactions discussed under item 5.4 can be considered here
as well. Different sequences confer different effects of
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adducts on thermodynamic properties, e.g. of binding to battery of biological and chemical approaches. Some of the
complementary strand&5%61in one example, the extent of issues regarding the design of experiments have been
the perturbation of a®®-MeG adduct was dependent on the presented to emphasize deficiencies in the field. The identity
sequence conteXt® Another example is the effect of a and purity of reagents are important considerations that do
cisplatin intrastrand cross-link on the conformation and not always receive the attention they should. Also, an
thermodynamic properties of DN%.In this work the adduct ~ approach of publishing a research paper presenting data with
could, in some contexts, convert the DNA from the B to an only one adduct and one polymerase in the absence of a
A form. mechanistic explanation is no longer tenable. Work is needed
Another classic example for a sequence-dependent mutain which (i) a single enzyme system is approached in a very
tion effect comes from the work of Fuchs and his associates mechanistic way and (ii) more general analyses of the roles

with 2-AAF—(C8) guanyl adducts in thilarl restriction site. of several individual DNA polymerases are done to define
Depending upon which of three closely located guanines is their contributions.
involved, the biological effects vary consideraBty With The physicochemical factors involved in base pairing have

this bulky adduct, the bypass is very inhibit¢dand the  been reviewed again here, as well as in previous trea-
major outcome (in bacterial systems) is deletion frame tises!30.135 These effects have been studied largely in the
shifts#*"-#* Studies with chemical prob&$ and alternate  absence of catalysts (enzymes) and by themselves cannot
sequences arth, measurements’ indicate a physical basis  explain the fidelity of DNA synthesis. However, DNA
for some of the effects seen with adducts in this region. polymerases use and also amplify many of these forces in
Further changes in the sequences (i.e., the neighboring baseeplicating DNA. In a review in 1997, Goodman stated “...the
in the Narl site) also affect mutagenesi. surface has barely been scratched in terms of understanding
Although such effects can be readily shown with isolated the interaction between polymerases and DNA that deter-
polymerase systems, the overall contribution to mutation mines replication fidelity” and also “...precise molecular
spectra in cells is more difficult to ascertain. In principle mechanisms governing mutagenic hot and cold spots remain
this can be done using site-specific mutagenesis in cells with obscure. Different polymerases copying the same primer
a null DNA repair phenotype associated with the adduct template DNA can exhibit markedly different mutation
under consideration. For instance, if we considgéguanyl- frequencies and spectré&® In the eight years since théfb,
2-AAF adducts in théNarl restriction site mentioned above,  significant progress has been made on some fronts, especially
they produce well-characterizedl and—2 frame shiftsin  on the multiplicity of DNA polymerases and in the structural
SOS-induced. colibut instead yield predominantly Gto T biology of relevant systems. Perhaps we can say that we have
transversion mutations in COS-7 cell3.Another consid- gone from a scratch to a dent (in the “surfacé®although
eration in all of this is what have been termed “action at a we still have much to learn.
distance” mutations, which occur near but not opposite the | recent years the interest in DNA polymerases has
DNA adduct:®*°"The phenomenon is not well character- - gypanded. Among the areas of research are all aspects of
ized but may contribute to the complexity of mutations. -~ the study of the translesion polymerases, several archebac-
(v) The last parameter affecting the mutation spectrum is terja| DNA polymerases that have helped facilitate structural
the biology underlying the phenotype. In principle, one would biology studies, detailed kinetic analyses of DNA poly-
like to eliminate this component in that it is independent of merages interacting with modified DNA, site-directed mu-
the exposure and confounds any etiological analysis of the tagenesis studies, and determination of the structures of DNA
system. However, this is probably an unrealistic goal with a polymerases bound to DNA. What has emerged thus far is
complex protein such as p53, which continues to yield new some coupling of structural and functional studies, and this
biological functions. In experimental systems, one prefers yjj| improve in the future. Thus far we have seen several
to use targets in which many mutants show loss of function, mechanism for coding and miscoding at DNAarcinogen
e.g.lacZ or rpoB27427 _ adducts. Some of these resemble the interactions with
These issues may not seem directly germane to themjspairs of the normal four basé¥ but others do not.

discussion .Of the basic mechanisms of int.ergction of DNA What does the future hold and what are some of the major
adducts with polymerases. However, this is an area of ., ogtions still to be answered? The author's opinion is that
practical application and one of consideration of the signifi-  gi\,4ral and functional studies will both continue to develop
cance of the basic events considered here. and that the best of these will be the ones that relate structure
L and function. In the relatively near future, more systems
10. Summary and Future Directions (DNA polymerases and adducts) will be characterized at a

What has been discussed here is the issue of DNA high level of sophistication. What will probably emerge is a
replication fidelity, discussed elsewh&129.13and in this ~ S€t of categories into which the polymerageNA interac-
seried?27 as applied to considerations regarding carcino- 10ns can be classified. Beyond this, more studies on other

gen-modified DNA, in that this continues to be a major topic 2dducts will be done but the work will be considered more
in the field of chemical carcinogenesis. A proper understand- descriptive.” However, many details of the interactions will
ing of the interactions of DNA polymerases with carcinogens continue to occupy basic scientists for a long time. We also
bound to DNA is an important component in understanding Ne€d to consider the possibility that large gaps in our
mutation spectra and their etiology, in making intelligent Knowledge may be missing: 10 years ago the general concept
predictions about the proclivity of individual chemicals to ©f how the SOS system model worked was wrdignd, of
cause cancer, and in the prediction of what genetic variationsCOUrse, translesion polymerases as such were unrecognized.
in particular DNA polymerases may mean in modifying risks ~ Following are a few of the author’s thoughts about major
of individuals to cancers. questions that remain to be resolved in this field:

As outlined here, the study of the interaction of DNA (i) How many general modes of DNA interaction are really
polymerases with carcinogen-modified DNA requires a involved in mispairing and correct pairing with adducts in
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DNA polymerases?

(i) Exactly what does control the conversion of a DNA
polymerase-dNTP complex to an active form to yield
phosphodiester bond formation?

(iif) We have a considerable amount of literature on DNA
interactions in the absence of DNA polymerases, especially
from NMR. The models and approaches are different (e.qg.
use of oligonucleotides with adducts “sealed” in the middle

vs pairs overlapped to yield a primetemplate complex

resembling a replication fork). How predictive are the NMR

results, in general?

(iv) How much do different translesion DNA polymerases
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(viii) Will we be able to make good predictions of the

G.; Marsman, D. S.; Pastoor, T. A.; Popp, J. A.; Robinson, D. E.;
Schwetz, B.; Tugwood, J.; Wahli, WRegul. Toxicol. Pharmacol.
1998 27, 47.

(14) Bechtel, D. HRegul. Toxicol. Pharmacoll989 10, 74.

(15) Maher, V. M.; Miller, J. A.; Miller, E. C.; Summers, W. Cancer
Res.197Q 30, 1473.

(16) Kaptinulik, J.; Wislocki, P. G.; Levin, W.; Yagi, H.; Jerina, D. M;
Conney, A. H.Cancer Res1978 38, 354.

(17) Basu, A. K.; Essigmann, J. NChem. Res. Toxicol98§ 1, 1.

(18) Singer, B.; Essigmann, J. Marcinogenesid 991, 12, 949.

(19) Benzer, SProc. Natl. Acad. Sci. U.S.A961, 47, 403.

outcomes for new adducts based on experience with other, (20) Hollstein, M.: Moeckel, G.; Hergenhahn, M.: Spiegelhalder, B.; Keil,

unrelated adducts?

Progress should certainly be made toward some or many
of these questions in the next few years. Some projects from

M.; Werle-Schneider, G.; Bartsch, H.; Brickmann,Mutat. Res.
1998 405, 145.

(21) Denissenko, M. F.; Pao, A.; Tang, M.; Pfeifer, G.3iencel996
274, 430.

this laboratory have been presented recently, along with (22) pfeifer, G. P.; Holmquist, G. Biochim. Biophys. Acta997, 1333

conclusions about the role of bulk of Gua N2 and Ade N6

modifications on the functions of pol T7and human pol
73738166 The effect of adduct bulk varies among DNA
polymerases. Some of our own work with Dg®Has been

summarized here, and further work in this laboratory involves

M1.

(23) Friedberg, E. C.; Gerlach, V. ICell 1999 98, 413.

(24) Sarasin, A.; Monier, RBiochimie2003 85, 1041.

(25) Lawley, P. D. InChemical Carcinogen£nd ed.; Searle, C. E., Ed;
American Chemical Society: Washington, DC, 1984.

(26) Persmark, M.; Guengerich, F. Biochemistry1994 33, 8662.

the used of these DNA polymerases to address some of the (27) Harris, C. M.; Zhou, L.; Strand, E. A.; Harris, T. M. Am. Chem.

questions raised here.

11. Acknowledgments

Soc.1991 113 4328.

(28) Kim, S. J.; Harris, C. M.; Jung, K. Y.; Koreeda, M.; Harris, T. M.
Tetrahedron Lett1991, 32, 6073.

(29) Borowy-Borowski, H.; Chambers, R. \WBiochemistry1987, 26,
2465.

The preparation of this review was supported in part by 30 ‘Bogepud, v.; Shibutani, S.; Johnson Ghem. Res. Toxicol992

United States Public Health Service Grants RO1 ES10375

5, 608.

and P30 ES00267. Thanks are extended to K. Trisler for (31) Seeberg, E.; Fuchs, R. P.®oc. Natl. Acad. Sci. U.S.A99Q 87,

help in the preparation of the manuscript and to M. Egli for
providing materials and reviewing a draft, to J.-Y. Choi for

191.
(32) Gopalakrishnan, S.; Stone, M. P.; Harris, T. MAm. Chem. Soc.
1989 111, 7232.

comments on the drafts, and to J.-Y. Choi, H. Zang, and K. (33) Jones, W. R.; Stone, M. Ruucleic Acids Resl998 26, 1070.

C. Angel and the Egli and Rizzo laboratories for their

involvement in the Dpo4 experiments.
12. Note Added in Proof

(34) Kim, S. J.; Stone, M. P.; Harris, C. M.; Harris, T. M. Am. Chem.
Soc.1992 114 5480.

(35) Ludwig, J.Acta Biochim. Biophys. Acad. Sci. Huri281, 16, 131.

(36) Einolf, H. J.; Schnetz-Boutaud, N.; Guengerich, FBRchemistry
1998 37, 13300.

Studies done since submission and revision of the manu- (37) Zagsgv H.; Harris, T. M.; Guengerich, F. R Biol. Chem2005 280
script have shown that Dpo4 inserts dCTP opposite template (38) Zang, H. Harris, T. M. Guengerich, F.@hem. Res. Toxica2005

8-0x0G more efficiently than opposite G, as judged by kpol/

Kd measurements. The activation energy was 4 kcal ol

less with 8-o0xoG than G. Crystal structures show the same

(DNA) syn 8-oxoG:anti dATP binding as with other poly-
merasesyfide suprd. The bonding of the @atom of 8-oxoG

to Arg332 is hypothesized to be important in maintaining _ 022 _
e (42) Zang, H.; Goodenough, A. K.; Choi, J.-Y.; Irimia, A.; Loukachevitch,

the template 8-0xoG in the anti configuration to produce th
(anti-anti) 8-0xoG:dCTP interaction (Zang, H.; Irimia, A.;
Choi, J-Y.; Angel, K. C.; Loukachevitch, L. V.; Egli, M.;
Guengerich, F. P.J. Biol. Chem2006 281, in press).

13. References

(1) Hill; J. Cautions Against the Immoderate Use of Sn@ffd ed.;
Baldwin, R., Jackson, J.: London, 1761.

18, 389.

(39) Ni, J.; Pomerantz, S. C.; Rozenski, J.; Zhang, Y.; McCloskey, J. A.
Anal. Chem1996 68, 1989.

(40) Little, D. P.; Aaserud, D. J.; Valaskovic, G. A.; McLafferty, F. W.
J. Am. Chem. S0d.996 118 9352.

(41) Ni, J.; Liu, T.; Kolbanovskiy, A.; Krezeminski, J.; Amin, S.;
Geacintov, N. EAnal. Biochem1998 264, 222.

L. V.; Kozekov, I. D.; Angel, K. C.; Rizzo, C. J.; Egli, M.;
Guengerich, F. PJ. Biol. Chem2005 280, 29750.

(43) Smirnov, I. P.; Roskey, M. T.; Juhasz, P.; Takach, E. J.; Martin, S.
A.; Haff, L. A. Anal. Biochem1996 238 19.

(44) Warner, K.; Faulstich, K.; Engels, J. WNucleosides Nucleotides
1997 16, 573.

(45) Wu, H.; Aboleneen, HAnal. Biochem200Q 287, 126.

(46) Tretyakova, N.; Matter, B.; Ogdie, A.; Wishnok, J. S.; Tannenbaum,
S. R.Chem. Res. Toxico2001 14, 1058.



450 Chemical Reviews, 2006, Vol. 106, No. 2

(47) O’Connor, G.; Dawson, C.; Woolford, A.; Webb, K. S.; Catterick,
T. Anal. Chem2002 74, 3670.

(48) Marzilli, L. A.; Barry, J. P.; Sells, T.; Law, S. J.; Vouros, P.; Harsch,
A. J. Mass Spectronl999 34, 276.

(49) Langotig S.; Muler, M.; Guengerich, F. PBiochemistryl997, 36,
6069.

(50) Saenger, WPrinciples of Nucleic Acid Structuré&pringer-Verlag:
New York, 1984.

(51) Geacintov, N. E.; Cosman, M.; Hingerty, B. E.; Amin, S.; Broyde,
S.; Patel, D. JChem. Res. Toxicol997, 10, 111.

(52) Katz, L.; Penman, Sl. Mol. Biol. 1966 15, 220.

(53) Newmark, R. A.; Cantor, C. R. Am. Chem. S0d.968 90, 5010.

(54) Oida, T.; Humphreys, W. G.; Guengerich, FBfochemistryl991
30, 10513.

(55) Kim, M.-S.; Guengerich, F. Chem. Res. Toxicol993 6, 900.

(56) Breslauer, K. J. InThermodynamic Data for Biochemistry and
BiotechnologyHinz, H.-J., Ed.; Springer-Verlag: Berlin, 1986.

(57) Plum, G. E.; Breslauer, K. Ann. N. Y. Acad. Scil994 726, 45.

(58) Pilch, D. S.; Plum, G. E.; Breslauer, K.Qurr. Opin. Struct. Biol.
1995 5, 334.

(59) Protozanova, E.; Yakovchuk, P.; Frank-Kamenetskii, MJIMol.
Biol. 2004 342 775.

(60) SantalLucia, J., Jr.; Hicks, Annu. Re. Biophys. Biomol. Struct.
2004 33, 415.

(61) Pilch, D. S.; Dunham, S. U.; Jamieson, E. R.; Lippard, S. J.; Breslauer,
K. J.J. Mol. Biol. 200Q 296, 803.

(62) Ruan, Q.; Kolbanovskiy, A.; Zhuang, P.; Chen, J.; Krzeminski, J.;
Amin, S.; Geacintov, N. EChem. Res. ToxicoR002 15, 249.

(63) Gelfand, C. A.; Plum, G. E.; Grollman, A. P.; Johnson, F.; Breslauer,
K. J. Biochemistryl1998 37, 12507.

(64) Plum, G. E.; Grollman, A. P.; Johnson, F.; Breslauer, K. J.
Biochemistryl995 34, 16148.

(65) Freisinger, E.; Grollman, A. P.; Miller, H.; Kisker, EMBO J.2004
23, 1494.

(66) Carlson, K. D.; Washington, M. ™Mol. Cell. Biol. 2005 25, 2169.

(67) de los Santos, C.; Zaliznyak, T.; JohnsonJFBiol. Chem.2001,
276, 9077.

(68) Leonard, G. A.; Thomson, J.; Watson, W. P.; BrownPToc. Natl.
Acad. Sci. U.S.A199Q 87, 9573.

(69) McAuley-Hecht, K. E.; Leonard, G. A.; Gibson, N. J.; Thomson, J.
B.; Watson, W. P.; Hunter, W. N.; Brown, Biochemistry1994
33, 10266.

(70) Sriram, M.; van der Marel, G. A.; Roelen, H. L. P. F.; van Boom, J.
H.; Wang, A. H. JEMBO J.1992 11, 225.

(71) Kim, M.-S.; Guengerich, F. RChem. Res. Toxicol998 11, 311.

(72) Boosalis, M. S.; Petruska, J.; Goodman, MJFBiol. Chem 1987,
262 14689.

(73) Furge, L. L.; Guengerich, F. Biochemistry1998 37, 3567.

(74) Cai, H.; Bloom, L. B.; Eritja, R.; Goodman, M. B. Biol. Chem.
1993 268 23567.

(75) Maxam, A. M.; Gilbert, WProc. Natl. Acad. Sci. U.S.A977, 74,
560.

(76) Maxam, A. M.; Gilbert, WMethods Enzymoll98Q 65, 499.

(77) Langolig S.; Mican, A. N.; Mdler, M.; Fink, S. P.; Marnett, L. J.;
Muhle, S. A.; Guengerich, F. Biochemistry1998 37, 5184.

(78) Friedberg, E.; Walker, G. C.; Siede, DNA Repair and Mutagenesis
American Society for Microbiology: Washington, DC, 1995.

(79) Christmann, M.; Tomicic, M. T.; Roos, W. P.; Kaina, Boxicology
2003 193 3.

(80) Patel, S. S.; Wong, I.; Johnson, K. Biochemistry1991, 30, 511.

(81) Einolf, H. J.; Guengerich, F. B. Biol. Chem200Q 275, 16316.

(82) Einolf, H. J.; Guengerich, F. B. Biol. Chem2001, 276, 3764.

(83) Suo, Z.; Johnson, K. Al. Biol. Chem.1998 273 27259.

(84) Suo, Z.; Lippard, S. J.; Johnson, K. Biochemistry1999 38, 715.

(85) Furge, L. L.; Guengerich, F. Biochemistry1999 38, 4818.

(86) Woodside, A. M.; Guengerich, F. Biochemistry2002 41, 1039.
(87) McCulloch, S. D.; Kokoska, R. J.; Chilkova, O.; Welch, C. M;
Johansson, E.; Burgers, P. M.; Kunkel, T.Mucleic Acids Re004

32, 4665.

(88) Johnson, K. A. IThe Enzymeg0th ed.; Boyer, P. D., Ed.; Academic
Press: New York, 1992.

(89) Johnson, K. AAnnu. Re. Biochem.1993 62, 685.

(90) Zinnen, S.; Hsieh, J. C.; Modrich, P.Biol. Chem1994 269, 24195.

(91) Wong, |.; Patel, S. S.; Johnson, K. Biochemistry1991, 30, 526.

(92) Joyce, C. M.; Steitz, T. AAnnu. Re. Biochem.1994 63, 777.

(93) Joyce, C. M.; Benkovic, S. Biochemistry2004 43, 14317.

(94) Lowe, L. G.; Guengerich, F. Biochemistry1996 35, 9840.

(95) Furge, L. L.; Guengerich, F. Biochemistryl997 36, 6475.

(96) Woodside, A. M.; Guengerich, F. Biochemistry2002 41, 1027.

(97) Choi, J.-Y.; Guengerich, F. B. Biol. Chem2004 279 19217.

(98) Johnson, K. A. IrKinetic Analysis of Macromolecules. A Practical
Approach Johnson, K. A., Ed.; Oxford University Press: Oxford,
U.K., 2003.

Guengerich

(99) Green, C. L.; Loechler, E. L.; Fowler, K. W.; Essigmann, JRAvbc.
Natl. Acad. Sci. U.S.AL984 81, 13.

(100) Loechler, E. L.; Green, C. L.; Essigmann, J. Rtoc. Natl. Acad.
Sci. U.S.A1984 81, 6271.

(101) Fersht, A. R.; Shi, J. P.; Wilkinson, A. J.; Blow, D. M.; Carter, P.;
Waye, M. M. Y.; Winter, G. PAngew. Chem., Int. Ed. Endl984
23, 467.

(102) Basu, A. K.; Essigmann, J. Nlut. Res.199Q 233 189.

(103) Latham, G. J.; Zhou, L.; Harris, C. M.; Harris, T. M.; Lloyd, R. S.
J. Biol. Chem.1993 268, 23427.

(104) Burcham, P. C.; Marnett, L. J. Biol. Chem.1994 269, 28844.

(105) Akasaka, S.; Guengerich, F.@hem. Res. Toxicol999 12, 501.

(106) Efrati, E.; Tocco, G.; Eritja, R.; Wilson, S. H.; Goodman, MJF.
Biol. Chem.1999 274, 15920.

(107) Jaloszynski, P.; Masutani, C.; Hanaoka, F.; Perez, A. B.; Nishimura,
S. Nucleic Acids Res2003 31, 6085.

(108) Yang, J. L.; Maher, V. M.; McCormick, J. Broc. Natl. Acad. Sci.
U.S.A.1987 84, 3787.

(109) Davey, M. J.; O’'Donnell, MCurr. Opin. Chem. Biol200Q 4, 581.

(110) Podust, V. N.; Chang, L. S.; Ott, R.; Dianov, G. L.; FanningJ.E.
Biol. Chem.2002 277, 3894.

(111) Friedberg, E. C.; Walker, G. C.; Siede, VBNA Repair and
MutagenesisAmerican Society for Microbiology: Washington, DC,
1995.

(112) Tang, M.; Pham, P.; Shen, X.; Taylor, J.-S.; O'Donnell, M.;
Woodgate, R.; Goodman, M. Nature200Q 404, 1014.

(113) Rangarajan, S.; Woodgate, R.; Goodman, MPfec. Natl. Acad.
Sci. U.S.A1999 96, 9224.

(114) Chary, P.; Latham, G. J.; Robberson, D. L.; Kim, S. J.; Han, S.;
Harris, C. M.; Harris, T. M.; Lloyd, R. SJ. Biol. Chem1995 270,
4990.

(115) Burgers, P. M. J.; Koonin, E. V.; Bruford, E.; Blanco, L.; Burtis, K.
C.; Christman, M. F.; Copeland, W. C.; Friedberg, E. C.; Hanaoka,
F.; Hinkle, D. C.; Lawrence, C. W.; Nakanishi, M.; Ohmori, H.;
Prakash, L.; Prakash, S.; Reynaud, C. A.; Sugino, A.; Todo, T.; Wang,
Z. G.; Weill, J. C.; Woodgate, Rl. Biol. Chem2001 276, 43487.

(116) Ohmori, H.; Friedberg, E. C.; Fuchs, R. P. P.; Goodman, M. F.;
Hanaoka, F.; Hinkle, D.; Kunkel, T. A.; Lawrence, C. W.; Livneh,
Z.; Nohmi, T.; Prakash, L.; Prakash, S.; Todo, T.; Walker, G. C,;
Wang, Z. G.; Woodgate, Rvol. Cell 2001 8, 7.

(117) Avkin, S.; Goldsmith, M.; Velasco-Miguel, S.; Geacintov, N.;
Friedberg, E. C.; Livneh, ZJ. Biol. Chem2004 279, 53298.

(118) Ellison, K. S.; Dogliotti, E.; Connors, T. D.; Basu, A. K.; Essigmann,
J. M. Proc. Natl. Acad. Sci. U.S.A.989 86, 8620.

(119) Altshuler, K. B.; Hodes, C. S.; Essigmann, J.Ghem. Res. Toxicol.
1996 9, 980.

(120) Ellison, K. S.; Dogliotti, E.; Connors, T. D.; Basu, A. K.; Essigmann,
J. M. Proc. Natl. Acad. Sci. U.S.A989 86, 8620.

(121) Dolan, M. E.; Scicchitano, D.; Pegg, A. Eancer Res1988 48,
1184.

(122) Liu, L.; Pegg, A. E.; Williams, K. M.; Guengerich, F. B. Biol.
Chem.2002 277, 37920.

(123) Liu, L.; Hachey, D. L.; Valadez, J. G.; Williams, K. M.; Guengerich,
F. P.; Loktionova, N. A.; Kanugula, S.; Pegg, A. E.Biol. Chem.
2004 279, 4250.

(124) Valadez, J. G.; Liu, L.; Loktionova, N. A.; Pegg, A. E.; Guengerich,
F. P.Chem. Res. ToxicoR004 17, 972.

(125) Niedernhofer, L. J.; Daniels, J. S.; Rouzer, C. A.; Greene, R. E;
Marnett, L. J.J. Biol. Chem2003 278 31426.

(126) Schlacher, K.; Pham, P.; Cox, M. M.; Goodman, MCRem. Re.
2006 106, XXXX.

(127) Watson, J. D.; Crick, F. H. QNature 1953 171, 964.

(128) Jaeger, J. A.; Turner, D. H.; Zuker, Methods Enzymol989 183
281.

(129) Echols, H.; Goodman, M. Annu. Re. Biochem.1991, 60, 477.

(130) Kunkel, T. A.J. Biol. Chem2004 279, 16895.

(131) Loechler, E. LBiopolymers1989 28, 909.

(132) Hsu, G. W.; Ober, M.; Carell, T.; Beese, L. I$ature 2004 431,
217.

(133) Brieba, L. G.; Eichman, B. F.; Kokoska, R. J.; Doublie, S.; Kunkel,
T. A.; Ellenberger, TEMBO J.2004 23, 3452.

(134) Dutta, S.; Li, Y.; Johnson, D.; Dzantiev, L.; Richardson, C. C;
Romano, L. J.; Ellenberger, Proc. Natl. Acad. Sci. U.S.2004
101, 16186.

(135) Goodman, M. FProc. Natl. Acad. Sci. U.S.A997 94, 10493.

(136) Ren, R. X. F.; Chaudhuri, N. C.; Paris, P. L.; Rumney, S., IV.; Kool,
E. T.J. Am. Chem. S0d.996 118 7671.

(137) Moran, S.; Ren, R. X. F.; Kool, E. Proc. Natl. Acad. Sci. U.S.A.
1997, 94, 10506.

(138) Matray, T. J.; Kool, E. TJ. Am. Chem. S0d.998 120, 6191.

(139) Morales, J. C.; Kool, E. 1. Am. Chem. So00Q 122, 1001.

(140) Chiaramonte, M.; Moore, C. L.; Kincaid, K.; Kuchta, R. D.
Biochemistry2003 42, 10472.



Carcinogens and DNA Polymerases

(141) Reineks, E. Z.; Berdis, A. Biochemistry2004 43, 393.

(142) Kool, E. T.; Morales, J. C.; Guckian, K. Mingew. Chem., Int. Ed.
Engl. 200Q 39, 990.

(143) Marx, A.; Detmer, |.; Gaster, J.; Summerer,Synthesif004 1, 1.

(144) Washington, M. T.; Helquist, S. A.; Kool, E. T.; Prakash, L.; Prakash,
S. Mol. Cell Biol. 2003 23, 5107.

(145) Cheng, K. C.; Preston, B. D.; Cahill, D. S.; Dosanjh, M. K.; Singer,
B.; Loeb, L. A.Proc. Natl. Acad. Sci. U.S.A991, 88, 9974.

(146) Lawley, P. D.; Brookes, Mature1961, 192 1081.

(147) Topal, M. D.; Fresco, J. Rature1976 263 285.

(148) Strazewski, PNucleic Acids Resl988 16, 9377.

(149) Colominas, C.; Luque, F. J.; Orozco, W.Am. Chem. S0d.996
118 6811.

(150) Kierdaszuk, B.; Johansson, C.; Drakenberg, T.; Stolarski, R.; Shugar,
D. Biophys. Chem1993 46, 207.

(151) Morgan, A. RTrends Biochem. Scl993 18, 160.

(152) Hunter, W. N.; Brown, T.; Kneale, G.; Anand, N. N.; Rabinovich,
D.; Kennard, OJ. Biol. Chem1987, 262, 9962.

(153) Suen, W.; Spiro, T. G.; Sowers, L. C.; Fresco, PRc. Natl. Acad.
Sci. U.S.A1999 96, 4500.

(154) Guengerich, F. R.. Biochem. Mol. Biol2003 36, 20.

(155) Humphreys, W. G.; Kim, D.-H.; Cmarik, J. L.; Shimada, T.;
Guengerich, F. PBiochemistry1l99Q 29, 10342.

(156) Cmarik, J. L.; Humphreys, W. G.; Bruner, K. L.; Lloyd, R. S
Tibbetts, C.; Guengerich, F. B. Biol. Chem 1992 267, 6672.

(157) Liu, L.; Williams, K. M.; Guengerich, F. P.; Pegg, A. Ehem. Res.
Toxicol. 2004 17, 742.

(158) Valadez, J. G.; Guengerich, F.P.Biol. Chem2004 279 13435.

(159) Sagher, D.; Strauss, Biochemistryl983 22, 4518.

(160) Mao, H.; Deng, Z.; Wang, F.; Harris, T. M.; Stone, M. P.
Biochemistryl1998 37, 4374.

(161) Minetti, C. A.; Remeta, D. P.; Miller, H.; Gelfand, C. A.; Plum, G.
E.; Grollman, A. P.; Breslauer, K. Proc. Natl. Acad. Sci. U.S.A.
2003 100, 14719.

(162) Geacintov, N. E.; Yoshida, H.; Ibanez, V.; Harvey, RBB&chem.
Biophys. Res. Commuh981, 100, 1569.

(163) Geacintov, N. ECarcinogenesid98§ 7, 759.

(164) Voigt, J. M.; Topal, M. DCarcinogenesid995 16, 1775.

(165) Terashima, I.; Matsuda, T.; Fang, T.-W.; Suzuki, N.; Kobayashi, J.;
Kohda, K.; Shibutani, SBiochemistry2001, 40, 4106.

(166) Choi, J.-Y.; Guengerich, F. B. Mol. Biol. 2005 352 72.

(167) Ling, H.; Boudsocq, F.; Woodgate, R.; Yang, Gkll 2001, 107,
91

(168) Bruice, T. C.; Benkovic, S. Biochemistry200Q 39, 6267.

(169) Schramm, V. LArch. Biochem. Biophy005 433 13.

(170) Johnson, W. W.; Guengerich, F. Proc. Natl. Acad. Sci. U.S.A.
1997 94, 6121.

(171) Tassotto, M. L.; Mathews, C. K. Biol. Chem2002 277, 15807.

(172) Holm, L.; Sander, CTrends Biochem. Scl995 20, 345.

(173) Shah, A. M.; Maitra, M.; Sweasy, J. Biochemistry2003 42, 10709.

(174) Showalter, A. K.; Byeon, I. J.; Su, M. |.; Tsai, M. Dature Struct.
Biol. 2001, 8, 942.

(175) Maciejewski, M. W.; Shin, R.; Pan, B.; Marintchev, A.; Denninger,
A.; Mullen, M. A.; Chen, K.; Gryk, M. R.; Mullen, G. PNature
Struct. Biol.2001, 8, 936.

(176) Tang, M.; Bruck, |.; Eritja, R.; Turner, J.; Frank, E. G.; Woodgate,
R.; O’'Donnell, M.; Goodman, M. FProc. Natl. Acad. Sci. U.S.A.
1998 95, 9755.

(177) Reuven, N. B.; Tomer, G.; Livneh, Klol. Cell 1998 2, 191.

(178) Gerlach, V. L.; Aravind, L.; Gotway, G.; Schultz, R. A.; Koonin, E.
V.; Friedberg, E. CProc. Natl. Acad. Sci. U.S.A999 96, 11922.

(179) Anderson, W. F.; Prince, D. B.; Yu, H.; McEntee, K.; Goodman, M.
F.J. Mol. Biol. 1994 238 120.

(180) Burnouf, D. Y.; Olieric, V.; Wagner, J.; Fuijii, S.; Reinbolt, J.; Fuchs,
R. P.; Dumas, PJ. Mol. Biol. 2004 335, 1187.

(181) Masuda, Y.; Ohmae, M.; Masuda, K.; Kamiya, X.Biol. Chem.
2003 278 12356.

(182) Keller, D. J.; Brozik, J. ABiochemistry2005 44, 6877.

(183) Fersht, AStructure and Mechanism in Protein ScienEeeeman:
New York, 1999.

(184) Eger, B. T.; Benkovic, S. Biochemistry1992 31, 9227.

(185) Walsh, C.Enzymatic Reaction Mechanism&. H. Freeman Co.:
San Francisco, 1979.

(186) Polesky, A. H.; Dahlberg, M. E.; Benkovic, S. J.; Grindley, N. D.
F.; Joyce, C. MJ. Biol. Chem.1992 267, 8417.

(187) Dahlberg, M. E.; Benkovic, S. Biochemistry1991, 30, 4835.

(188) Fiala, K. A.; Suo, ZBiochemistry2004 43, 2116.

(189) Mizrahi, V.; Henrie, R. N.; Marlier, J. F.; Johnson, K. A.; Benkovic,
S. J.Biochemistryl985 24, 4010.

(190) Rechkoblit, O.; Amin, S.; Geacintov, N. Biochemistry1999 38,
11834.

(191) Brown, W. C.; Romano, L. Biochemistry1991, 30, 1342.

(192) Dzantiev, L.; Romano, L. J. Biol. Chem.1999 274, 3279.

Chemical Reviews, 2006, Vol. 106, No. 2 451

(193) Alekseyev, Y. O.; Dzantiev, L.; Romano, L.Biochemistry2001,
40, 2282.

(194) Lindsley, J. E.; Fuchs, R. P. Biochemistry1994 33, 764.

(195) Tan, H. B.; Swann, P. F.; Chance, E. Biochemistry1994 33,
5335.

(196) Johnson, R. E.; Prakash, S.; PrakashSdiencel999 283 1001.

(197) Washington, M. T.; Johnson, R. E.; Prakash, S.; Prakash Biol.
Chem.2001, 276, 2263.

(198) Haracska, L.; Washington, M. T.; Prakash, S.; PrakasH, Biol.
Chem.2001, 276, 6861.

(199) Haracska, L.; Unk, I.; Johnson, R. E.; Phillips, B. B.; Hurwitz, J.;
Prakash, L.; Prakash, $ol. Cell Biol. 2002 22, 784.

(200) Washington, M. T.; Johnson, R. E.; Prakash, L.; Prakasidb.
Cell Biol. 2004 24, 936.

(201) Washington, M. T.; Prakash, L.; PrakashP®tc. Natl. Acad. Sci.
U.S.A.2003 100, 12093.

(202) Suo, Z.; Johnson, K. Aiochemistryl997 36, 12459.

(203) Wihrl, B. M.; Krebs, R.; Goody, R. S.; Restle, I..Mol. Biol. 1999
292 333.

(204) Matsuda, T.; Bebenek, K.; Masutani, C.; Hanaoka, F.; Kunkel, T.
A. Nature200Q 404, 1011.

(205) Kokoska, R. J.; Bebenek, K.; Boudsocq, F.; Woodgate, R.; Kunkel,
T. A. J. Biol. Chem2002 277, 19633.

(206) Lehmann, A. RMutat. Res2002 509, 23.

(207) Wagner, J.; Fujii, S.; Gruz, P.; Nohmi, T.; Fuchs, R. PERIBO
Rep.200Q 1, 484.

(208) Fujii, S.; Gasser, V.; Fuchs, R. P.Mol. Biol. 2004 341, 405.

(209) Tan, C. K.; Castillo, C.; So, A. G.; Downey, K. M. Biol. Chem.
1986 261, 12310.

(210) Maga, G.; Jonsson, Z. O.; Stucki, M.; Spadari, S.; Hubsched, U.
Mol. Biol. 1999 285, 259.

(211) Maga, G.; Villani, G.; Ramadan, K.; Shevelev, |.; Tanguy Le Gac,
N.; Blanco, L.; Blanca, G.; Spadari, S.; HubscherJUBiol. Chem.
2002 277, 48434.

(212) Haracska, L.; Kondratick, C. M.; Unk, I.; Prakash, S.; Prakash, L.
Mol. Cell 2001, 8, 407.

(213) Haracska, L.; Johnson, R. E.; Unk, I.; Phillips, B. B.; Hurwitz, J.;
Prakash, L.; Prakash, Broc. Natl. Acad. Sci. U.S.R2001, 98, 14256.

(214) Guo, C.; Fischhaber, P. L.; Luk-Paszyc, M. J.; Masuda, Y.; Zhou,
J.; Kamiya, K.; Kisker, C.; Friedberg, E. EMBO J.2003 22, 6621.

(215) Kannouche, P.; Fernandez de Henestrosa, A. R.; Coull, B.; Vidal,
A. E.; Gray, C.; Zicha, D.; Woodgate, R.; Lehmann, AHMBO J.
2002 21, 6246.

(216) Goodman, M. FTrends Biochem. Sc200Q 25, 189.

(217) Mozzherin, D. J.; Tan, C.-K.; Downey, K. M.; Fisher, P.JABiIol.
Chem.1999 274, 19862.

(218) Mozzherin, D. J.; Shibutani, S.; Tan, C. K.; Downey, K. Rfoc.
Natl. Acad. Sci. U.S.AL997, 94, 6126.

(219) Hoege, C.; Pfander, B.; Moldovan, G. L.; Pyrowolakis, G.; Jentsch,
S. Nature2002 419, 135.

(220) Stelter, P.; Ulrich, H. DNature 2003 425, 188.

(221) Haracska, L.; Torres-Ramos, C. A,; Johnson, R. E.; Prakash, S.;
Prakash, LMol. Cell Biol. 2004 24, 4267.

(222) steitz, T. AJ. Biol. Chem.1999 274, 17395.

(223) Liu, J.; Tsai, M.-DBiochemistry2001, 40, 9014.

(224) Johnson, S. J.; Beese, L.Gell 2004 116, 803.

(225) Kuchino, Y.; Mori, F.; Kasai, H.; Inoue, H.; lwai, S.; Miura, K.;
Ohtsuka, E.; Nishimura, SNature1987, 327, 77.

(226) Hsu, G. W.; Huang, X.; Luneva, N. P.; Geacintov, N. E.; Beese, L.
S. J. Biol. Chem2005 280, 3764.

(227) Burnouf, D.; Koehl, P.; Fuchs, R. P.®oc. Natl. Acad. Sci. U.S.A.
1989 86, 4147.

(228) Krahn, J. M.; Beard, W. A.; Wilson, S. Htructure (Cambridge)
2004 12, 1823.

(229) Krahn, J. M.; Beard, W. A.; Miller, H.; Grollman, A. P.; Wilson, S.
H. Structure (Cambridge?003 11, 121.

(230) Boudsocq, F.; Kokoska, R. J.; Plosky, B. S.; Vaisman, A.; Ling, H.;
Kunkel, T. A.; Yang, W.; Woodgate, Rl. Biol. Chem2004 279,
32932.

(231) Yang, W.FEBS Lett.2005 579, 868.

(232) Trincao, J.; Johnson, R. E.; Wolfle, W. T.; Escalante, C. R.; Prakash,
S.; Prakash, L.; Aggarwal, A. iNature Struct. Mol. Biol2004 11,
457.

(233) Ling, H.; Boudsocq, F.; Plosky, B. S.; Woodgate, R.; Yang, W.
Nature 2003 424, 1083.

(234) Ling, H.; Sayer, J. M.; Plosky, B. S.; Yagi, H.; Boudsocq, F.;
Woodgate, R.; Jerina, D. M.; Yang, Wroc. Natl. Acad. Sci. U.S.A.
2004 101, 2265.

(235) Ling, H.; Boudsocq, F.; Woodgate, R.; Yang, Wol. Cell 2004
13, 751.



452 Chemical Reviews, 2006, Vol. 106, No. 2

(236) Guengerich, F. P.; Langau&.; Mican, A. N.; Akasaka, S.; Mier,
M.; Persmark, M. IHARC Scientific PublicationsSSinger, B., Bartsch,
H., Eds.; International Agency for Research on Cancer: Lyon, 1999;
Vol. 150.

(237) Sattsangi, P. D.; Leonard, N. J.; Frihart, CJROrg. Chem1977,
42, 3292.

(238) Guengerich, F. P.; Persmark, M.; Humphreys, W.OBem. Res.
Toxicol. 1993 6, 635.

(239) Guengerich, F. P.; Persmark, @hem. Res. Toxicol994 7, 205.

(240) Muler, M.; Belas, F. J.; Blair, I. A.; Guengerich, F. Bhem. Res.
Toxicol. 1997, 10, 242.

(241) Morinello, E. J.; Ham, A. J. L.; Ranasinghe, A.; Sangaiah, R;
Swenberg, J. AChem. Res. ToxicoR001, 14, 327.

(242) Tippin, B.; Kobayashi, S.; Bertram, J. G.; Goodman, MJ.FBiol.
Chem.2004 279, 45360.

(243) Koffel-Schwartz, N.; Fuchs, R. P. P. Mol. Biol. 1995 252, 507.

(244) Trincao, J.; Johnson, R. E.; Escalante, C. R.; Prakash, S.; Prakas
L.; Aggarwal, A. K. Mol. Cell 2001, 8, 417.

(245) Nair, D. T.; Johnson, R. E.; Prakash, S.; Prakash, L.; Aggarwal, A.
K. Nature2004 430, 377.

(246) Uljon, S. N.; Johnson, R. E.; Edwards, T. A.; Prakash, S.; Prakash
L.; Aggarwal, A. K. Structure (Cambridge2004 12, 1395.

(247) Brusick, D. InPrinciples and Methods of Toxicologyrd ed.; Hayes,
A. W., Ed.; Raven Press: New York, 1994.

(248) Schnetz-Boutaud, N.; Daniels, J. S.; Hashim, M. F.; Scholl, P.; Burrus,

T.; Marnett, L. J.Chem. Res. ToxicoR00Q 13, 967.

(249) Cochrane, J. E.; Skopek, T. Barcinogenesid994 15, 719.

(250) Riggins, J. N.; Pratt, D. A.; Voehler, M.; Daniels, J. S.; Marnett, L.
J.J. Am. Chem. So@004 126, 10571.

(251) VanderVeen, L. A.; Druckova, A.; Riggins, J. N.; Sorrells, J. L.;
Guengerich, F. P.; Marnett, L. Biochemistry2005 44, 5024.

(252) Abril, N.; Luqueromero, F. L.; Prieto-Alamo, M. J.; Margison, G.
P.; Pueyo, CMol. Carcinogen.1995 12, 110.

(253) Peterson, L. A.; Harris, T. M.; Guengerich, FJPAm. Chem. Soc.
1988 110, 3284.

(254) Daniels, D. S.; Woo, T. T.; Luu, K. X.; Noll, D. M.; Clarke, N. D;
Pegg, A. E.; Tainer, J. ANature Struct. Mol. Biol2004 11, 714.

(255) Guengerich, F. P.; Fang, Q.; Liu, L.; Hachey, D. L.; Pegg, A. E.
Biochemistry2003 42, 10965.

(256) Kornberg, A.; Baker, T. ADNA Replication 2nd ed.; W. H.
Freeman: New York, 1992.

Guengerich

(257) Hussain, S. P.; Harris, C. Cancer Res1998 58, 4023.

(258) Pfeifer, G. P.; Drouin, R.; Riggs, A. D.; Holmquist, G.A?oc. Natl.
Acad. Sci. U.S.A1991, 88, 1374.

(259) Tornaletti, S.; Pfeifer, G. F5ciencel994 263 1436.

(260) Hollstein, M.; Sidransky, D.; Vogelstein, B.; Harris, C. &ience
1991, 253 49.

(261) Hsu, I. C.; Metcalf, R. A.; Sun, T.; Welsh, J. A.; Wang, N. J.; Harris,
C. C.Nature 1991, 350, 427.

(262) Hollstein, M.; Marion, M. J.; Lehman, T.; Welsh, J.; Harris, C. C;
Martel-Planche, G.; Kusters, |.; Montesano,Gircinogenesid 994
15, 1.

(263) Topal, M. D.Carcinogenesid 988 9, 691.

(264) Smith, L. E.; Denissenko, M. F.; Bennett, W. P.; Li, H.; Amin, S.;
Tang, M.; Pfeifer, G. PJ. Natl. Cancer Inst200Q 92, 803.

(265) Smela, M. E.; Hamm, M. L.; Henderson, P. T.; Harris, C. M.; Harris,
T. M.; Essigmann, J. MProc. Natl. Acad. Sci. U.S.R002 99, 6655.

(266) Meyer, A. S.; McCain, M. D.; Fang, Q.; Pegg, A. E.; Spratt, T. E.
Chem. Res. ToxicoR003 16, 1405.

(267) Singer, B.; Chavez, F.; Goodman, M. F.; Essigmann, J. M.; Dosanijh,
M. K. Proc. Natl. Acad. Sci. U.S.A.989 86, 8271.

' (268) Hanrahan, C. J.; Bacolod, M. D.; Vyas, R. R.; Liu, T.; Geacintov,

N. E.; Loechler, E. L.; Basu, A. KChem. Res. Toxicoll997, 10,
369.

(269) Benamira, M.; Singh, U.; Marnett, L. J. Biol. Chem.1992 267,
22392.

(270) Voigt, J. M.; Topal, M. DBiochemistry199Q 29, 5012.

(271) Tan, X.; Suzuki, N.; Grollman, A. P.; Shibutani, Biochemistry
2002 41, 14255.

(272) Belguise-Valladier, P.; Fuchs, R. P Bfochemistry1991 30, 10091.

(273) Garcia, A.; Lambert, I. B.; Fuchs, R. P. Proc. Natl. Acad. Sci.
U.S.A.1993 90, 5989.

(274) Cupples, C. G.; Cabrera, M.; Cruz, C.; Miller, J.Genetics199Q
125 275.

(275) Garibyan, L.; Huang, T.; Kim, M.; Wolff, E.; Nguyen, A.; Nguyen,
T.; Diep, A.; Hu, K.; Iverson, A.; Yang, H.; Miller, . HDNA Repair
(Amsterdam®003 2, 593.

(276) Showalter, A. K.; Lamarche, B. J.; Baktina, M.; Su, M.-l.; Tang,
K.-H.; Tsai, M.-D.Chem. Re. 2006 106, xxxx.

CR0404693

h



