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Abstract Base excision repair (BER) can protect a cell

after endogenous or exogenous genotoxic stress, and a

deficiency in BER can render a cell hypersensitive to stress-

induced apoptotic and necrotic cell death, mutagenesis, and

chromosomal rearrangements. However, understanding of

the mammalian BER system is not yet complete as it is

extraordinarily complex and has many back-up processes

that complement a deficiency in any one step. Due of this

lack of information, we are unable to make accurate pre-

dictions on therapeutic approaches targeting BER. A deeper

understanding of BER will eventually allow us to conduct

more meaningful clinical interventions. In this review, we

will cover historical and recent information on mammalian

BER and DNA polymerase b and discuss approaches

toward development and use of small molecule inhibitors

to manipulate BER. With apologies to others, we will

emphasize results obtained in our laboratory and those of

our collaborators.
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Overview on historical aspects of mammalian BER

In every part of nature, cells contain multiple and over-

lapping DNA repair pathways that are essential for

maintaining the integrity of genomic DNA. The DNA

repair pathway known as base excision repair (BER)

purifies genomic DNA of damaged nucleotides, abasic

sites, and single-strand breaks arising from a variety of

exogenous and endogenous sources. The BER pathway is

found in organisms throughout nature, and the pathway in

various organisms has similar features and enzymatic

reactions, yet there are subtle, but absolutely key, differ-

ences from organism to organism. Both spontaneous and

enzymatic removal of bases, through N-glycosidic bond

cleavage, lead to the abasic site ‘‘lesion’’ that is repaired by

BER. Deaminations of cytosine and adenine and oxidation

of bases produce lesions that are repaired by the BER

pathway. Base alkylations from endogenous alkylating

agents (e.g., S-adenosylmethionine) and from exposure of

cells to alkylating agents [e.g., methyl methanesulfonate

(MMS)] are also sources of lesions and abasic sites that are

repaired by BER. Perturbations of normal nucleotide

metabolism can lead to incorporation of unnatural bases

into DNA. Such DNA bases are often processed to the

abasic site in prokaryotic and mammalian cells and even-

tually repaired by BER. BER is generally thought to

accurately repair thousands of lesions per day in a mam-

malian cell.

BER was described initially in Escherichia coli as a

pathway of sequential enzymatic steps initiated by spon-

taneous or enzymatic N-glycosidic bond cleavage (i.e., by

DNA glycosylases) creating an abasic site in double-

stranded DNA, termed the apurinic/apyrimidinic (AP) site

[1–3]. In operational terms, the BER pathway has been

distinguished from other DNA repair pathways by the
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relatively short excision gap generated in double-stranded

DNA after removal of the lesion, and also by the fact that

DNA lesions repaired by BER are generally limited to

single nucleotide modifications that are similar in size and

shape to the normal bases. The core steps of BER are base

removal, strand cleavage at the AP site, processing of the

incised strand providing a suitable substrate for the next

steps, gap filling DNA synthesis, and DNA ligation. Since

the DNA intermediates in BER are themselves cytotoxic,

or lead to genomic instability via recombination, a

sequential handoff from one step to the next during BER is

likely. Reasonable models for explaining such step-to-step

coordination in BER suggests action by multi-protein

complexes carrying the necessary enzymatic machinery

and accessory proteins or intimate step-to-step coordina-

tion so that the intermediates are sequestered [4]. However,

evidence for such models is limited. Although nucleotide

excision repair (NER) functions on bulky adducts, such as

UV-induced dimers and benzo[a]pyrene adducts, NER can

overlap with BER in repairing AP sites and a variety of

single-base DNA modifications [5]. Similarly, mismatch

repair and recombinational repair can overlap with BER

and provide robust protection against base pair mismatches

and strand breaks [5–7]. As yet, there is little understanding

of potential mechanisms coordinating these three repair

pathways when they are functioning simultaneously in the

same cell.

For each step in BER, mammalian enzymes performing

functions similar to the E. coli counterpart have been

identified, cloned, and over-expressed as recombinant

proteins. Many mammalian DNA glycosylases have been

studied in this way, including the well-known proteins

3-methyladenine-DNA glycosylase (AAG), 8-oxoguanine-

DNA glycosylase (OGG), uracil-DNA glycosylase (UDG)

and endonuclease III-like DNA glycosylases. These DNA

glycosylases recognize and remove altered bases, creating

an intact or cleaved AP site in double-stranded DNA. For

the monofunctional DNA glycosylases, the DNA product is

the AP site itself. In many cases, however, DNA glyco-

sylases are bifunctional, catalyzing lyase cleavage of the

AP site and d-elimination, liberating the deoxyribose group

from the AP site. In addition, several mammalian ‘‘base

mismatch’’ DNA glycosylases have been identified,

purified, and characterized, including two uracil-DNA

glycosylases (UDGs) and the GT mismatch-DNA glyco-

sylase [8–10].

Even though the steps in the BER pathway are consis-

tent with the activities of the cloned enzymes, there are

many uncertainties concerning enzymatic specificity and

step-to-step coordination in BER. Features of enzyme

specificity and coordination of enzyme function that appear

to lead to alternate sub-pathways of BER are illustrated in

Fig. 1. For example, if the AP site is processed by a

bifunctional DNA glycosylase with AP lyase activity fol-

lowed by d-elimination, the product will be a single-

nucleotide gap with 30-O-phosphate and 50-phosphate at the

margins of the gap. This gap will represent a dead-end

product of BER if the 30-O-phosphate is not further pro-

cessed to liberate the 30-OH necessary for DNA synthesis.

When d-elimination does not occur, as with OGG1 activity,

the 30-OH will be blocked by a phosphodeoxyribose or

phosphoglycolate group. These dead-end intermediates of

BER will accumulate unless the 30-OH blocking groups are

removed. Similarly, if the 30-OH product of AP endonu-

clease (APE) or another enzyme is extended by a DNA

polymerase and the 50-deoxyribose phosphate (dRP) has

not been removed, the possibility arises that the dRP group

will be processed in a mechanistically different manner

(e.g., leading to long-patch BER, recombination or cell

death). As noted above, an interesting question is the extent

to which coupling of the DNA glycosylase, APE, dRP

lyase, DNA synthesis, and ligation steps could facilitate the

overall BER pathway. Such coupling has been demon-

strated for the APE and DNA polymerase steps [11, 12],

and in addition, several BER protein complexes have been

observed (e.g., DNA ligase I and Pol b, and Pol b and

XRCC1/DNA ligase III) [13–15]. A further uncertainty is

the extent to which various cellular isoforms and poly-

morphic variants of the BER enzymes can influence the

capacity of the cell for conducting BER. Other uncertain-

ties are also apparent, including the influence of chromatin/

nucleosomal structure on BER efficiency and substrate

specificities. Finally, recent studies have shown that BER

occurs by distinct sub-pathways [16, 17] (Fig. 1). These are

generally grouped into single-nucleotide (SN) BER and

long-patch (LP) BER. Both of these sub-pathways are

considered to have branch points that depend upon the

initiating lesion and the expression level of individual BER

proteins. Kinetic characterization of the BER sub-pathways

in vivo is somewhat lacking, but is a prerequisite to

understanding the roles of the sub-pathways in the cellular

responses to genotoxic stress.

Overview on historical aspects of mammalian DNA

polymerase b

Our research focuses on understanding BER in mammalian

cells, and on an atomic level understanding of DNA

polymerase b (Pol b) structure–activity relationships. Pol b
is found in all vertebrate species as a *39-kDa DNA

polymerase lacking intrinsic nuclease activities such as 30

or 50 exonuclease and endonuclease, but containing 50-dRP

lyase activity [18–22]. In light of its size, this enzyme is

considered the simplest naturally occurring cellular DNA

polymerase, and thus provides an ideal model for studies of
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the DNA synthetic nucleotidyl transferase and dRP lyase

mechanisms [21, 23]. Based upon the high level of

sequence conservation of Pol b among mammalian species,

it seems highly likely that Pol b is conducting a role that is

essential for animal survival [24]. The discovery of a Pol b
homologous sequence in yeast and our finding that a pro-

tein over-expressed in E. coli, from the open reading frame

of the yeast Pol b-homologous gene, has Pol b-like enzy-

matic activity suggested that Pol b homologues occur

throughout eukaryotes [25]. The yeast enzyme is referred

to as Pol IV and is now known to be homologous to another

X-family DNA polymerase identified in higher eukaryotic

cells, Pol k. Additional studies of yeast Pol IV were con-

ducted in parallel by the Sugino group in Japan [26].

Earlier inhibitor-based studies implicated Pol b in some

types of mammalian DNA repair, such as the repair of

bleomycin damage. Other studies of HeLa cell nuclear

extracts also implicated Pol b in gap-filling DNA synthesis

during BER of monofunctional alkylation damage and in

the repair of UV-damaged DNA, while studies using

Xenopus laevis oocyte extract implicated Pol b in the repair

of abasic site DNA lesions [27–29].

Although the inhibitor studies noted above implicated

Pol b in BER and in other types of short gap-filling DNA

repair [30, 31], the role of Pol b in the cell was widely

considered as undocumented. Approaches toward such in

vivo documentation were conducted in our laboratory and

others and are still ongoing. These projects included

knock-out experiments deleting the mouse Pol b gene [32]

and the yeast homologue [33], anti-sense RNA experiments

using a zinc-inducible stably transformed anti-sense gene

in 3T3 cells [34, 35], and comparisons of DNA repair in

cells expressing different levels of Pol b. Our laboratory

also developed an in vitro BER assay system for correction

of the G-U mismatch [36]. By virtue of spontaneous and

enzymatic deamination of cytosine, this mismatch is a

common form of genomic DNA damage repaired by BER

and is mutagenic if not corrected. We found that a crude

nuclear extract from bovine testis was efficient at con-

ducting BER of the G-U lesion by insertion of dCTP

opposite G. This reaction involved a single-nucleotide gap-

filling DNA synthesis event and was catalyzed by Pol b in

the extract. The extract was nearly devoid of gap-filling

DNA synthesis when a neutralizing Pol b antibody was

added, and we demonstrated that the replicative cellular

DNA polymerases were relatively inefficient in single-

nucleotide gap-filling synthesis [36]. Overall, the results of

these various studies indicated a role for Pol b in mam-

malian BER, at least to the limits of the methodology at the

time [22].

Mammalian Pol b was cloned and overexpressed in

E. coli [37–40]. The recombinant proteins from human and

rodent sources were fully active and well behaved in

solution and possessed substrate specificity and catalytic

properties similar to those of the natural enzymes [41, 42].

These recombinant proteins are monomeric (like their

Fig. 1 Working model

illustrating early and late stages

of SN and LP BER sub-

pathways for the repair of

uracil-DNA. Both sub-pathways

operate in parallel, yet SN BER

is considered to be more active.

Several DNA polymerases are

involved in each sub-pathway;

this is not illustrated for SN

BER. Regulation of DNA ligase

activity is critical, as it can

reverse the pathway after AP

endonuclease strand incision,

and ligase cannot function on a

nick with a 50-dRP group. In the

presence of Pol b, removal of

the dRP group is much faster

than gap filling. From Ref. [16]
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natural analogues), and the enzyme was found to have a

slightly elongated structure in solution [43]. We performed

detailed studies of Pol b domains by proteolytic and

chemical cleavage of the enzyme under controlled condi-

tions [44, 45]. Use of the purified domain fragments

provided important information on the relationship

between structural elements of the enzyme and various

activities, such as single-stranded (ss) and double-stranded

(ds) nucleic acid (NA) binding, nucleoside triphosphate

(dNTP) binding, and the dRP lyase and nucleotidyl trans-

ferase catalytic activities [44, 46, 47]. The association of

these properties with defined portions of the protein is

consistent with the existence of tightly folded domains and

subdomains linked by short solvent-exposed regions. Thus,

the full-length enzyme consists of an amino-terminal lyase

domain (8 kDa) connected by a short protease-sensitive

segment to a carboxyl-terminal polymerase domain

(31 kDa) (Fig. 2). NA-binding studies have shown that the

purified 8-kDa domain binds ssNA with an affinity almost

the same as that of the intact enzyme. However, unlike the

full-length protein, the 8-kDa domain has little, if any,

dsNA-binding activity. By contrast, the 31-kDa C-terminal

domain has little or no affinity for single-stranded lattices,

but binds dsDNA, such as a template-primer. The 31-kDa

domain has nucleotidyl transferase activity, whereas the

8-kDa domain has dRP lyase activity [48, 49].

Crystallographic structures of Pol b in a variety of

liganded states have been solved. In many instances, these

structures identified molecular interactions that are

involved in DNA-binding and/or binding of the correct

dNTP [20, 50–59]. The structures of Pol b indicate that the

enzyme has a modular domain organization (Fig. 2). The

polymerase domain is typically composed of three func-

tionally distinct subdomains. The catalytic subdomain

coordinates two divalent metal cations that assist the

nucleotidyl transferase reaction. The other subdomains

have principal roles in binding duplex DNA and nascent

base pair (dNTP and templating nucleotide) and are

spatially situated on opposite sides of the catalytic subdo-

main. These subdomains are referred to as C– (Catalytic),

D– (Duplex DNA binding), and N– subdomains (Nascent

base pair binding) to highlight their intrinsic function [50].

These would correspond to the palm, thumb, and fingers

sub-domains, respectively, according to the nomenclature

that utilizes the architectural analogy to a right hand. In

addition to the polymerase domain, DNA polymerases

often have an accessory domain that contributes a com-

plementary enzymatic activity necessary for the

polymerase to fulfill its biological task. For example, the

amino-terminal lyase domain of Pol b contributes a lyase

activity required during BER in vivo [60].

In summary, Pol b is a multi-domain protein whose

domains contribute distinct biochemical functions. Many

crystal structures of Pol b have been solved in different

liganded forms. Solution studies of Pol b and its domain

fragments by NMR spectroscopy have provided a picture

of the multiple interactions and conformations of Pol b
with various ligands. Thus, we use both crystallographic

and NMR approaches to determine the enzyme’s structure

[54–58, 61–63]. This structural information is the basis for

understanding the mechanism of Pol b at the atomic level

and facilitates the understanding of DNA polymerase

function in general. The information also facilitates design

of small molecule inhibitors, as discussed below.

Fig. 2 Domain and subdomain organization of DNA polymerase b.

Pol b is composed of a polymerase (colored) and an amino-terminal

lyase domain (grey). The polymerase domain is composed of three

subdomains: D (purple), C (gold), and N (green) subdomains. These

subdomains are involved in duplex DNA binding, nucleotidyl

transfer, and binding of the nascent base pair, respectively. The lyase

domain provides the enzymatic activity required to remove a 50-dRP

intermediate during BER. The panel on the right includes gapped

DNA. The template strand (red) bends 90� as it exits the nascent base

pair binding pocket. The templating (coding) nucleotide is shown

with the incoming nucleotide (blue surface). The remaining nucle-

otides are omitted for clarity. From Ref. [21]
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Insight on DNA polymerase mechanism

DNA polymerase fidelity or specificity represents the

ability of a polymerase to select a correct dNTP from a

pool of structurally similar molecules. Fidelity is quanti-

fied from the ratio of catalytic efficiencies for alternate

substrates (i.e., correct and incorrect dNTPs). An analysis

of the efficiency of dNTP (correct and incorrect) insertion

for a low-fidelity mutant of Pol b (R283A) and published

work from exonuclease-deficient DNA polymerases from

five families derived from a variety of biological sources

was conducted [50]. The analysis revealed that a strong

correlation exists between the ability to synthesize DNA

and the probability that the polymerase will make a mis-

take (i.e., base substitution error) (Fig. 3). Unexpectedly,

this analysis indicates that the difference between low- and

high-fidelity DNA polymerases is related to the efficiency

of correct, but not incorrect, nucleotide insertion. Thus,

low-fidelity DNA polymerases lack the ability to effi-

ciently insert the correct nucleotide. Inefficient enzymes

(i.e., poor correct nucleotide insertion efficiency) exhibit

low fidelity, whereas efficient polymerases display high

fidelity. Consequently, low-fidelity naturally occurring

polymerases generally insert wrong nucleotides with an

efficiency that is similar to, or lower than, a polymerase

with higher fidelity. The observation that low- and high-

fidelity polymerases insert incorrect nucleotides with

similar efficiencies suggests that the ‘structure’ of the

transition state for incorrect insertions may be similar for

all DNA polymerases. In contrast, since fidelity is modu-

lated by the efficiency of correct nucleotide insertion, the

molecular interactions that contribute to efficient DNA

synthesis (i.e., formation of the transition state) are

dependent on the specific polymerase. More importantly,

an understanding of fidelity at the molecular level requires

structural insight into the polymerase-dependent attributes

that contribute to correct insertion efficiency. A compari-

son of crystallographic ternary substrate complexes of

DNA polymerases from five families exhibiting a range of

nucleotide insertion rates reveals that the geometry of the

nascent base pair-binding pockets are very similar and is

consistent with the similar binding affinities reported for

the correct nucleotide for these DNA polymerases [64].

Thus, the loss in catalytic efficiency for correct insertion

by low-fidelity polymerases is due to a decreased rate of

nucleotide insertion.

In light of the analysis in Fig. 3, the question of the

molecular mechanisms surrounding control of DNA poly-

merase catalytic efficiency for a matched incoming

nucleotide becomes paramount. The discovery of the

structure of a Pol b ternary complex with the complete

active site poised for chemistry was a step forward [65].

The structure was obtained using a non-hydrolyzable

incoming nucleotide. This structure facilitated computa-

tional experiments that refined a working model for the

nucleotidyl transferase reaction with matched incoming

nucleotide [66, 67]. Additional structures were obtained

using a similar approach, including a structure with a

mismatched incoming nucleotide [68]. This structure

revealed that the spatial arrangement of substrate and

enzyme atoms in the active site was somewhat different

than the arrangement in the structure with the matched

incoming nucleotide. These results along with NMR

experiments conducted in collaboration with R. London

and associates (NIEHS, NIH) indicated that conformational

changes necessary to assemble the complete active site

observed with a matched incoming nucleotide failed to

occur with the mismatched incoming nucleotide [68].

Fig. 3 Relative misinsertion efficiency for formation of the dG–

dTTP mispair as a function of catalytic efficiency for nucleotide

insertion. The reported catalytic efficiencies for dCTP or dTTP

insertion opposite guanine were analyzed for exonuclease-deficient

polymerases that span five polymerase families: A-family filled
circle; B-family filled square; RT-family filled triangle; X-family

open circle; Y-family open square. The DNA polymerases included

are T7 Pol (T7), Klenow fragment (Kf), Pol f (f), RB69 Pol (RB69),

Pol X (X), rat and human Pol b (rb and hb, respectively) on non-

gapped or gapped (g) DNA, R283A mutant of Pol b (bR283A), Pol g
(g), Pol i (i), and Pol j (j). For some of these polymerases, several

reported catalytic efficiencies are given. These represent alternate

determinations from independent laboratories. The dotted line
(fins = 0.6) represents the calculated free energy difference deter-

mined for matched and mismatched terminal base pairs

(DDG * 0.3 kcal/mol at 37�C. The efficiencies for correct nucleotide

insertion (kcat/Km,dCTP) span five orders of magnitude for the DNA

polymerases surveyed with a corresponding decrease in the relative

misinsertion efficiencies (fins). From Ref. [64]
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Adaptive response in BER

Even though mammalian cells maintain a constitutive level

of ‘‘defense systems’’ against genotoxicants and endoge-

nous genotoxic stress, cells are able to respond to such

stress by altering gene expression and to enhance the

defensive processes. In the DNA repair field, this type of

response is known as the ‘‘adaptive response’’ from early

work in both prokaryotic and eukaryotic systems. Several

components of the BER system in mammalian cells have

been recognized as being subject to an adaptive response.

Thus, a picture emerged that mammalian BER is under

dynamic regulation in the cell and that this may influence

the relative efficiency of one BER sub-pathway versus

another, or the rate of repair of an individual type of DNA

lesion versus another. Such a picture of dynamic regulation

of BER protein expression may explain a range of obser-

vations indicating significant differences in BER capacity

across tissues and from cell type to cell type [5]. Our group

initially observed up-regulation of Pol b gene expression in

mammalian cells after exposure to a DNA alkylating agent

or to an oxidative stress agent [69–71]. Such up-regulation

of Pol b expression was later shown to protect cells against

toxicant-induced cytotoxicity [69]. Similarly, deletion of

the Pol b gene in the mouse is embryonic lethal, and mouse

fibroblasts with a Pol b null genotype, although viable, are

hypersensitive to alkylating and oxidative stress agents

(that induces DNA damage repaired primarily by BER)

[32, 72]. Transfection of Pol b expression vectors reversed

the hypersensitivity phenotype of Pol b null cells such that

the complemented cells were as resistant to stress as wild-

type cells.

Coordination of steps in BER

Taken together, the results summarized thus far indicate

the importance of BER and of Pol b in cellular protection

against base lesion stress. Yet, there are many uncertain-

ties about BER that confound our ability to predict the

cellular response to genotoxic stress. For example, the

extent to which the sub-pathways of BER can cross-

complement each other is unknown, as is the biological

consequence of such complementation. Similarly, other

DNA repair pathways are able to complement a deficiency

in BER, but the extent to which this occurs and the

attendant biological implications (e.g., mutagenesis and

cell death) are unknown. Recent progress included better

definition of the two sub-pathways of BER that appear to

operate on the same lesions in parallel [73]. The role of

Pol b in both sub-pathways appears to have been estab-

lished [74], especially regarding recent information on the

LP sub-pathway [75]. In addition, several other DNA

polymerases were found to play a role in BER, either in

back-up functions (i.e., Pol k) or in specialized capacities.

The special features of oxidized base BER were revealed

regarding tailoring of the gapped intermediate, such as that

of polynucleotide kinase (PNK), now well established as a

BER co-factor [76].

Using purified human Pol b and FEN1, the repair patch

synthesis process for LP BER was shown to occur in a

stepwise fashion of successive single-nucleotide gap

forming steps by FEN1 and gap-filling steps by Pol b; we

named this process the ‘‘hit and run’’ mechanism. The

‘‘hit and run’’ mechanism challenged the traditional par-

adigm for LP BER, and has important implications. This

is because the alternate model involving strand-displace-

ment of a long single-stranded molecule makes way for

strand slippage, hairpin formation and frameshift muta-

genesis. One form of such mutagenesis is trinucleotide

repeat (TNR) expansion, where the ‘‘hit and run’’ mech-

anism for LP BER is circumvented by strand slippage and

hairpin formation and eventual ligation of the slipped

strand [77].

A highlight has been the observation that PARP-1 has

the capacity to bind to the AP site-containing BER inter-

mediate and also to facilitate enzymatic steps in BER,

identifying PARP-1 as a critical component of the BER

machinery, as illustrated here. This scheme is intended to

emphasize the important notion that the abundant PARP-1

protein is involved in early stages once BER is initiated.

To establish this concept, we evaluated BER factors in

the cell extract. We used gentle photoaffinity cross-linking

and a labeled oligonucleotide representing a BER inter-

mediate. This cross-linking probe is illustrated below. The

symbol X represents the abasic site analog tetrahydrofuran,

and after APE incision the photoaffinity probe is incorpo-

rated in situ into the BER intermediate. The extract is then

exposed to low-energy UV light, activating the azido (N3)

cross-linking group. The approach was developed by O.

Lavrik and associates (Institute of Chemical Biology and

Fundamental Medicine, Siberian Branch of the Russian
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Academy of Sciences, Novosibirsk, Russia), and our

experiments have been conducted in collaboration with this

group.

Using extract from Pol b null mouse fibroblasts

expressing flag-tagged Pol b, we found that PARP-1, FEN-1,

APE, HMGB1 and Pol b were labeled by this highly sensi-

tive photo-probe as illustrated here [78]. The protein bands

were identified by immunological and peptide chemical

techniques.

Our interpretation of the results was that these proteins

in the crude extract bind to the BER intermediate, are in

proximity to the affinity probe, and hence are cross-

linked. Initially, we were surprised and impressed to

observe that PARP-1 was by far the most abundantly

labeled product. Interestingly, the robust labeling of

PARP-1 depended on the presence of the 50-sugar phos-

phate group in the BER intermediate, as illustrated below

[79]. Only a minor amount of PARP-1 was cross-linked in

the absence of the 50-dRP group, and in addition, APE

labeling strictly depended on the presence of the 50-dRP

group.

Based upon this lead concerning the importance of the

50-dRP group, we investigated the possibility that PARP-1,

under certain circumstances, could remain bound to the

50-dRP-containing intermediate and promote LP BER in

combination with other LP BER factors. Indeed, in the

presence of FEN-1, PARP-1 is capable of stimulating LP

BER DNA synthesis, and this stimulation depended on the

presence of the 50dRP group in the BER intermediate. The

current working hypothesis is that APE and PARP-1 are

able to bind to and incise the AP site. Thus, after cutting the

DNA backbone 50 to the AP site, APE and PARP-1 remain

bound at the 50dRP group until Pol b removes it or until LP

BER is initiated [79]. These findings place PARP-1 at the

center of events as the AP site is processed. This informa-

tion has stimulated research on the importance of PARP-1

in BER and on the possibility that PARP-1 could serve as a

regulatory molecule in the DNA damage response system.

In collaboration with A. Yasui and associates (Tohoku

University), we made use of novel microscopic imaging

techniques for definition of dynamic aspects of the

recruitment of BER factors at sites of oxidative DNA

damage in living cells. The approach revealed rapid

recruitment of oxidized base DNA glycosylases and the

core BER factors Pol b, XRCC1, and PARP-1 [80]. A

partnership between Pol b and XRCC1 in the recruitment

also was revealed. In addition, we recently made use of an

alternate system for microscopic imaging, but in this case

the damage and BER corresponded exclusively to LP BER

[75]. We demonstrated that Pol b was involved in the

synthesis step in this LP BER system and that Pol b and

FEN1 were immediately recruited to focal sites of DNA

damage and LP BER [75].

HMGB1 is a recently described BER co-factor. This

well-known DNA-binding and non-histone chromosomal

protein was found to be a modulator of BER steps: it
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stimulates both APE activity and FEN1 activity, probably

through its known DNA bending effect on the respective

BER intermediates. Steps in the LP BER sub-pathway that

are modulated by HMGB1 were revealed using several

approaches [77]. Knowledge of the interaction of HMGB1

with the BER intermediates will be an important consid-

eration in future research.

Efficiency of and step-to-step coordination of BER

In recent unpublished experiments, it was determined that

the three steps in the ‘‘late stage’’ of SN BER (dRP lyase,

gap-filling synthesis, and ligation) are conducted in a pro-

cessive fashion by purified Pol b and DNA ligase. In other

words, the product of one reaction was passed to the next

reaction without cycling into the solution compartment of

the reaction mixture. This was the first direct evidence for

the ‘‘passing the baton’’ model in BER that was proposed

several years ago [4]. Direct transfer of the product of an

enzymatic step to the next enzyme where it serves as the

substrate is referred to as ‘‘substrate channeling.’’ This

phenomenon of substrate channeling appears to explain

how BER is conducted while sequestering the toxic inter-

mediates of BER from cell signaling and recombination

processes. Thus, we have recently shown that SN BER can

proceed from an intact AP site to a ligated product through

channeling (unpublished observations).

In collaboration with M. Smerdon and associates

(Washington State University), we have developed a pro-

gram to evaluate the influence of nucleosomes on BER.

Chromatin structure obviously presents a challenge to BER

enzymes, yet this topic is an open question in the BER field

and has not received much attention to date. Nevertheless,

the topic represents an important consideration in under-

standing hot spots for genetic instability. We found that Pol

b activity in in vitro BER of uracil-DNA is completely

inhibited in nucleosomal substrates, whereas both uracil-

DNA glycosylase and APE activities are functional on

nucleosomes, albeit at a lower rate than on naked DNA

substrates [64]. These results suggested that the first or

‘‘early steps’’ in BER of uracil-DNA may be stimulated by

nucleosomal remodeling activity, but the gap-filling syn-

thesis step by Pol b absolutely requires remodeling [81].

Nucleosomal remodeling, therefore may be an important

regulatory event for BER efficiency and for accumulation

of BER intermediates. This is especially interesting, in

view of the well-known ability of PARP-1 to poly(ADP-

ribosyl)ate nucleosomal histones, triggering nucleosomal

remodeling, as pointed out in a recent review by Rouleau

et al. [82]. It is also interesting that well-known PIKK

kinases, such as ATR, phosphorylate histone H1A after

DNA damage, and this is associated with remodeling.

Studies of the enzymatic activities of BER enzymes

have indicated that functionally significant partnerships

may occur through interactions in multi-protein complexes.

Changes in enzyme activity as a function of complexes

could have significance for the overall rate of BER and also

for the accuracy of the repair patch synthesis. Thus, stim-

ulation of the APE step by HMGB1 could increase the rate

of BER. In a similar fashion, stimulation of APE by Pol

b/DNA ligase I could have functional significance in cases

where the activity of APE is weak, such as with the

blocked 30-O group generated by bifunctional DNA gly-

cosylases, or by agents such as bleomycin and ionizing

radiation since products of such incision, 30-O-phosphate

and 30-O-phosphoglycolate are poor substrates for APE.

Such stimulation of APE could be sufficient to change it

from a rate-limiting activity in BER on these substrates to a

non-rate-limiting activity. Earlier, a bovine testis nuclear

extract [15] had been examined for BER-proficient mac-

romolecular complexes using affinity columns, and

physicochemical techniques such as velocity sedimenta-

tion. We found that the extract contained a complex or

‘‘repairosome’’ that was proficient in SN BER of uracil-

DNA [15]. In current experiments, we used immuno-

affinity chromatography to isolate Pol b-associated BER

proteins in extracts from mammalian cells in culture. Using

mass spectrometric analysis, the Pol b-associated fraction

or ‘‘interactome’’ was found to contain a set of core com-

ponents that are active in the late stage of single-nucleotide

BER: Pol b, XRCC1, DNA ligase III, PNK, PARP-1, and

Ku70/80 (unpublished observations). Interestingly, the

interactome does not contain APE1, HMGB1, FEN1, or

any of the DNA glycosylases.

We have been impressed that XRCC1 deficiency in

mouse fibroblasts is associated with greater cellular

hypersensitivity to the monofunctional DNA alkylating

agent MMS than the deficiency in Pol b [83]. This marked

hypersensitivity points to a deficiency in BER, yet the role

of XRCC1 in BER is not at all apparent, as XRCC1 has no

enzymatic activity and has had only a modest, if any,

influence on BER enzymes in BER reactions in vitro in our

hands. Biochemical experiments demonstrating protein–

protein interaction between XRCC1 and Pol b have been

conducted by others and by our group [84, 85]. The

domains in XRCC1 have been determined, and character-

ization of the domain–domain interaction in the XRCC1–

Pol b complex has provided information on the specificity

and mechanism of binding [84]. Residues in Pol b that

interface with XRCC1 in the binary complex have been

determined by NMR. Since XRCC1 is known to interact

with other BER proteins, it could, therefore recruit several

factors to the BER reaction. Experiments to understand the

role of XRCC1 as an accessory factor in BER are

underway.
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DNA damage signaling

Experiments are underway to explore the hypothesis that

cellular differences in BER can influence susceptibility to

environmental and endogenous genotoxic agents and hence

have public health significance. Even though cells maintain

a constitutive level of BER ‘‘defense proteins’’ against

environmental and endogenous genotoxicants, they are able

to respond to such agents by altering their pattern of gene

expression so as to adapt to stresses. Interestingly, such

adaptation in expression of BER components must be

coordinated across all of the components participating in the

BER pathway, because it appears that imbalanced expres-

sion of one component, like Pol b, can impose a dominant

negative effect on the entire pathway. For example, we used

this concept to explain the negative effects of gross Pol b
over-expression in the mouse cataract model developed

earlier in our laboratory [86]. This idea is consistent with the

many shared protein–protein interactions for BER compo-

nents: where there is strong over-expression of one factor, it

can easily be envisioned that dead-end complexes are being

formed with other factors and with BER intermediates.

Another example of an adverse effect of a BER imbal-

ance or lack of coordination is the extreme cell killing

effect of PARP inhibition during MMS-induced BER

(Fig. 4). In cells exposed to a DNA-damaging agent such

as MMS, PARP is rapidly activated by virtue of binding to

strand break intermediates of BER and the auto-(ribo-

syl)ated PARP is believed to recruit other DNA repair

proteins to the site of damage. In the presence of an

inhibitor of PARP activity, PARP is expected to remain

bound to DNA and BER will be blocked.

Both wild-type and Pol b null cells are extremely sen-

sitized to MMS and other DNA methylating agents, such as

the chemotherapeutic triazene derivative temozolomide, in

the presence of the potent PARP inhibitor 4-AN (e.g., see

Fig. 4). In wild-type cells, a non-toxic concentration of

MMS (0.25 mM for 1 h) combined with a non-toxic con-

centration of 4-AN (10 lM for 24 h) results in [99% cell

killing by apoptosis [87, 88]. We observed that this sen-

sitivity to the PARP inhibitor requires its exposure during

the S-phase of the cell cycle. We have chosen to investigate

the mechanism of this cell killing effect to learn more

about linkages between stalled BER and cell cycle arrest

and apoptosis, and also because of the importance of

therapeutic approaches involving PARP inhibitors. Using

human fibroblasts capable of expressing a kinase-dead

form of ATR, treatment with a combination of MMS and

4-AN was shown to result in an ATR-dependent S-phase

checkpoint [89]. The accumulation of S-phase cells was

accompanied by phosphorylation of the effector kinase

Chk1. In the absence of ATR-mediated signaling, MMS

plus 4-AN resulted in a G2/M arrest. We also found ATR

to be a substrate for poly(ADP-ribosyl)ation by PARP-1

[90]. A more recent study demonstrated the involvement of

a second PIKK kinase, ATM. Loss of ATM, or of its

downstream effector kinase Chk2, limited duration of the

MMS plus 4-AN S-phase delay [91]. Chk2 phosphorylation

that was still observed in the absence of ATM appeared to

be dependent on both ATR and DNA-PK. The working

model for research in this area is as follows: (1) stalled

BER intermediates containing a strand break and dRP

group are cytotoxic to cells in culture, (2) the stalled BER

intermediates bind activity-inhibited PARP protein at the

strand break, (3) extreme toxicity occurs by virtue of DNA

replication-dependent DSB formation and attendant cell

signaling, as illustrated in this scheme.

PARP-1 -/- mouse fibroblasts and isogenic wild-type

cells also have been examined. We were interested to

Fig. 4 Extreme hypersensitivity of both wild-type and Pol b null

cells to the DNA methylating agent MMS (1 h exposure) when

treated for 24 h in the presence of the PARP inhibitor 4-amino-1,8-

naphthalimide (4-AN). From Ref. [83]
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compare results in the PARP-1 -/- cells with those

obtained in wild-type cells with the PARP inhibitor 4-AN.

PARP-1 -/- cells were only moderately sensitive to MMS

compared with the PARP-1 ?/? cells, and this was a quite

different picture from the extreme sensitivity to MMS in

the presence PARP-1 inhibitor. These data indicated that

the inhibited PARP protein plays an active role in cell

killing, or in other words, the absence of PARP-1 is not

equivalent to the presence of inhibited PARP-1 [87].

Interestingly, in the absence of PARP-1, cells treated with

MMS plus 4-AN bypass the S-phase delay and arrest

directly in G2/M suggesting that the presence of inhibited

PARP is a critical component of this model. Further, DSBs

could be readily measured in the wild-type cells treated

with MMS plus 4-AN, but not in the PARP-1 -/- cells

[92].

We also have found that Pol b null cells are hypersen-

sitive to the thymidine analog hmdUrd. This agent is

incorporated into cellular DNA and elicits cytotoxicity

only when removed by glycosylase-initiated BER. Sensi-

tization to this agent was seen in both wild-type and Pol b
null cells in the presence of 4-AN, further substantiating

the model that the hypersensitivity to PARP inhibitor

reflects accumulation of cytotoxic BER intermediates fol-

lowing removal of base lesions from DNA. In addition, and

consistent with the proposal that there is a common repair

intermediate resulting in cytotoxicity following treatment

with MMS or hmdUrd, cell death initiated by both agents

is preceded by a rapid suppression of DNA synthesis

(S-phase checkpoint) and a later cell cycle arrest in G2M

phase of the cell cycle [93]. For the methylated base and

hmdUrd DNA, monofunctional glycosylases result in for-

mation of the 50-dRP-containing intermediate, that we

believe to be cytotoxic and a binding site for the abundant

PARP-1 protein.

Unpublished data indicate that a separate branch of the

S-phase checkpoint pathway, distinct from the ATR/ATM/

Chk pathway involves phosphorylation of SMC1 by ATM

and ATR. This is facilitated by NBS1 and would explain

the S-phase checkpoint defect we have observed in NBS1-

deficient cells treated with MMS plus 4-AN. A manuscript

describing a study of the ATR- or ATM-dependence of

NBS1 and SMC1 activation in MMS plus 4-AN-treated

cells is in preparation.

BER roles of Pol b and PARP-1 as revealed

in cellular models

We developed a novel plasmid-based assay for measure-

ment of BER capacity in vivo [74], as illustrated here. The

assay involves real-time measurement of expression of a

luciferase reporter gene product and is routinely conducted

with positive control, negative control and a lesion-con-

taining plasmid, as illustrated. Repair of the lesion enables

expression of luciferase whereas there is no expression in

the absence of repair due to a stop codon in the transcript.

This assay was used to verify a role for Pol b in both SN

and LP BER. Typical results for SN BER assays obtained

with three mouse fibroblasts cell lines as illustrated here.

The reason(s) for the residual repair in the absence of Pol b
(as can be seen in the middle panel) is unknown.

The assay also was used to evaluate the effect of PARP

inhibition as a function of Pol b expression. PARP inhi-

bition with 4-AN blocked Pol b-dependent BER measured

in both sub-pathways. An illustration of this effect with the

SN BER plasmid (uracil-DNA) is shown below (adapted

from Masaoka et al.). This result suggested that Pol b and

PARP function in the same pathway and represent a

demonstration that PARP activity is actually required for

BER in vivo.
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Small molecule inhibitors of Pol b and translational

research in BER

In recent years, there has been considerable effort toward

isolating and identifying natural product inhibitors of Pol b.

One aim for use of such compounds is inhibiting repair of

DNA adducts formed after treatment with DNA-damaging

anticancer agents, and thus potentiating chemotherapeutic

effects. The discovery of specific Pol b inhibitors also

would enable use of these agents as probes to dissect Pol b
functions in the various sub-pathways of BER and the

cross-talk between repair pathways in vivo.

In collaboration with G. Mullen and associates, the

binding site for a known natural product Pol b inhibitor,

koetjapic acid, was localized by NMR chemical shift

mapping to the Pol b 8-kDa domain [94]. The interaction at

this region of the enzyme inhibited both DNA synthesis

activity with a single-nucleotide gapped substrate and dRP

lyase activity with a similar substrate structure. The NMR-

binding study was then extended to include structurally

similar synthetic terpenoids and finally other synthetic

compounds containing aromatic or other hydrophobicity in

combination with two carboxylate groups. Dissociation

constants for binding were determined for these com-

pounds and the binding sites on the Pol b 8-kDa domain

were mapped. Since a predominant phenotype of Pol b null

cells is hypersensitivity to monofunctional alkylating

agents such as MMS, an appropriate way to assay for a

block of intracellular Pol b activity was to look for an

increase in cellular sensitivity to MMS. The ability of nine

synthetic compounds to potentiate MMS-induced cytotox-

icity in wild-type and Pol b null mouse fibroblasts was

ascertained. Treatment of cells with the most active and

specific compound identified, pamoic acid (PA), resulted in

sizeable sensitization of wild-type cells to MMS with only

a negligible effect in Pol b null cells. PA is now in use as a

Pol b inhibitor, even though it binds to Pol b with only

relatively low affinity. PA inhibits the DNA polymerase

activity of Pol b.

To develop stronger and more specific Pol b inhibitors,

we are collaborating with several groups. First, in collabo-

ration with A. Simeonov and associates (NCGC, NHGRI,

NIH), we recently reported development of a robotics-based

assay system for screening very large chemical libraries

for potent and specific Pol b inhibitors [95], and further

experiments with this approach are underway. Next, use of

specific chemical modifications of the nucleotide substrates

and products of DNA synthesis is under evaluation. This

approach for DNA polymerase inhibition has been widely

successful in therapeutic applications for AIDS and cancer.

dNTP analogs

An alternate approach toward small molecule inhibitor

design has been use of targeted analogues of the natural

DNA synthesis dNTP substrates. Progress in this approach

includes enhanced understanding of the Pol b nucleotide

insertion mechanism, and this has been through use of

various dNTP analogs with substitutions in the bridging

oxygens of the triphosphate moiety, as illustrated below.

Some of the analogs are commercially available and others

have been obtained through collaborations with the syn-

thetic organic chemists C. McKenna (USC), S. Prakash

(USC) and B. Cho (University of Rhode Island) and their

associates. Highlights of the approach have included

determination of the structure of the complete active site

for a DNA polymerase [65] and the use of analogs to

examine the influence of differences in protonation of the

transfer reaction leaving group (pyrophosphate) on features

of the overall insertion reaction [96, 97]. The latter

experiments also have been in collaboration with A.

Warshel and M. Goodman and their associates (USC).

Additionally, kinetic analyses of Pol b insertion effi-

ciency with incoming nucleotides with modified sugars

indicated that Pol b can insert dideoxy-nucleotides and the

clinically useful analog araCTP with high efficiency [98].

Of course, the enzyme discriminates against rNTP
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insertion, but nevertheless inserts ribonucleotides with

surprisingly high efficiency, given the predominance of

rNTPs in the cellular nucleotide pool. Once a ribonucleo-

tide is inserted by Pol b, the question of further extension

from the ribonucleotide primer in LP BER or ligation in SN

BER are important considerations. In kinetic experiments

with a ribonucleoside at the primer terminus, we found that

Pol b was able to efficiently conduct extension [98].

Strategy for a combinatorial small molecule approach

toward blocking BER and enhancing cell killing

A strategy for cell killing through use of a combination of

agents is under evaluation. These agents are: (1) a BER

initiating chemical, such as MMS or temozolomide; (2) a

PARP inhibitor for blocking repair and promoting DBS

formation; and (3) a Pol b inhibitor for blocking BER. The

impressive cytotoxic effect of PARP inhibition in the pres-

ence of BER initiated with a low dose of MMS is illustrated

here. Cell survival at the non-toxic MMS dose of 0.25 mM is

reduced by two orders of magnitude by the presence of the

PARP inhibitor; the PARP inhibitor alone is not cytotoxic.

Yet, even though PARP inhibition in a cell undergoing

BER causes extreme cytotoxicity, Pol b elimination causes

additional toxicity beyond that from PARP inhibition.

These results indicate that the combination of both Pol b
inhibition and PARP inhibition has the potential to cause

even more profound cytotoxicity, as a function of trigger-

ing BER, than PARP inhibition alone [89].

Conclusions

In addition to the PARP inhibitor effects described

involving blocking of BER and possibly other repair

pathways (i.e., DSB repair), opportunities to impose even

stronger cytotoxicity seem to be at hand, through targeting

the cell signaling system that detects blocked repair inter-

mediates. However, results from such experiments are not

yet available. An additional feature for consideration in the

future is targeting the cell-killing effect of combination

therapy to the most appropriate cell types. The requirement

for DNA replication in the PARP inhibitor effect represents

an intrinsic feature of the consequence of PARP inhibition

that targets the effect to dividing cells. Nevertheless, more

specific targeting to individual cell types would seen to be

advantageous.
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