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1. Introduction

1.1. Overview of Mammalian Base Excision
Repair

Cells throughout nature contain multiple and overlapping
DNA repair pathways that are essential for maintaining the
integrity of genomic DNA.1,2 The DNA repair pathway
known as “base excision repair” (BER) protects the genome
by removing damaged nucleotides and abasic sites arising
from a variety of exogenous and endogenous stressors.3

Spontaneous and enzymatic removal of damaged bases
through hydrolyticN-glycosidic bond cleavage leads to a
mutagenic BER intermediate referred to as an abasic or
apurinic/apyrimidinic (AP) site. It has been estimated that
as many as 10 000 hydrolytic depurinations occur per day

in a mammalian cell.4 In addition, AP sites arise as
intermediates during the BER of deaminated cytosines and
adenines, base oxidation arising from reactive oxygen species
(ROS), and base alkylation from metabolites (e.g.,S-
adenosylmethionine) and environmental or therapeutic alky-
lating agents (e.g., nitrosamines and temozolomide, respec-
tively). Finally, natural and therapeutic perturbations of
nucleotide metabolism can lead to incorporation of unnatural
bases into DNA, such as uracil and 8-oxoguanine. These
nucleotides are removed from DNA through BER in both
prokaryotic and eukaryotic cells.

Using purified proteins, BER has been reconstitutedin
Vitro, thereby revealing a biochemical pathway of sequential
enzymatic steps (Figure 1a).5,6 In operational terms, the BER
pathway is distinguished from other DNA repair pathways
by the short excision patch generated in double-stranded
DNA after removal of the base lesion and also by the fact
that DNA lesions repaired by BER are generally limited to
base modifications that do not greatly alter the size and shape
of the base. The five core steps of BER are (i) lesion-
recognition/base-removal, (ii) strand incision, (iii) incised
strand processing (enabling DNA synthesis or DNA ligation),
(iv) DNA synthesis to fill the gap, and (v) DNA strand
ligation. Since the DNA intermediates in BER are themselves
cytotoxic or lead to genomic instability through recombina-
tion, a highly concerted handoff from one step to the next
has been proposed.7 The mechanisms of achieving this
coordination are unknown. Yet, a reasonable model for
explaining step-to-step coordination in BER calls for a
combination of exquisite DNA substrate specificity by the
respective enzymes and microenvironment effects afforded
by multi-protein complexes with the necessary enzymatic
machinery and accessory proteins.

Mammalian enzymes performing functions similar to the
prokaryotic counterparts for each step in BER have been
identified, cloned, and overexpressed as recombinant pro-
teins. Several DNA glycosylases have been identified and
characterized, including the well-known mammalian DNA
glycosylases 3-methyladenine-DNA glycosylase (AAG),
8-oxoguanine DNA glycosylase (OGG), endonuclease III-
like (Nth) DNA glycosylases, and the endonuclease VIII-
like (NEIL) DNA glycosylases.8 These DNA glycosylases
recognize and remove altered bases in double-stranded DNA,
creating an intact or cleaved AP site. There are two general
classes of DNA glycosylases: the monofunctional DNA
glycosylases catalyze the hydrolytic removal of a damaged
base that results in an AP site, and the bifunctional
glycosylases additionally catalyze strand incision at the AP
site after base removal (Figure 1a). The AP site created from
monofunctional glycosylase activity is subsequently 5′-
incised by AP endonuclease, generating a one-nucleotide gap
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with 3′-OH and 5′-deoxyribose phosphate (dRP) termini in
the gap. The primary DNA synthesis role is contributed by
DNA polymeraseâ (pol â), which also possesses dRP lyase
activity.9,10The lyase activity removes the 5′-sugar-phosphate
residue, leaving a 5′-phosphate on the downstream DNA
strand. After single-nucleotide gap-filling DNA synthesis and
removal of the 5′-sugar-phosphate group, the nicked DNA
will be ligated by DNA ligase I11 or III 12 to complete BER.

Although the core BER pathway noted above is consistent
with the enzymatic activities and substrate specificities of
the cloned enzymes, there are many biological circumstances
altering specificities and coordination of BER enzymes that
can lead to alternate sub-pathways. For example, if the AP
site is incised by a bifunctional DNA glycosylase, the incision
event results in a one-nucleotide gap intermediate where the
3′-margin of the gap is blocked with a sugar-phosphate group
(Figure 1a). Additional enzymatic activities are therefore
required to tailor the 3′-margin and generate a 3′-OH for
gap-filling DNA synthesis. Cells have several enzymes that
can liberate a blocked 3′-end: polynucleotide kinase13 or AP
endonuclease.14

Finally, recent studies have shown that BER can also occur
by sub-pathways that generate repair patches greater than
one-nucleotide and are referred to as long-patch BER.15,16

For example, a modified 5′-dRP group can interrupt single-
nucleotide BER (Figure 1b). In this situation, the modified
dRP group is not a substrate for the lyase activity of polâ.
In this situation, polâ-dependent strand displacement DNA
synthesis generates a longer repair patch and a single-
stranded DNA-flap with the modified sugar at its 5′-end. The
flap is subsequently removed by flap endonuclease-1
(FEN1).17,18 Alternatively, FEN1 can cleave one-nucleotide
downstream of the modified 5′-dRP group prior to strand
displacement DNA synthesis, thereby generating a one-
nucleotide gap, an ideal substrate for polâ.19 In addition to
pol â-dependent long-patch BER, polâ-independent BER
has also been reported.15,16

Quantitative description of the BER sub-pathways within
living cells is lacking but is clearly a prerequisite to
understanding the contribution of each sub-pathway in the
cellular responses to genotoxic stresses. This quantification
of cellular BER sub-pathways is particularly important, since
many of the enzymes and accessory proteins participating
in the sub-pathways of BER are also integral components
of other DNA repair pathways (e.g., nucleotide excision
repair and mismatch repair) and metabolic processes (e.g.,
replication), and these processes can undoubtedly modulate
BER.

1.2. DNA Polymerase â
DNA polymerases have been divided into seven families

based on sequence alignment.20,21 There are at least 14
mammalian DNA polymerases belonging to five of these
families (A-, B-, RT-, X-, and Y-families). Identified in
1971,22,23 DNA polymeraseâ is a member of the X-family
that also includes the template-independent enzyme, terminal
deoxynucleotidyl transferase (TdT), and recently identified
template-dependent members DNA polymerasesλ24 andµ.25

DNA polymeraseâ is found in all vertebrate species as a
39-kDa protein lacking intrinsic 3′- or 5′-exonuclease activi-
ties but containing 5′-dRP lyase and AP lyase activities.26,27

In light of its size, the enzyme is considered the simplest
naturally occurring cellular DNA polymerase, making it is
an ideal model for studies of the nucleotidyl transferase and
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lyase reaction mechanisms.28 Upon the basis of the high level
of sequence conservation of polâ among mammalian
species, it seems likely that polâ conducts a role that is
essential for animal survival.29 The discovery of a polâ
homologous gene in yeast through genomic sequencing and
the finding that this gene encodes a protein that when
overexpressed inE. coli has polâ-like enzymatic activity
suggested that polâ homologues occur in eukaryotes from
vertebrates to yeast.30 The yeast enzyme is referred to as
DNA polymerase IV and is now known to be homologous
to newly identified members of the X-family of DNA
polymerases.31 Early inhibitor-based studies had implicated
pol â in some types of mammalian DNA repair, such as the
repair of bleomycin-induced damage.32 Other studies also
had implicated polâ in gap-filling DNA synthesis during
BER of deaminated cytosine (i.e., uracil) in mammalian
nuclear extracts33,34and in the repair of UV-damaged DNA35

and abasic lesions36 in Xenopus laeVis oocyte extracts.

Although the inhibitor-based and other studies noted above
implicated polâ in BER as a short gap-filling repair DNA
polymerase, polâ’s role in the cell had been widely
considered as undocumented. A “knock-out” of the polâ
gene in mice results in embryonic lethality, indicating an
essential role of polâ during fetal development.37 More
importantly, the hypersensitivity of polâ null mouse
embryonic fibroblasts toward monofunctional DNA-alky-

lating agents provides unequivocal evidence for the cellular
role of pol â in BER.38

Mammalian polâ can be expressed inE. coli at high
levels, hastening biophysical and kinetic characterization. The
recombinant proteins from human and rat are fully active in
DNA synthesis and possess substrate specificity and catalytic
properties similar to those of the natural enzymes,39,40making
them an excellent model for structure-function studies.

2. Structure

2.1. Biochemical and Genetic Domain
Organization

Recombinant polâ’s are monomeric in solution, like their
natural analogues. DNA polymeraseâ was found to have
an elongated structure in solution, with an axial ratio of about
5.41 Controlled proteolytic or chemical cleavage of the native
enzyme has demonstrated that polâ is folded into discrete
domains and subdomains (Figure 2).42,43 Studies of the
purified domain fragments have provided important informa-
tion on the relationship between particular structural elements
of the enzyme and the 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 transferase catalytic activities.43-45

The association of these properties with defined portions of

Figure 1. Alternate base excision repair pathways. (a) Single-nucleotide BER commonly occurs through either a monofunctional DNA
glycosylase-initiated pathway (right loop) or a bifunctional DNA glycosylase-initiated pathway (left loop). DNA polymeraseâ contributes
single-nucleotide gap-filling DNA synthesis in each pathway, but only its dRP lyase activity is required in the monofunctional DNA glycosylase
path. (b) Two alternate routes are illustrated for polâ-dependent long-patch BER. These routes are initiated when the 5′-dRP group is
modified (*) and serve as a way of removing the dRP group as part of a DNA fragment, thereby creating a 5′-phosphate required for
ligation. After polâ fills a one-nucleotide gap, it can continue DNA synthesis (strand displacement, lower route), producing a flap to be
removed by FEN1. In the upper route, FEN1 cleavage generates a one-nucleotide gap for another round of one-nucleotide gap filling.
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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,∼90 residues), connected by
a short protease-sensitive segment to a carboxyl-terminal
polymerase domain (31 kDa,∼250 residues). Nucleic acid-
binding studies have shown that the purified 8-kDa amino-
terminal 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 carboxyl-terminal polym-
erase domain has little or no affinity for single-stranded
lattices but binds dsDNA, such as the case for a template-
primer. The 31-kDa domain possesses active-site residues
necessary for the nucleotidyl transferase activity,46 whereas
the 8-kDa domain has dRP lyase activity (Figure 2).9,10 The
catalytic efficiencies of the isolated domains are reduced
relative to that observed in the intact enzyme.42,47

The human gene encoding polâ spans 33 kb and contains
14 exons.48 As expected, all the proteolytic domain bound-
aries occur between elements of secondary structure, with
the boundary of the lyase domain and the 6-kDa proteolytic
subdomain occurring at exon-intron junctions at the end of
a secondary structural element (Figure 2). In contrast, the
10- and 12-kDa subdomains end and begin with exon XI,
respectively. More than half of the 13 introns occur at the
ends of secondary structural elements. However, a simple
statistical analysis indicates that the introns do not appear
to occur preferentially at the ends of structural elements.49

This result is consistent with the idea that introns of human
pol â may have been acquired in a random fashion.

2.2. X-ray Crystallography

2.2.1. Crystallographic Domain Organization

The first structure of a DNA polymerase, theE. coli DNA
polymerase I Klenow fragment (A-family), likened its shape
to a hand.50 It was subsequently recognized that the polym-
erase domain of HIV-1 reverse transcriptase (RT-family) also

resembled a right-hand, with fingers, thumb, and palm
subdomains that could grasp DNA.51 Crystallographic struc-
tures of DNA polymerases derived from several families and
biological sources are now available and indicate that they
have a modular domain organization with the polymerase
domain composed of functionally distinct subdomains.52,53

The palm subdomains of most DNA polymerases (A-, B-,
Y-, and RT-families) show a similar topology and contain
catalytic aspartates that coordinate the two metals involved
in the nucleotidyl transferase reaction. In contrast, the fingers
and thumb subdomains are structurally diverse among the
different polymerase families. Crystallographic structures
have been solved for polâ in a variety of liganded states
and indicate that the polymerase domain is composed of three
subdomains.46,54,55While the structure of the palm subdomain
of pol â is similar to that of other DNA polymerases, its
topology is unique.54 This has resulted in a confusing
subdomain nomenclature for polâ. This is because the
fingers and thumb subdomains can be defined by a structural
alignment of the palm subdomains from polâ and other
polymerases or a functional alignment of the catalytic
participants (metals, dNTP, DNA).56 A functional alignment
of pol â with other DNA polymerases of known structure
results in a consistent functional nomenclature of the
subdomains; the fingers and thumb subdomains of different
DNA polymerases are functionally equivalent. In contrast,
the nomenclature based on the original structural alignment
of the palms defines the subdomains opposite to that of the
functional alignment. Since the topology of the palm
subdomain of X-family members is unique, one alternative
is to consider members of the X-family as left-handed, rather
than the original right-hand analogy.27 This approach high-
lights the nonhomologous nature of the palm subdomains
but requires prior knowledge of the architectural origin of
the nomenclature. A functional alignment is the simplest
approach, but the standard handlike analogy offers no
functional insight. Accordingly, we employ a functionally
based nomenclature where the subdomains are referred to
as C- (catalytic), D- (duplex DNA binding), and N-

Figure 2. Relationship between the gene, primary, and protein structures of DNA polymeraseâ. The positions ofR-helices (stripped
boxes) andâ-sheets (filled boxes) are indicated. HhH refers to the helix-hairpin-helix motif observed in several DNA repair proteins. The
asterisks (*) represent critical active-site residues: Lys72 in the lyase domain and Asp190, Asp192, and Asp256 in the polymerase domain.
The positions of the lone tryptophan residue (W) and rarecis-peptide (cis) bond are indicated.
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subdomains (nascent base pair binding) to highlight the
intrinsic function.57 These would correspond to the palm,
thumb, and fingers subdomains, respectively, according to
the nomenclature that utilizes the architectural analogy to a
right-hand.50

While pol â appears to have evolved separately from
members of other polymerase families, it shares many general
structural and mechanistic features with polymerases from
these other families (see below). Structures of polâ have
identified molecular interactions that are involved in DNA
binding and/or binding of the dNTP.46,54,55,58-66 The structure
of pol â illustrating the domain/subdomain organization is
shown in Figure 3a. As summarized in Figure 2, the domains/
subdomains exhibit a contiguous alignment with the D-, C-,

and N-subdomains making up the carboxyl-terminal polym-
erase domain. The C-subdomain contributes three aspartates
(190, 192, and 256) that coordinate two divalent metal
cations, Mg2+, that assist the nucleotidyl transferase reaction.
The D- and N-subdomains are spatially situated on opposite
sides of the catalytic subdomain. In addition to the polym-
erase domain, DNA polymerases generally have an accessory
domain that contributes a complementary enzymatic activity
necessary for the polymerase to fulfill its biological task.
For pol â, the amino-terminal lyase domain contributes a
biologically important dRP lyase activity that is required
during monofunctional glycosylase-initiated single-nucleotide
BER (Figure 1a).67

2.2.2. Liganded Complexes

All DNA polymerases require a single-stranded DNA
template and divalent metal ions as cofactors while utilizing
two types of substrate: a 2′-deoxynucleoside 5′-triphosphate
and a primer annealed to the template (i.e., a template-
primer DNA). DNA synthesis typically results in a new
complementary strand obeying Watson-Crick base pairing
rules of the single-stranded DNA template strand and the
release of pyrophosphate. A molecular characterization of
an enzyme requires structures representing different stages
in the catalytic cycle. For polâ, such structures have provided
structural insight into how polâ particularly, and DNA
polymerases generally, achieves catalytic efficiency and
fidelity. The first structures of polâ reported in 1994 were
of the apoenzyme,54 a dATP binary complex,54 and a DNA/
ddNTP ternary complex.46 The binary dATP complex
revealed that the binding pocket for the triphosphate-metal
(Mn2+) was near two conserved aspartates (190 and 192) in
the C-subdomain (palm). Since the complex lacked DNA,
the sugar and base were not expected to be in a catalytically
relevant position and did not exhibit any protein interactions.
Significantly, the ternary polymerase complex was the first
reported structure that included both substrates (dNTP and
DNA) and provided structural evidence for the DNA
synthesis reaction. The novel approach used to trap this
abortive ternary complex is now routinely used to trap ternary
complexes of a variety of DNA polymerases for structure
determination. The rationale for the method involved freezing
the reaction at the insertion step by making use of dNTPs
that lack the 3′-OH (i.e., ddNTP) in the crystallization
solution. Polymerase-dependent insertion of a ddNMP into
the primer results in a “blocked” primer terminus that permits
binding of the next dNTP but impedes incorporation of the
bound nucleotide. The structure of this pre-transition state
is described in detail below.

The first ternary substrate complex was crystallized with
a single-stranded template overhang of four nucleotides.46

In this structure the amino-terminal lyase domain did not
interact with the ssDNA template. A subsequent ternary
complex structure of human polâ bound to a single-
nucleotide-gapped DNA, a BER intermediate, indicated that
the lyase domain bound to the downstream duplex.55 The
5′-phosphate on the downstream strand was positioned near
the putative dRP lyase active site that also displays a positive
electrostatic surface potential.27 More importantly, the amino-
terminal lyase domain is now observed to interact with the
N-subdomain, thereby producing a doughnut-shaped structure
(Figures 3 and 4a). This conformation of the lyase domain
is significant due to its proximity to the nucleotide-binding
pocket and the fact that it can limit nucleotide access to the

Figure 3. Domain and subdomain organization of DNA polym-
eraseâ. (a) DNA polymeraseâ is composed of a polymerase
(colored) and an amino-terminal lyase domain (gray). The polym-
erase 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 5′-dRP intermediate during
BER. (b) A view down the upstream duplex DNA helix of polâ
bound to one-nucleotide-gapped DNA. The template strand (red)
is bent 90° as it exits the polymerase active site. At the 3′-end of
the primer strand (blue) is an incoming dNTP (blue transparent
surface). The 3′-end of the downstream strand and 5′-end of the
template strand are indicated (d3′ and t5′, respectively). Molecular
images were produced with Chimera166 and MSMS.167
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polymerase active site.49,68 Interactions between the lyase
domain and the N-subdomain are also altered upon binding
the correct incoming nucleotide.

Comparing the apoenzyme structure,54 or DNA binary
complex (substrate one-nucleotide-gapped DNA and product-
nicked DNA),55 with abortive ternary complex structures46,55

indicated that significant conformational changes occur upon
binding the correct dNTP and its subsequent insertion. The
most notable conformational change occurs with the N-
subdomain (residues 260-335). When the polâ DNA binary
complex binds a correct dNTP, the N-subdomain repositions
itself to “sandwich” the nascent base pair between the
growing DNA terminus and the polymerase (Figure 5a).28,53,55

The N-subdomain rotates 30° aboutR-helix M to achieve
this conformational transition. The enzyme in the binary
DNA complex is in an “open” conformation, whereas the
enzyme in the ternary complex is in a “closed” form. In the
latter case, there is a tight fit of the nascent base pair within
a pocket formed by the polymerase and the DNA duplex
terminus. The binary complex with nicked DNA suggests
that the N-subdomain opens at some point after catalysis,

such as PPi dissociation. The various polymerase side chains
proposed to activate the 3′-hydroxyl on the primer terminus
and stabilize the transition state are not properly positioned
in the open conformation. These observations suggest that
the N-subdomain closes down around the incoming dNTP
when the new base pair conforms to Watson-Crick geom-
etry. Accompanying the motion of the N-subdomain are more
subtle side-chains adjustments that allow the active site to
monitor the state of the N-subdomain.46,55,68 In the open
inactive binary complex, one of the active-site metal ligands
(Asp192) forms a salt bridge with Arg258 (Figure 6).
However, closing of the N-subdomain results in repositioning
of Phe272 so as to interfere with this interaction. Arg258 is

Figure 4. Molecular surfaces of DNA polymeraseâ and sub-
strates.55 (a) The solvent-excluded molecular surface of polâ is
shown; lyase domain (gray) and the polymerase domain (purple).
The surface of the atoms that are within 3.5 Å of the DNA or
incoming ddCTP (green) is highlighted in yellow. The 5′-end of
the template strand is indicated. (b) Two views of the molecular
surface of the substrates from the ternary substrate complex. In
addition to DNA sugar-phosphate backbone interactions (yellow),
interactions are confined to the DNA minor groove. The 90° bend
in the DNA exposes the terminal base pairs. His34 stacks with the
first base pair of the downstream duplex, andR-helix N stacks with
the nascent base pair (not shown). The 5′-end of the downstream
strand is indicated.

Figure 5. Open and closed conformations ofR-helix N of the
N-subdomain. (a) A view of the major groove edge of the nascent
base pair (incoming and templating nucleotides, yellow). The
semitransparent molecular surface of the upstream DNA duplex is
shown (gray), and the molecular surface of the nascent base pair is
also shown (mesh representation). In the closed conformation,
Asp276 (D276) and Lys280 (K280) stack with the bases of the
incoming and templating nucleotides, respectively. In the open
conformation (magenta), these interactions are lost. (b) A view of
the minor groove edge of the nascent base pair illustrating hydrogen-
bonding interactions (green) with polâ. In the closed conformation,
Tyr271 (Y271), Asn279 (N279), and Arg283 (R283) hydrogen bond
with P10 (primer terminus), the incoming nucleotide (ddCTP), and
T7 (template base for P10), respectively. In the open conformation,
these interactions are lost but Tyr271 now hydrogen bonds with
T6 (templating base).
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observed to interact with Glu295 and Tyr296 in the closed
complex, thereby permitting Asp192 to contribute key
oxygen ligands with the active-site metals.

The conformational adjustments are not limited to the
protein. There are also subtle conformational adjustments
in the DNA substrate. SinceR-helix M is situated under the
sugar of the incoming nucleotide, rotation in this helix results
in significant structural changes in the vicinity of the template

strand.27,58 Specifically, the templating base and primer
terminus are shifted toward the major groove in the absence
of the incoming nucleotide. Additionally, the templating base
5′ (i.e., downstream) to the coding template base approaches
the coding position in the binary DNA complex with a single-
stranded template. This potentially represents a one-nucleo-
tide deletion intermediate.69 Repositioning of the N-subdo-
main upon correct dNTP binding is also observed for many
other DNA polymerases.53,70 In contrast, these subdomain
motions originate near the template strand, resulting in
significant conformational adjustments near the incoming
nucleotide. In contrast, members of the Y-family of DNA
polymerases71 and polλ72 appear to utilize DNA conforma-
tional adjustments (e.g., template sliding), rather than sub-
domain motions, to open/close the polymerase active site.

The lyase domain and the D-subdomain areR-helical in
nature. Each contains a structural motif that binds monovalent
metals and interacts with the DNA backbone (Figure 7).59,63,73

These helix-hairpin-helix (HhH) motifs (residues 55-79
and 92-118) have also been described in many proteins that
bind either single- or double-stranded DNA in a non-
sequence-specific manner.74 The HhH motif apparently does
not bind RNA, yet there are no protein groups to sterically
exclude a 2′-hydroxyl. Instead, high-resolution structures of
pol â suggest that binding specificity may be conferred by
the ability to induce sugar puckers that are energetically
unfavorable for RNA.63 The two motifs are observed to
interact with each end of the incised DNA strand, the
downstream and primer strands. In the crystal structure of
pol â bound to one-nucleotide-gapped DNA,55 the DNA is
bent 90° (Figures 3b and 4). Thus, the downstream duplex
does not travel through the hole in the doughnut-like structure
but instead interacts with the HhH motif in the lyase domain.
The 90° bend is also observed in a binary complex with
nicked DNA (i.e., product complex) and occurs in the 5′-
phosphodiester backbone of the template (coding) base.55

This positions the 3′-hydroxyl and the 5′-phosphate in the

Figure 6. Active-site conformational changes associated with the
open and closed conformational states of the N-subdomain. The
position of the N-subdomain can be structurally transmitted to the
catalytic metals (green) through altered interactions between Arg283
(R283), in R-helix N, and Asp192 (D192) that coordinates both
active-site Mg2+ ions. This may occur through altered interaction
observed between Glu295 (E295) and Arg258 (R258) in the open
(gold, inactive) and closed (green, active) forms of polâ. Phe272
(F272) is postulated to transiently interfere with interactions between
Asp192 and Arg258, permitting an interaction with Glu295. The
incoming nucleotide (ddCTP) of the closed ternary substrate
complex is illustrated with thin lines, and the templating base is
omitted for clarity.

Figure 7. HhH motifs of DNA polymeraseâ. The two HhH motifs (light blue) bind to the DNA sugar-phosphate backbone of the incised
DNA strand (light blue). The HhH of the lyase domain interacts with the downstream strand, and the HhH of the D-subdomain interacts
with the upstream strand. These motifs bind monovalent ions168 (light blue spheres highlighted with orange arrows) and stabilize the DNA
substrates in their respective active sites. Also shown are the incoming dNTP (red) and the position of the polymerase active-site metals
(red spheres).
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nick over 27 Å apart. These ends must be ligated in the final
step in BER. The function of the HhH motifs is to stabilize
the bend and/or the incised DNA strand, facilitating proper
positioning of the two free DNA ends. During single-
nucleotide BER initiated by a monofunctional DNA glyco-
sylase, each of these ends represents an enzymatic substrate,
3′-hydroxyl for DNA synthesis and 5′-dRP for removal to
generate a 5′-phosphate.

Like other DNA polymerases, polâ primarily interacts
with the DNA backbone (Figure 4b). The sharp bend in the
DNA also serves to expose the nascent base pair (template
base-incoming dNTP) (Figure 4b). This permits the polym-
erase access to probe whether a good Watson-Crick
geometry is achieved and by monitoring minor groove
hydrogen bonding (Figure 5). It has frequently been noted
that the DNA minor groove features hydrogen bond accep-
tors, O2 of pyrimidines and N3 of purines, in similar minor
groove positions that are independent of the base pair or
sequence.75 In the closed conformation, polâ interacts with
the minor groove of the nascent base pair and the adjacent
upstream base pair (primer terminus and template nucleotide)
(Figure 4b). Specifically, Tyr271, Asn279, and Arg283 form
hydrogen bonds in the DNA minor groove with the primer
terminus, the incoming nucleotide, and the template base
opposite the primer terminus, respectively (Figure 5b). In
the open conformation of the binary DNA complex, these
interactions are not observed, but Tyr271 is now hydrogen
bonded to the orphaned templating base.

2.2.3. Pre-Transition-State Complex

DNA polymerases must select a complementary deoxy-
nucleotide from a pool of structurally similar molecules to
preserve the integrity of the genome. Failure to faithfully
replicate DNA usually results in deleterious biological
consequences. Differences in fidelities among polymerases
are due to the divergent abilities of polymerases to insert
the right nucleotide; low-fidelity enzymes insert the correct
nucleotide slowly, whereas high-fidelity DNA polymerases
insert the correct nucleotide rapidly.53,76 Accordingly, an
understanding of the molecular mechanisms that influence
correct nucleotide insertion will provide clues to those
interactions that modulate DNA replication fidelity.

An initial working model for the nucleotidyl transferase
enzymatic mechanism gained structural support from polâ
ternary substrate complexes.46,55,62 These structures are
consistent with a chemical mechanism that proceeds by an
in-line nucleophilic attack of the Mg2+-activated primer 3′-
O- on theR-phosphate of the incoming nucleotide, leading
to a pentacoordinated bipyramidalR-phosphate transition
state (Figure 8). The transition state is resolved by release
of the pyrophosphate product from theR-phosphorus at the
opposite side of the attacking 3′-O-, resulting in stereo-
chemical inversion about theR-phosphorus atom of the
newly incorporated nucleotide. It is not clear whether the
pyrophosphate separation occurs before (dissociative mech-
anism) or after (associative mechanism) nucleophilic attack
or whether the two steps are “somewhat” concerted.77 The
C-subdomain of all DNA polymerases contributes two
structurally conserved aspartate residues that coordinate two
Mg2+ ions participating in the nucleotidyl transfer reaction.56

The catalytic metal (metal A) lowers the pKa of the 3′-OH
of the growing primer terminus while the nucleotide binding
metal (metal B) coordinates the triphosphate moiety, hasten-
ing binding of the incoming nucleotide. Additionally, metal

B assists PPi dissociation. Details on how the active-site
residues actually contribute to the various steps in the
chemical process are not understood.

As noted above, the ternary substrate complexes of polâ,
as well as ternary substrate complexes of DNA polymerases
from other polymerase families,53 typically lack the 3′-
hydroxyl on the primer terminus so as to abort catalysis. This
results in a distorted catalytic metal site since this oxygen is
believed to provide a coordinating ligand.46 Additionally, the
complete inner octahedral coordination sphere of the catalytic
metal was not observed at the resolution of the ternary
complex (1BPY, 2.2 Å).55 A new high-resolution structure
(1.65 Å) of pol â provides important details related to the
coordination and identity of the catalytic metal.66 A water
molecule that had been suggested to participate in the
octahedral coordination sphere of the catalytic Mg2+ is now
clearly observed. The sixth coordinating ligand is proposed
to be O3′ of the primer terminus that is missing in this
structure. Additionally, the sugar pucker of the dideoxy-
terminated primer is C3′-endo, similar to that observed in
the well-defined structure of the ternary complex of the
BacillusDNA polymerase I fragment,78 an A-family member,
and a conformation commonly observed in A-form DNA.

The high-resolution structure also suggests that the ion
occupying the catalytic metal site was Na+ rather than Mg2+.
Since these ions have the same number of electrons, they
cannot be distinguished by electron density. Thus, the identity
of the ions is based on the average coordination distance for
the coordinating ligands. In the high-resolution complex, the
average coordination distance is 2.38( 0.06 Å. This distance
is similar to that expected of Na+ (2.42 Å)79 rather than Mg2+

(2.07 Å),80 observed in accurately determined small molecule

Figure 8. Pre-transition-state structure of DNA polymeraseâ.66

The ternary substrate complex of polâ was trapped with an inert
dUTP analogue (dUMPNPP). The developing trigonal-bipyramidal
transition state is illustrated with green lines. The nucleotidyl
transfer reaction involves an in-line nucleophilic substitution
mechanism where the activated primer terminus (3′-O-) attacks the
RP of the incoming nucleotide, resulting in dNMP transfer and
pyrophosphate release. Since the primer terminus has a 3′-OH, the
first coordination sphere of the catalytic Mg2+ is complete and
exhibits good octahedral geometry (dotted red lines). The catalytic
Mg2+ is also coordinated to all three active-site aspartates (D190,
D192, D256). The active-site metals and residues interacting with
the triphosphate moiety are expected to stabilize the pentacoordi-
nated transition state and assist leaving of pyrophosphate. In this
structure, O3′ of the primer terminus is 3.4 Å fromRP of
dUMPNPP.
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structures (Cambridge Structural Database). It should also
be noted that other DNA polymerase ternary substrate
complexes have a metal modeled into the catalytic metal site
with average coordination distances much greater than 2.1
Å.66

By using a non-hydrolyzable dNTP analogue, a structure
of a precatalytic complex of polâ that includes the catalytic
Mg2+ and O3′ of the primer terminus has been determined.66

This was achieved by using the dUTP analogue, 2′-
deoxyuridine-5′-(R,â)-imido triphosphate (dUMPNPP). The
bridging oxygen between theR- andâ-phosphates is replaced
with nitrogen, preventing insertion. DNA polymerases ef-
ficiently insert dUTP since it closely resembles dTTP and
does not alter Watson-Crick hydrogen bonding. DNA
polymeraseâ inserts dUTP with the same efficiency as dTTP
and is competitively inhibited by dUMPNPP. The structure
reveals that O3′ of the primer terminus completes the
octahedral coordination sphere for the catalytic metal (Figure
8). Furthermore, the average coordination distance for this
ion is consistent with its identity as Mg2+ (2.13( 0.03 Å).
The sugar pucker of the primer terminus is also observed to
respond to the identity of the ion occupying the catalytic
metal site: C2′-endo with Na+ and C3′-endo with Mg2+

(Figure 9). More importantly, the catalytic magnesium
induces subtle conformational rearrangements to provide
good octahedral geometry as well as position O3′ for an in-
line nucleophilic attack onRP of the incoming nucleotide.
It is now possible to confidently examine the precise
sequence of events (deprotonation/protonation and bond
making/breaking) and the free energy surface of the chemical
reaction by computational methods.

2.2.4. Mutagenic Intermediates

Although the ability of a DNA polymerase to discriminate
“right from wrong” nucleotides depends on the identity of
the polymerase, all DNA polymerases insert incorrect
nucleotides poorly.76 Accordingly, strategies used by any
specific DNA polymerase to discriminate against incorrect
nucleotide insertion should be generally applicable to all
polymerases.53 One strategy that most DNA polymerases
utilize to avert a misincorporation event is to bind incorrect
dNTPs weakly. This has hampered structural characteriza-
tions of mismatched base pairs in a polymerase active site.
Oligonucleotides with mispaired primer termini generally
bind to a postinsertion site adjacent to the nascent base pair
binding pocket.81 In contrast, positioning a terminal mismatch
in product-nicked DNA prevents translocation, thereby
trapping the mispair in a conformation immediately after
chemistry. This strategy has successfully been used to
determine the crystallographic structure of two mismatches

(template-primer, A-C or T-C) in the confines of the pol
â active site.63

The structure of each mispair complex indicates that the
template and “incoming” nucleotide bases do not form
hydrogen bonds with one another but instead form a
staggered conformation where the bases of the mispair
partially overlap (Figure 10a). Thus, the conformation of the
mispair is dramatically different than that expected from the
structures of these mispairs in duplex DNA.82-85 The
staggered conformation appears to prevent closure of the
N-subdomain that is believed to be required for catalytic
activation. The N-subdomain is observed in an intermediate
position between a fully opened or closed state. The partially
open conformation of the N-subdomain results in distinct
hydrogen bonding networks that are unique for each mispair.
The hydrogen-bonding pattern for the A-C mispair is
illustrated in Figure 10b. The Watson-Crick edge of the

Figure 9. Factors influencing the sugar conformation of the primer
terminus.66 See text for description.

Figure 10. Structure of a mismatch in the confines of the polâ
active site.63 (a) Structure of the duplex illustrating the staggered
conformation of the A-C mispair (yellow). The template strand is
red, and the primer and downstream strands are blue. The adenine
in the template strand (At) stacks with the upstream template base
(Gt-1). The base pair that is positioned where the primer terminus
would be poised for catalysis is purple. The mispaired cytosine at
the primer terminus (Ct) stacks with the template adenine. The
N-subdomain is in an intermediate conformation (between open
and closed; not shown). (b) The hydrogen-bonding interactions
(green) in the mismatch structure are significantly different than
those observed in either a binary or ternary complex (see Figure
5b). For example, Arg283 (R283) that typically interacts with the
template strand is observed to interact with the Watson-Crick edge
of the terminal primer base that is situated in the incoming
nucleotide-binding site.
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surrogate incoming adenine is hydrogen bonded to Arg283,
a residue that interacts with the template strand in the closed
conformation with a correct incoming nucleotide (Figure 5b).
In addition, the staggered conformation of the primer
terminus results in a loss of stacking interactions with the
upstream (n - 1) base pair.

A feature of catalytic regulation, deduced from comparison
of the open and closed conformations, appears to be the
insertion of Phe272 between the side chains of Asp192 and
Arg258, enabling Asp192 to coordinate the two active-site
Mg2+ atoms, thus promoting both substrate binding and
catalysis (Figure 6).55,68,86 This positioning of Phe272 to
activate catalysis is coupled to movement of the N-subdo-
main, suggesting a mechanism by which subdomain closure
could be linked to catalytic activation. Although there is
Phe272 backbone movement coupled with the partial closing
of the N-subdomain, complete closure and catalytic activation
also requires a different Phe272 side-chain rotomer. In all
pol â structures, the adjacent Tyr271 is in van der Waals
contact with Phe272. Tyr271 also is in contact with DNA
in all three polâ conformations (open, intermediate, and
closed), although specific interactions vary significantly
among the three structures. Consequently, Tyr271 appears
to function as a direct monitor of the state of bound DNA,
with hydrogen bonds formed to the free hydrogen-bonding
groups in the minor groove of the DNA substrate (Figure
5b). The Tyr271 hydroxyl group can function as either a
hydrogen bond donor or acceptor, providing versatility to
hydrogen-bonding capabilities with any standard template
base. Given these observations, it appears that closure of the
N-subdomain is necessary, but not sufficient, for catalytic
activation, with the activated position specified directly by
coupled movements of Tyr271 and Phe272.

As noted above, polymerases generally bind incorrect
nucleotides with low affinity, indicating that the molecular
interactions between the polymerase and a wrong incoming
nucleotide are compromised. In the A-C structure, many
of the hydrogen-bonding interactions of the incoming nu-
cleotide observed in the closed polymerase complex are
retained in the mismatched structures, albeit with different
partners, suggesting that the loss of binding affinity is
primarily due to the loss of polymerase and duplex DNA
stacking interactions with the nascent base pair. In addition,
the partially closed conformation reduces interactions with
the template strand and shifts the primer terminus away from
the C-subdomain, protecting it from nucleotide incorporation.

Although DNA replication and repair synthesis attempts
to preserve Watson-Crick base-pairing rules, an incorrect
dNTP is occasionally inserted. The efficiency at which this
occurs is only weakly dependent on the identity of the
polymerase.76 A DNA mismatch is an obstacle to further
DNA synthesis. For DNA polymerases that have an intrinsic
proofreading exonuclease, this provides an opportunity to
excise the misincorporated nucleotide (Figure 11). For
polymerases that lack this proofreading activity, inefficient
mismatch extension increases the probability that the po-
lymerase will dissociate from the mismatched primer ter-
minus. This provides an extrinsic proofreading enzyme
access to the mismatch. During BER, AP endonuclease has
been suggested to provide this activity.87 In some instances,
however, the DNA mismatch is extended, resulting in a
mutagenic event (base substitution error, Figure 11).88 As
described above, DNA mismatches in the confines of the
pol â active site indicate that the mispaired bases are in a

staggered conformation and do not form hydrogen bonds
with one another.62,63In contrast, the structure of mismatched
base pairs positioned at the boundary of the nascent base
pair binding pocket of theBacillus DNA polymerase I
fragment indicates that the mispaired bases form hydrogen
bonds with one another in a planar conformation.81 In most
instances, the hydrogen bonding pattern is similar to that
observed from crystal structures of mismatches in duplex
DNA in the absence of protein.

The polymerase activity of polâ is necessary for alternate
repair pathways that require longer gap-filling DNA synthesis
(long-patch BER).17,89 This alternate pathway is needed to
remove modified 5′-dRP residues that may arise during DNA
damage and not substrates for the dRP lyase activity of pol
â. Long-patch BER can be accomplished through the
sequential activities of FEN1 cleavage that generates a one-
nucleotide gap and polâ gap-filling DNA synthesis.19 These
alternating activities can result in a DNA repair patch of
2-11 nucleotides. Consequently, long-patch BER can occur
through a series of one-nucleotide gap-filling reactions or
strand displacement DNA synthesis (Figure 1b). The ef-
ficiency by which polâ inserts an incorrect nucleotide, and
extends that mispair, is highly dependent on the identity of
the mispair and the local DNA sequence context.90-92

Generally, polâ creates and extends purine-pyrimidine
mispairs (transition intermediates) more easily than pyrimi-
dine-pyrimidine or purine-purine mispairs (transversion
intermediates).76,92 A mispaired primer terminus lowers the
catalytic efficiency for correct insertion. This is usually due
to a decreased insertion rate and binding affinity for the
incoming correct dNTP. In contrast, the DNA binding affinity
is not generally affected by a terminal mismatch.92,93 The
low binding affinity of the incoming dNTP has hampered
structural characterization of relevant mutagenic intermedi-
ates.63 A kinetic survey of the extension of the 12 possible
mismatched primer termini by polâ had indicated that
homopurine mispairs are extended very poorly but permitted
binding of the following nucleotide with high affinity.92

The structure of a binary DNA complex with an A-A
mismatch at the primer terminus indicates that the mismatch
is not planar but in a staggered conformation with the
adenines stacking with one another (Figure 12a).64 The
templating adenine “opposite” the adenine of the primer
terminus has slid into the binding pocket for the base of the
incoming nucleotide so that it occupies a position ap-
proximating the coding templating base (i.e., position n). The
authentic coding templating nucleotide (deoxycytidine) is

Figure 11. Fates of a DNA synthesis base substitution error. A
mismatched primer terminus represents an obstacle for further DNA
synthesis. This provides the opportunity to be proofread by either
an intrinsic or extrinsic 3′-exonuclease. However, in some instances
the mismatch will be extended, thereby generating a mutation.
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extrahelical, and the template strand is shifted toward the
dNTP-binding site. In contrast to the staggered conformation
observed with mismatches in the active site where the
templating base stacks with the upstream duplex (Figure 10),
in this case, the primer terminus stacks with the upstream
duplex in the binary complex (Figure 12a). As with other
pol â DNA binary complexes, the N-subdomain is in the
inactive open position.

Soaking crystals of the binary DNA complex with the
nucleoside triphosphate (dGTP) complementary to the au-
thentic templating base resulted in a ternary substrate
complex (Figure 12a). In this situation, the N-subdomain
has repositioned itself to form one face of the nascent base
pair binding pocket (i.e., formed a closed conformation). In
contrast with earlier ternary complex structures with a
matched dideoxy-primer terminus, the deoxyribose of the
terminus with the mismatch has a 3′-OH. Kinetic analysis
of dGTP insertion on this particular mismatch indicates that
the rate of insertion is reduced approximately 104-fold.92 The
structure of the mismatch indicates that this 3′-OH is too
far from theRP of the incoming dNTP (6.5 Å) to promote
rapid catalysis.

In addition to closing of the N-subdomain inferred to occur
upon binding the correct dGTP, more dramatic and complex
DNA conformational changes occur. In contrast to the binary
complex where the mismatch is in a staggered conformation,
the adenine in the template strand is now in register (i.e.,
positioned atn - 1), so that it is planar with the 3′-terminal
adenine of the primer strand. To make room for the
templating strand adenine atn - 1, the adenine at the primer
terminus has rotated into asyn-conformation (Figure 12a and
c), forming a weak hydrogen bond between N6 of the
templating strand adenine and N7 of the terminal primer
adenine. This effectively positions the adenine ring toward
the major groove, resulting in a loss of stacking interactions
with the incoming nucleotide. With the templating strand
adenine in register (i.e., opposite the adenine of the primer
terminus), the authentic templating base (cytosine) is now
observed to be stacking within the DNA helix, thereby
effectively coding for the incoming dGTP.

These structures suggest that the closed polymerase
conformation is permitted only when a base pair that
conforms to a good planar geometry is situated in the nascent
base pair binding pocket and that this leads to tight binding
of the incoming nucleotide. It is expected that proper
positioning of the template base is crucial for faithful and
efficient DNA synthesis.28 An example of this principle can
be seen by examining the B-factor for the respective
nucleotides in the binary and ternary complexes with the
A-A mismatch (Figure 12b). The templating cytosine is less
well resolved (high B-factor, red) in the binary complex
where it is extrahelical; in contrast, when paired with the
incoming dGTP, the templating cytosine is better resolved
(blue). Likewise, the template adenine that does not stack
with duplex DNA in the binary complex has a higher
B-factor than that when it stacks between duplex DNA and
the stabilized templating base. However, the adenine at the
primer terminus, which has moved to asyn-conformation in
the ternary complex, is now in a volatile position owing to
the loss of stacking interactions with the template adenine.
These structures highlight the dynamic nature of DNA in
the polymerase active site and the importance of proper
template position. Indeed, binary DNA complexes of A-
family DNA polymerases indicate that these polymerases
replace the template (coding) base with an aromatic side
chain, thereby forcing the unpaired base outside the helical
axis.27 As observed here with the A-A mismatch, binding
of the correct nucleotide repositions the coding base inside
the helix axis, thereby forming Watson-Crick hydrogen
bonds with the incoming nucleotide.

Figure 12. Structure of an A-A mismatch at the boundary of the
nascent base pair binding pocket of the polâ active site.64 (a) The
polymerase is omitted for clarity. The structure of the duplex in a
binary DNA complex is illustrated on the left. The A-A mismatch
at the primer terminus (purple) is in a staggered conformation. The
template strand is red, and the primer and downstream strands are
blue. The adenine in the template strand (At-1) stacks with the
primer terminal adenine (O3′) and occludes the templating base
pocket. This forces the templating cytosine (n, yellow) to flip outside
of the helix axis. Soaking dGTP into crystals of the binary complex
resulted in a ternary complex and produced dramatic conformational
changes in the DNA near the active site. The primer terminal
adenine has moved to asyn-conformation (panel c), and the
templating cytosine has reclaimed its binding pocket to pair with
the incoming dGTP. (b) Mapping the respective structural B-factors
of the DNA nucleotides illustrates the volatile positions of the
template cytosine (n) in the binary complex and the primer terminus
in the ternary complex (red, high B-factor). Note that the template
base is stabilized (blue, low B-factor) in the ternary substrate
complex.
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2.2.5. Complexes with DNA Lesions
Oxidative damage to DNA generates 8-oxo-7,8-dihydro-

2′-deoxyguanosine (8-oxodG). Whereas the unmodified
deoxyguanine glycosidic torsion angle preference isanti,
8-oxodG favors asyn-conformation that can form a
Hoogsteen base pair with adenine (Figure 13a). During DNA
replication and repair synthesis, 8-oxodG can pair with
cytosine or adenine, and the ability to insert the nonmutagenic
C residue opposite this lesion depends on the DNA polym-
erase. DNA polymeraseâ exhibits a preference to insert
dCMP, rather than dAMP, opposite 8-oxodG,94 but this
depends on the DNA sequence context.95 The structure of
pol â with a promutagenic DNA lesion, 8-oxodG, in the
confines of its active site has been reported.62 The oxidized
guanine residue is in theanti-conformation and forms usual
Watson-Crick hydrogen bonds with the incoming dCTP
(Figure 13b). To accommodate the oxygen at the C8 position,
the 5′-phosphate backbone of the templating nucleotide flips
180°, compared with its position in structures with normal
DNA. Thus, the propensity for repositioning of the template
sugar-phosphate backbone near the polymerase active site
is one parameter that influences theanti-syn equilibrium
of 8-oxodG and the success of the enzyme in error-free
bypass of the lesion.

Although pol â preferentially inserts dCMP opposite
8-oxodG, insertion of dAMP also occurs.94 Therefore, the
structure of a ternary complex with ATP as the incoming
nucleotide opposite 8-oxodG in the templating position was
also assessed.62 It was expected that the templating 8-oxodG
would assume asyn-conformation paired with adenine.
Instead, the templating 8-oxodG assumed ananti-conforma-
tion and was in a staggered conformation with dATP, and
the N-subdomain was in the “open” conformation. The

geometry of the staggered nascent base pair is similar to that
observed in polâ complexes with mispairs in the active site,
indicating that polâ recognizes the 8-oxodG-A combination
as a mispair.

The chemical nature of the 5′-deoxyribose BER intermedi-
ate represents an important branch point for alternate BER
pathways. A normal 5′-dRP group serves as a substrate for
the lyase activity of polâ during monofunctional glycosylase-
initiated single-nucleotide BER (Figure 1a). The dRP lyase
active site is found in the amino-terminal 8-kDa domain.9

This reaction proceeds viaâ-elimination, as evidenced by
the trapping of a covalent Schiff base intermediate between
the polymerase and dRP-containing DNA strand.10 Mass
spectrometric analysis of the 8-kDa domain covalently
trapped with dRP-containing DNA indicated that NZ of
Lys72 is the sole Schiff base nucleophile96 consistent with
site-directed mutagenesis.97 If the dRP group is modified,
however, the modified sugar is removed as part of a flap
with the aid of FEN1 (Figure 1b). Tetrahydrofuran (THF) is
a closed ribose ring that is not a substrate for the lyase
reaction. A crystallographic structure of polâ bound to a
5′-phosphorylated THF residue in nicked DNA has been
reported.65 The global structure of polâ is similar to that
described above for the binary DNA complex (i.e., open
conformation). The density for the 5′-phosphorylated dRP
group is less well defined than that for the surrounding
structure, indicating that it is loosely bound in this position
(Figure 14). The dRP group is bound in a lysine-rich pocket
but, surprisingly, is distant from the Schiff base nucleophile.
The distance between the reactive atoms for Schiff base
formation, C1′/dRP and NZ/Lys72, is 10.1 Å, indicating that
the analogue is in a noncatalytic position. Additionally, other
nearby lysine residues are also too distant from C1′ to
substitute as a nucleophile. Interestingly, a simple 120°
rotation about the 3′-phosphate repositions the dRP group
in a position near NZ of Lys72. Since this analogue is not a
substrate, it cannot be concluded whether the natural substrate
would favor the noncatalytic binding mode. In any case, the
slow removal of the dRP group represents a key rate-limiting
step for single-nucleotide BER6 and influences the cytotox-
icity of simple alkylating agents.67 Finally, it remains to be
determined whether the noncatalytic binding mode may
directly influence downstream events such as the long-patch

Figure 13. Ternary complex structure of polâ with a templating
8-oxodG.62 (a) Base-pairing properties of 8-oxodG paired with
cytosine or adenine. (b) Comparison of the 5′-phosphate backbone
conformation of 8-oxodG relative to that observed in the structure
of pol â with an unmodified deoxyguanine in the polymerase active
site (gray). The presence of the sharp bend along with limited
enzyme contacts with this phosphate enables flipping of the
phosphate away from the carbonyl oxygen at C8 of 8-oxodG.55

The backbone torsion angle of the templating guanine is altered
∼180° when a carbonyl group is introduced at C8. In addition, the
Lys280 (K280) side-chain position, but not that of Asp276 (D276),
is altered in the presence of 8-oxodG.

Figure 14. Closed sugar analogue bound to the lyase domain of
pol â.65 The molecular surface of the lyase domain active site
indicates that the 5′-phosphorylated tetrahydrofuran (THF-5′P) is
bound in a noncatalytic position since the Schiff base nucleophile
(NZ of Lys72, K72)10,96 is over 10 Å from the sugar C1′. The
positions of Lys35 (K35) and Lys68 (K68) are also shown.
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BER sub-pathway choice: polâ-independent or polâ-de-
pendent (strand displacement or gap-filling) pathways.

2.3. NMR Characterization
The ability to isolate domains and/or subdomains of pol

â has provided the opportunity to characterize the solution
structure of these smaller fragments by NMR spectroscopy.
The 8-kDa lyase domain has been particularly amenable to
this approach. The backbone dynamics and the refined
solution structure of the amino-terminal lyase domain were
characterized in order to examine potential contribution(s)
of backbone motion to DNA binding and dRP lyase function
of this domain.98 NMR characterization of the binding site(s)
for a ssDNA-5mer, ssDNA-8mer, ssDNA-9mer, and dsDNA-
12mer revealed a “consensus surface” for the binding of these
various DNA oligomers; the surface surrounds and includes
the dRP lyase active-site region. The HhH motif in the lyase
domain (Figures 2 and 7) displays a significant degree of
picosecond motions within the peptide backbone that is
probably important for phosphodiester backbone DNA bind-
ing. A second HhH motif is also found in the D-subdomain
of the polymerase domain (Figures 2 and 7). These nonspe-
cific DNA binding motifs are generally found in DNA
binding proteins.74 An Ω-loop connectingR-helices 1 and 2
and helix-2 itself display significant exchange contributions
at the backbone amides due to apparent conformational type
motions on a millisecond time scale. This motion is likely
important in allowing theΩ-loop and helix-2 to shift toward,
and productively interact with, gapped DNA substrates. The
dRP lyase catalytic residues, including Lys72 that forms the
Schiff’s base, Tyr39 that is postulated to promote proton
transfer to the C1′ aldehyde, and Lys35 that is postulated to
assist in phosphate elimination, all show little or no backbone
motion. Thus, these active-site residues appear to be in a
conformationally rigid platform.

XRCC1 (X-ray cross-complementing group 1) is a DNA
repair protein that forms complexes with polâ, DNA ligase
III, and poly(ADP-ribose) polymerase in the repair of DNA
single-strand breaks.99 The domain organization of XRCC1
has been mapped, and characterization of the respective
domains involved in the interaction of the XRCC1 and pol
â complex has provided information on the specificity and
mechanism of binding.100 The domain structure of XRCC1,
determined using limited proteolysis, was found to include
an amino-terminal domain (NTD), a central BRCT-I (breast
cancer susceptibility protein-1) domain, and a carboxyl-
terminal BRCT-II domain. Using cross-linking experiments,
XRCC1 was found to bind intact polâ and the 31-kDa
polymerase domain. The XRCC1-NTD (residues 1-157)
was found to bind the 22-kDa polâ fragment comprising
the C- and N-subdomains (residues 140-335). Most of the
backbone, CR, and Câ assignments of the 22-kDa domain
were determined.101 Most recently, residues of polâ that
interact with XRCC1 were determined by NMR chemical
shift mapping (CSM) and mutagenesis.100 A 15N/13C/2H/
1H,13C-methyl[Leu,Ile,Val]-labeled polâ 22-kDa fragment
was used for assignments of the1H, 15N, and13C resonances
by CSM upon forming a complex with the XRCC1-NTD.
Large chemical shift changes were observed in the N-
subdomain with complex formation.15N relaxation data
indicate reduction in high-frequency motion for an N-
subdomain loop and three C-subdomain turn/loops, which
showed concomitant chemical shift changes with complex
formation. Deletion of residues Val303-Val306 or a triple

mutant (L301R/V303R/V306R) abolished the NTD interac-
tion. It remains to be determined how this interaction
influences the efficiency of BER or polâ-dependent activi-
ties, but progress in this direction has been made re-
cently.102,103

In recent years, there has been considerable effort toward
isolating and identifying natural product inhibitors of mam-
malian DNA polymerases. The interaction of bile acid and
long-chain fatty acid polâ inhibitors with the 8-kDa lyase
domain has been characterized by NMR.104,105The binding
site for the known natural product inhibitor koetjapic acid
(KJA)106 was identified by CSM to the lyase domain.107

Specifically, CSM suggests the binding site includes Gly66
and Ile69 that are part of the HhH motif (Figure 2) that
interacts with downstream duplex DNA (Figure 7). Two
structurally similar triterpenoid compounds and several other
synthetic compounds containing aromatic or other hydro-
phobic groups in combination with two carboxylate groups
were found to bind to the same or similar sites on the lyase
domain. The polâ residues that interact with the inhibitor
include Lys35, Gly66, Ile69, Arg83, and Leu85. These
residues overlap the DNA binding and lyase active sites. In
addition, Lys35 is also known to be involved in both ssDNA
binding and 5′-phosphate recognition in gapped DNA.55,97

The ability of these compounds to potentiate methyl meth-
anesulfonate (MMS) cytotoxicity, an indicator of cellular
BER capacity, in wild-type and polâ null mouse fibroblasts
identified pamoic acid as the most active.In Vitro analysis
confirmed that pamoic acid could inhibit both DNA synthesis
and dRP lyase activities on a BER substrate.107 These results
indicate that NMR-based mapping techniques can be used
in the design of small molecule enzyme inhibitors.

3. Catalytic Mechanism

3.1. Kinetic Mechanism of DNA Synthesis

DNA polymerases utilize a similar kinetic mechanism
(Figure 15a). As described below, the magnitude of each
step is dependent on the specific polymerase as well as the
DNA sequence. Steady-state kinetic analyses indicate that
pol â follows an ordered addition of substrates.108 After
binding a DNA substrate, DNA polymerases preferably bind
a nucleoside triphosphate that preserves Watson-Crick
hydrogen bonding as dictated by the template base (step 1).
Upon binding the correct dNTP, the ternary complex
undergoes numerous conformational changes (step 2). As
described above, these include subdomain motions, protein
side-chain repositioning, and DNA structural alterations. In
some instances, these conformational changes limit the rate
of nucleotide insertion so that the chemical step (step 3) is
not rate-limiting.109,110 The identity of the rate-limiting
conformational change is not known, but experimental
evidence strongly suggests that subdomain motions are too
fast to limit chemistry.68,111Following chemistry, the ternary
product complex undergoes a conformational change (step
4) that facilitates PPi release (setp 5). At this point, the
extended product (DNA+1) is released (single-nucleotide
insertion) or serves as substrate DNA for another round of
insertion (processive DNA synthesis).

3.1.1. Kinetic Characteristics of DNA Polymerase â

There are three standard kinetic approaches used to
characterize the kinetic steps of polâ: (i) steady-state
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kinetics, (ii) pre-steady-state kinetics, and (iii) single-turnover
kinetics. These approaches differ from one another by the
ratio of polymerase to DNA as well as the concentration of
enzyme. Traditionally, a steady-state approach employs a low
concentration of enzyme relative to substrate DNA (E,
DNA). In contrast, a pre-steady approach uses a high
concentration of enzyme to follow the formation and decay
of intermediates (high E, E< DNA). Finally, a single-
turnover analysis employs a high concentration of enzyme
so as to follow catalytic events at the active site without
interference from catalytic cycling (high E, E. DNA)
(Figure 15b). These later two approaches often require a
rapid-mixing and quenching instrument.

Using defined template-primer oligonucleotides, it is
possible to measure the kinetics of nucleotide insertion by
all three techniques. For a well-defined mechanism, the
results of all three techniques should be self-consistent (i.e.,
be predictive of the results from other approaches). Thekcat

andKm values ascertained from a steady-state approach must
be interpreted in the context of a defined mechanism.112 Only
in this way can these values be interpreted reliably. For a
polymerase that binds DNA tightly (slowkoff) and inserts a
nucleotide rapidly (k3 or k4 . koff), a burst of product
formation occurs during the first turnover.113 Subsequent
turnovers occur at a steady-state rate that is equivalent to
koff. The burst phase is referred to as the pre-steady-state.
The amplitude of the burst is equivalent to the active enzyme
fraction, and the rate of the burst can be described by a single
exponential that will saturate at high dNTP concentrations.
The maximal rate of this phase is defined askpol (step 3 or

4), and the hyperbolic dNTP concentration dependence
defines theKd,dNTP (step 2).

A pre-steady-state analysis of polâ-dependent single-
nucleotide gap filling demonstrates that the pre-steady-state
and steady-state phases of the reaction are not well-
separated.68 This is due to the similar magnitudes ofkpol and
koff,DNA, resulting in partially rate-limiting steps during the
course of the reaction. An alternate approach to definekpol

and Kd utilizes the single-turnover experiment so that
catalytic cycling does not interfere with the reaction. This is
the most common approach that is used to kinetically
characterize wild-type and mutant forms of polâ currently.

DNA polymeraseâ prefers to bind gapped DNA substrates
that have a 5′-phosphate on the downstream strand in the
gap.114 In the absence of this downstream strand, polâ has
very low DNA binding affinity. In contrast, tight DNA
binding does not require the upstream strand that would
normally be extended. This result suggests that polâ targets
short DNA gaps in DNA through the 5′-phosphate on the
downstream portion of the gap. Only when a 3′-OH is
“within reach” will it be extended. This is consistent with
the processive gap-filling DNA synthesis observed with short
(<5 nucleotide) DNA gaps.115 Surprisingly, polâ can extend
template-primers that do not have a downstream strand (i.e.,
not gapped). This is due to the increased DNA binding
affinity of pol â for these substrates in the presence of the
correct nucleotide (unpublished data). Single-turnover analy-
sis indicates that polâ prefers a single-nucleotide-gapped
DNA substrate with kinetic parameterskpol, Kd,dCTP, and
Kd,DNA of 10 s-1, 6 µM, and 20 nM.68 It should be noted that
these parameters are dependent on DNA sequence and
solution conditions. Accordingly, these should be carefully
scrutinized before attempting to draw conclusions from data
published from different laboratories.

The dNTP binding pocket of DNA polymerases is formed
by the template base, DNA duplex terminus, and enzyme.
In the ternary substrate complex of polâ, the nascent base
pair (templating and incoming nucleotides) is sandwiched
between the duplex DNA terminus andR-helix N (Figure
5a). It is observed that normal Watson-Crick pairing, as
well as aberrant primer termini, has a strong influence on
correct nucleotide insertion.92 The insertion efficiency (kcat/
Km, dGTP-dC) is highly dependent on the sequence identity
of the DNA terminus: G-C ∼ A-T > T-A ∼ C-G
(template-primer). Mismatches at the primer terminus
strongly diminish nucleotide insertion but do not affect DNA
binding affinity. Transition intermediates are generally
extended more easily than transversions. The loss of catalytic
efficiency with purine-purine mismatches is entirely due
to the inability to insert the incoming nucleotide, since the
Kd,dGTPis not affected. Abasic sites and extra nucleotides in
and around the duplex terminus indicate that altering the
primer strand is more detrimental to the nascent base pair
binding pocket than the equivalent modification in the
template strand. These results define the influence of wild-
type enzyme on “aberrant” DNA structures that represent
mutagenic intermediates.

To determine whether a conformational change (step 3)
or chemistry (step 4) limitskpol, the rate constant for the
incorporation of aR-thio-substituted dNTP analogue is
usually examined and compared to that for the natural
nucleotide. Due to the lower electronegativity of sulfur
relative to oxygen, a significant decrease in rate upon sulfur
substitution would suggest that chemistry is rate-limiting.

Figure 15. General kinetic pathway for DNA synthesis. (a)
Complete kinetic scheme governing the kinetics of nucleotide
insertion illustrating an ordered binding of substrates. Additionally,
this scheme includes two central ternary complexes that have
undergone a conformational change (*). For polâ, there are several
conformational changes that occur upon ligand binding, but whether
they are kinetically significant is unknown. The scheme also
illustrates the continued synthesis of DNA without the enzyme
dissociating from the DNA (processive DNA synthesis, upper loop)
and catalytic cycling where the polymerase dissociates after each
insertion event (single-nucleotide insertion, lower loop). (b) Simpli-
fied kinetic scheme operative for all DNA polymerases under single-
turnover conditions. See text for discussion.
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Model studies with phosphate triesters indicate a large
elemental effect upon substitution of sulfur at a nonesterified
position, whereas studies with phosphate diesters indicate
smaller decreases in rate upon sulfur substitution.116 The thio-
elemental effect observed for polâ is only 2.1, suggesting
that a step other than chemistry may be rate-limiting.68

However, this interpretation must be tempered since the
intrinsic elemental effect is not known, and there are steric
considerations, in addition to the electronegativity of sulfur,
that could influence the observed rate.110

Liu and Tsai117 have examined the stereoselectivity of pol
â for the Rp and Sp isomers of dATPRS by single-turnover
experiments. Sulfur substitution atRP makes this phosphate
a chiral center with the nonbridging atoms defined as Sp or
Rp. As with other DNA polymerases, polâ prefers to insert
the Sp isomer. However, it can also insert the Rp isomer
with a 57-fold lower efficiency. Replacing Mg2+ with more
thiophilic metals such as Mn2+ or Cd2+ did not alter the
selectivity in a predictable manner, indicating again that
possible steric influences are affecting insertion efficiency.
The Sp isomer of the triphosphate would have the nonbridg-
ing oxygen coordinating the catalytic and nucleotide binding
metals (Figure 8), and the sulfur interacting with H2O.55

Significantly, other A-, B-, and RT-family polymerases for
which there is a ternary substrate complex indicate that the
pro-Sp oxygen interacts with a basic side chain. In contrast,
this oxygen coordinates a water molecule for catalytically
less efficient polymerases from the X- and Y-families.53

Another approach commonly used to identify if a nonchem-
ical step limits nucleotide insertion is to compare the apparent
concentration of the ternary substrate complex formed when
the reaction is quenched with acid (pulse-quench) with the
concentration when it is chased with nucleotide (pulse-chase;
use unlabeled dNTP as a chase when following radioactive
dNTP incorporation). If a dNTP-bound complex exists where
the dNTP is not in rapid equilibrium with free dNTP (e.g.,
complex between steps 2 and 3) and the chemical equilibrium
(step 4) permits accumulation of the isomerized ternary
substrate complex, then more product will be formed with
the chase protocol than with the acid quench. This central
complex will be quenched immediately with acid, but if it
is not in equilibrium with free dNTP, then this complex can
form product in the presence of a cold dNTP. However, since
the apparent burst for polâ is partially rate limited by at
least two steps, and it appears it has a strong commitment
to product formation, very little isomerized ternary complex
can accumulate, even if a rate-limiting conformational change
limits nucleotide insertion. However, structural characteriza-
tions of polâ in different liganded states clearly identify a
number of conformational changes that must occur before
the transition state is achieved. Indeed, the apparent binding
affinity for gapped DNA is nearly 200-fold tighter in the
presence of a correct nucleotide than in its absence, indicating
that a conformational change has occurred.92

Steady-state kinetic characterization of mouse polâ failed
to demonstrate a reversal of the polymerization reaction (i.e.,
pyrophosphorolysis) in the presence of PPi with activated
DNA. Yet, PPi was inhibitory for DNA synthesis.108 Whereas
pyrophosphorolysis can be measured on nicked DNA, its rate
is significantly diminished on single-nucleotide-gapped DNA
(unpublished data). This suggests that the primer terminus
of a one-nucleotide-gapped substrate does not readily enter
the polymerase active site: an event required to add PPi to
the terminal dNMP primer residue.

3.1.2. Fidelity
DNA polymerases produce several classes of errors during

DNA synthesis.88 One of the most common errors is a base
substitution error where an incorrect nucleotide (does not
preserve Watson-Crick base pairing) is inserted opposite
the templating nucleotide. Kinetically, there are several
opportunities for a polymerase to discriminate against
incorrect nucleotide incorporation. It can bind the incorrect
nucleotide weakly (step 1, Figure 15a) and insert it more
slowly (steps 2 and/or 3). If an incorrect nucleotide is
inserted, further DNA synthesis is inefficient. This provides
the opportunity for an intrinsic proofreading activity (e.g.,
3′-5′ exonuclease) to remove the “mistake” or allow the
polymerase to dissociate to permit an extrinsic enzyme the
chance to remove the mispair (e.g., AP endonuclease). The
error rate for polâ single-nucleotide gap filling is about 1
error/3000 nucleotides synthesized118 and is even greater with
larger gaps.91 This represents a moderate fidelity in terms
of the wide spectrum of fidelities exhibited by natural
exonuclease-deficient DNA polymerases.76

DNA polymerase fidelity or specificity expresses the
ability of a polymerase to select a correct dNTP from
structurally similar incorrect molecules. Fidelity is quantified
from the ratio of specificity constants (catalytic efficiencies)
for alternate substrates (i.e., correct and incorrect dNTPs).
An analysis of the efficiency of dNTP (correct and incorrect)
insertion from published work from exonuclease-deficient
DNA polymerases from five families derived from a variety
of biological sources reveals that a strong correlation exists
between the ability to synthesize DNA and the probability
that the polymerase will make a mistake (i.e., base substitu-
tion error).76 Unexpectedly, this analysis indicates that the
difference between low- and high-fidelity DNA polymerases
is related to the efficiency of correct (varying 107-fold), but
not incorrect, nucleotide insertion. Thus, low-fidelity DNA
polymerases lack the ability to insert the correct nucleotide.
Inefficient enzymes (i.e., poor correct nucleotide insertion
efficiency) exhibit low fidelity, whereas efficient polymerases
display high fidelity. Unexpectedly, low-fidelity naturally
occurring polymerases generally insert wrong nucleotides
with an efficiency that is similar to, or lower than, that of a
polymerase with higher fidelity. Low-fidelity polymerases
appear to be an evolutionary solution to how to replicate
damaged DNA, or DNA repair intermediates, without
burdening the genome with excessive polymerase-initiated
errors. Enzyme efficiency is quantified by a ratio of kinetic
parameters. From steady-state kinetics, efficiency is given
by kcat/Km,dNTP, whereas it is defined bykpol/Kd,dNTP when
determined by a pre-steady-state approach or single-turnover
analysis. As predicted from the kinetic mechanism, efficiency
is identical, independent of the kinetic approach (i.e.,kcat/
Km,dNTP ) kpol/Kd,dNTP). This has been verified for polâ,57,68

and these kinetic parameters can be reliably used to determine
enzyme specificity. Fidelity can be calculated from the
expression

where (eff) refers to the catalytic efficiency for correct
or incorrect insertion. Note that in most instances
(eff)incorrect, (eff)correct, so that fidelity is the simple ratio of
catalytic efficiencies. More importantly, it is a measure of
the total number of insertions that occur before a misinsertion
event. Accordingly, structure-function studies of DNA po-

fidelity ) {(eff)correct+ (eff)incorrect}/(eff)incorrect
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lymerases must interpret site-directed mutagenesis results in
terms of catalytic efficiencies. If the fidelity of a mutant
polymerase is altered, then the catalytic efficiency for the
alternate substrates isdifferentially affected by the protein
modification, indicating that the side chain of interest
provides different interactions for the correct and incorrect
incoming nucleotides.

The numerous conformational changes observed when
binding a correct dNTP are consistent with an induced-fit
model for enzyme specificity. The induced-fit model states
that, after initial correct dNTP binding, conformational
changes of the ternary complex result in an activated complex
where catalytic residues are “aligned” for chemistry. In
contrast, the incorrect dNTP results in a poor fit such that
alternate conformational changes result in a suboptimal
“activated” complex. Much of the discussion in the literature
relative to the induced-fit model has relied on the assumption
that a rate-limiting conformational change must limit correct
nucleotide insertion.109,119As discussed above, clear evidence
for a rate-limiting conformational change is lacking for pol
â. Additionally, kinetic,68,111structural,61 and modeling86,120-122

experimental approaches suggest that subdomain motions are
too rapid to limit nucleotide insertion. Nevertheless, it has
been pointed out that induced fit can alter enzyme specificity
even when critical conformational changes are kinetically
silent,123 such as when the transition states for correct and
incorrect incorporation are unique. Although an induced fit
model reduces enzyme specificity relative to a situation
where a unique transition state exists, the reduced specificity
represents an acceptable compromise for an enzyme such
as a DNA polymerase that must select a different/new
substrate (DNA and dNTP) with each catalytic cycle.

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 modulated 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 polym-
erase-dependent attributes that contribute to correct insertion
efficiency. A comparison of crystallographic ternary substrate
complexes of DNA polymerases from five families exhibiting
a range of nucleotide insertion rates reveals that the
geometries of the nascent base pair binding pockets are
similar, consistent with the similar binding affinities reported
for the correct nucleotide for these DNA polymerases.53 Thus,
the loss in catalytic efficiency for correct insertion by low-
fidelity polymerases is due to a decreased rate of nucleotide
insertion. A comparison of the electrostatic environment of
the reaction atoms indicates that low-fidelity DNA polym-
erases have unique aspects that influence the transition state
for correct insertion.

3.1.3. Site-Directed Mutagenesis

An important approach to deduce the role of individual
amino acids is through structure-based site-directed mu-
tagenesis. DNA polymeraseâ mutant enzymes that have been
examined fall into two broad categories, those that directly
interact with the nascent base pair and those that influence
catalysis from a distant site. This later category suggests that
the conformational adjustments that occur during catalytic

cycling can transmit a structural signal or perturbation to
the active site.

Upon binding a correct nucleotide, it is clear that the
N-subdomain closes around the nascent base pair. This is
accomplished by a simple rotation withinR-helix M. An
aromatic residue at the base of this helix, Tyr265 (Figure
16a), has been examined in detail by site-directed muta-
genesis.124-128 The results show that altered interactions at
this site can alter fidelity (base substitution and frame shift),
catalytic efficiency, and the ability to extend certain mispairs.
In regard to catalytic efficiency, the Y265H is extraordinary
in that the catalytic efficiency for insertion of dGTP opposite
A is elevated 10-fold.127 Coupled with the 10-fold loss in
catalytic efficiency for correct insertion, this translates into

Figure 16. Position of key residues in polâ probed by site-directed
mutagenesis. (a) Ribbon representation polâ where the polymerase
domain is colored turquoise and the lyase domain is gold. The DNA
backbone is magenta, and the 3′- and 5′-ends of the primer and
downstream strands are indicated, respectively. Site-directed mu-
tagenesis has identified several residues (blue) that do not interact
with substrates but influence catalytic activity and/or fidelity when
altered. See text for discussion. (b) Key dRP lyase active-site
residues are identified in this product complex (i.e., after removal
of the dRP group; the 5′-nucleotide is orange and is part of the
first base pair in the downstream duplex). See text for discussion
of the proposed role of these side chains in the lyase mechanism.
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a 100-fold loss of fidelity. More importantly, the increase
in efficiency for incorrect insertion makes this polymerase
a mutagenic threat. Another hydrophobic residue near Tyr265
is Ile260. Ile260 is situated at the boundary between the C-
and N-subdomains (Figure 16a). Alterations of this side chain
can also influence catalytic efficiency, and His and Gln
variants exhibit lower fidelity.129 Kinetic characterization of
I260Q indicates that the loss in fidelity is specifically due
to a loss in dNTP binding discrimination (Kd,correctg Kd,incorrect)
whereaskpol is not affected.130

A large loop under the C-subdomain connects two adjacent
antiparallel â-strands. Mutation of three residues in this
region (Asp246, Glu249, and Arg253; Figure 16a) has been
shown to modulate polymerase fidelity by three different
apparent mechanisms. The D246V mutant exhibits decreased
discrimination by enhancing the efficiency of incorrect
nucleotide insertion.131 In contrast, a R253M mutant is
resistant to AZTTP, as demonstrated by a loss of efficiency
for AZTTP insertion.132 It was further shown that the R253M
variant discriminates against other dNTP analogues better
than wild-type enzyme.133 Last, a E249K mutant has been
shown to exhibit a mutator phenotype, but the fidelity for
base substitution errors is not altered as determined by kinetic
analysis.134 It was shown that this mutant could extend
mispairs more efficiently than wild-type enzyme.

Thr79 sits at the bottom of one of theR-helixes of the
HhH motif in the lyase domain (Figure 16a). It is near the
protease-sensitive peptide that connects the two enzymatic
domains of pol â. Accordingly, this region undergoes
significant conformational adjustments upon interactions of
the two domains to an incised DNA strand. In the absence
of downstream DNA, however, the lyase domain only makes
limited, if any, contact with the ssDNA template.28 Interest-
ingly, a serine mutant at this position does not influence the
fidelity of single-nucleotide gap filling but decreases the
fidelity of DNA synthesis on nongapped substrates.135 This
suggests that the lyase domain may interact with the ssDNA
template or that the mutant protein transmits an altered
conformation of the lyase domain into the adjacent D-
subdomain that is responsible for orienting the primer
terminus in the polymerase active site.

Lys289 sits at the end ofR-helix N of the N-subdomain
(Figure 16a). A variant identified from a colorectal carci-
noma, K289M, exhibits a mutator phenotypein ViVo.136

Characterization of the purified mutant polymerase suggested
that it discriminated against incorrect nucleotides less readily
than wild type. It was postulated that the modified protein
altered DNA positioning, leading to a higher proportion of
misincorporations. More importantly, it was suggested that
the variant might have been responsible for tumorigenesis.

A number of substrate-interacting and active-site residues
have also been examined by site-directed mutagenesis, and
in most instances, they confirm the role of the individual
side chain in binding and catalysis. In this way, the critical
role of the active-site aspartates (Asp190, Asp192, Asp256,
Figure 8) has been confirmed.67,137,138Additionally, Ser180
and Arg183 contribute significantly to catalysis.139,140These
side chains hydrogen bond to nonbridging oxygens on the
γ- andâ-phosphates, respectively.

Structures of DNA polymerases bound with DNA reveal
that the 5′-trajectory of the template strand is dramatically
altered as it exits the polymerase active site (Figure 3b). This
distortion provides the polymerase access to the nascent base
pair to interrogate proper Watson-Crick geometry. Upon

binding a correct dNTP,R-helix N of pol â is observed to
form one face of the binding pocket for the new base pair.
Asp276 and Lys280 stack with the bases of the incoming
nucleotide and template, respectively (Figure 5a). Variants
at residue 276, including glutamate, increase the incoming
nucleotide binding affinity during template base recogni-
tion.68,141,142The implication is thatR-helix N and Asp276
influence ground-state binding in the closed conformation
that occurs prior to the rate-limiting step so that that
subdomain closure must be very rapid and not rate-limiting.68

To determine the role of Lys280, seven site-directed
mutants were characterized.57 The catalytic efficiency for
single-nucleotide gap filling with the glycine mutant (K280G)
was strongly diminished relative to the case of wild type for
templating purines due to a decreased binding affinity for
the incoming nucleotide. In contrast, catalytic efficiency was
hardly affected by glycine substitution for templating py-
rimidines. The fidelity of the glycine mutant was identical
to that of wild-type enzyme for misinsertion opposite a
template thymidine, whereas the fidelity of misinsertion
opposite a template guanine was modestly altered. The nature
of the Lys280 side-chain substitution for thymidine triphos-
phate insertion (templating adenine) indicates that Lys280
“stabilizes” templating purines through van der Waals
interactions. The observation that glycine substitution for
Lys280 results in a decrease in catalytic efficiency that is
strongly dependent on the identity of the templating base
indicates that interactions with the nascent base pair may be
energetically unique for formation of each Watson-Crick
base pair. Thus, residue 280 interactions with templating
purines are more important than they are for templating
pyrimidines, suggesting that template positioning and sta-
bilization is unique for each base pair.

Closing of the N-subdomain upon nucleotide binding
positions three residues (Tyr271, Asn279, Arg283) within
hydrogen bonding distances to groups in the DNA minor
groove around the nascent base pair binding pocket (Figure
5b). Tyr271 hydrogen bonds to the minor groove edge of
the primer terminus in the closed ternary complex but
hydrogen bonds to the minor groove edge of the templating
base in the open binary complex (Figure 5b). In the nicked
DNA product structure, Tyr271 hydrogen bonds with the
base at the primer terminus.27 In this latter situation, the
primer terminus is in the dNTP site. Surprisingly, mutants
at this position have little or no effect on catalytic ef-
ficiency.58,143In addition, alanine substitution for Tyr271 has
little or no effect on insertion efficiency with mismatched
termini or when an abasic site is positioned opposite the
primer terminus.92 Unexpectedly, these results suggest that
Tyr271 does not play a critically important role during correct
nucleotide insertion independent of whether the primer
terminus is properly base paired. Alternatively, the hydrogen
bond provided by Tyr271 may be very important to catalytic
cycling, but the polymerase has compensated for the loss of
this hydrogen bond by altering active-site hydrogen-bonding
patterns as suggested by molecular dynamics simulations.144

Side-chain substitution at Asn279 is also observed to have
no or little effect on polâ fidelity or catalytic efficiency for
Watson-Crick base pairs.58,143However, the N279A mutant
was observed to alter the specificity of 8-oxodGTP insertion
relative to the case of wild-type enzyme but not the
specificity when 8-oxodG was the templating base.94 This
suggests that interactions of 8-oxodGTP with Asn279 in the
polymerase active site may influence the conformation of
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8-oxodGTP and therefore alter its misincorporation. Asyn-
conformation of 8-oxodGTP positions the oxygen at C8 in
the minor groove that would normally be occupied by O2
or N3 or pyrimidines or purines, respectively, in a Watson-
Crick base pair.62

Arg283 hydrogen bonds with the sugar immediately
upstream of the templating base and forms a van der Waals
contact with the templating base (Figure 5b). Rationale or
random mutagenesis of the polymerase active site generally
results in mutant enzymes that have moderately reduced or
improved specificity. Alanine substitution for the Arg283
residue of polâ (R283A) results in a dramatic loss of
catalytic efficiency for correct insertion and fidelity, implying
that catalytic efficiency for correct nucleotide insertion and
discrimination were coupled.58 Subsequently, it was found
that the nature of the side-chain substitution at this residue
influences the base-substitution specificity118 and frame-shift
fidelity.69 A kinetic analysis of the R283A mutant of human
pol â indicates that there is a 33 000-fold loss in catalytic
efficiency for insertion of dCTP opposite a templating
guanine within a single-nucleotide-gapped DNA substrate
relative to the case of the wild-type enzyme. In contrast, the
mutant enzyme inserts dTTP opposite guanine 15-fold less
efficiently than wild-type enzyme. Since fidelity is the ratio
of catalytic efficiencies, the mutant enzyme has a 2400-fold
lower ability to discriminate against dTTP insertion relative
to dCTP insertion. This loss in discrimination is entirely due
to the loss of the ability to insert the correct nucleotide,
dCTP, since dTTP insertion efficiency is reduced in the
mutant enzyme. Thus, the fidelity of this mutant is decreased
simply because it can no longer synthesize DNA. This is
the strategy used by natural polymerases to modulate their
fidelity.76 This is in contrast to the Y265H mutant described
above that exhibited an increase in efficiency for incorrect
nucleotide insertion.127 A ternary substrate complex structure
of the R283A mutant indicates that it is in the open
conformation.58 Since correct, but not incorrect, nucleotide
insertion is specifically affected, this observation suggests
that correct insertion occurs from a closed conformation
whereas incorrect insertion occurs from an open or partially
open conformation. Consistent with this idea is the observa-
tion that structures of Y-family DNA polymerases have an
“open” templating site145 that specifically lowers the ef-
ficiency of correct insertion.53

A rare cis-peptide bond occurs between Gly274 and
Ser275 that creates a sharp turn between twoR-helices (M
and N) that contribute significant interactions with the
nascent base pair (Figure 10). Proline substitution for Gly274
would be expected to clash with the incoming nucleotide
and alter helix interactions with the nascent base pair. The
mutant enzyme (G274P) exhibited a 104-fold decrease in
catalytic efficiency.76 The loss of efficiency, however, did
not have a dramatic effect on fidelity, indicating that this
mutation altered correct and incorrect insertion to about the
same extent. Thus, although all natural low-fidelity DNA
polymerases are inefficient, not every inefficient DNA
polymerase has low fidelity.

As noted previously, there are several residues that
reposition themselves in response to closing/opening of the
N-subdomain (Figure 6). Some of these have been altered
and characterized. As described above, Asp192 and Arg283
play significant roles in catalysis. Likewise, alanine and
lysine substitution for Glu295 severely decreases cataly-
sis.140,146Interestingly, the lysine variant has been identified

in a human gastric carcinoma, and it has been found that it
could compete with wild-type enzyme in anin Vitro BER
assay.146 Phe272 positions itself between Arg258 and Asp192
in the closed conformation. Leucine substitution at this
residue results in a mutant enzyme with a decreased fidelity,
but it has only a modest effect on catalytic efficiency. Since
leucine is a relatively bulky hydrophobic side chain, it will
be interesting to see what the effect on catalytic efficiency
will be of removing a greater portion of this side chain. Since
Arg258 stabilizes an inactive conformation, it will also be
interesting to examine the influence of alterations at this
residue on correct/incorrect nucleotide insertion. A steady-
state kinetic analysis on a homopolymeric template-primer
system suggests that alanine substitution has little, if any,
effect.138 It remains to be seen what the influence of such a
mutation is on single-nucleotide gap filling.

3.2. Polymerase Dynamics

3.2.1. Spectroscopic Analyses

Spectroscopic monitoring of rapid conformational changes
has provided critical information on the dynamic nature of
the polymerase and DNA substrate. This information is a
prerequisite in attempting to assign molecular events to
specific kinetic steps. Tsai and co-workers have used a
fluorescent base (2-aminopurine) strategically positioned in
the DNA to monitor enzyme and substrate conformational
changes by stopped-flow analysis.147,148Using an exchange-
inert metal-dNTP complex, they were able to form a ternary
complex poised for catalysis but lacking the catalytic metal.
Formation of the “poised” ternary complex was associated
with a rapid fluorescence transient phase that appears to be
associated with subdomain closing. Addition of the catalytic
metal resulted in a second fluorescent phase that had an
identical rate of product formation. Consequently, they
assigned this step to chemistry.

DNA polymeraseâ also has one intrinsic tryptophan
residue (Trp325) located in the N-subdomain. To probe the
microenvironment and dynamics of the lyase domain and
R-helix N in the polymerase domain, the native tryptophan
was replaced with alanine and tryptophan was substituted
for Phe25 or Leu287.149 Influences of substrate on the
fluorescence anisotropy decay of these single-tryptophan
forms of polâ indicated that the segmental motion ofR-helix
N was rapid (∼1 ns) and far more rapid than the step that
limits chemistry. Binding of Mg2+ and/or gapped DNA did
not cause a noticeable change in the rotational correlation
time or angular amplitude of tryptophan inR-helix N. More
important, binding of a correct nucleotide significantly
limited the angular range of the nanosecond motion within
R-helix N. In contrast, the segmental motion of the 8-kDa
domain was “frozen” upon DNA binding alone, and this
restriction did not increase further upon nucleotide binding.

NMR has been used to study the dynamic aspects of ligand
binding to polâ.150,151The six methionine residues of polâ
can be labeled with [methyl-13C]methionine without altering
the activity or normal folding properties of the polymerase.
This selective labeling of the methionine methyl carbons
permits a means of probing structural and dynamic features
of the protein in the vicinity of these residues when the
polymerase binds substrates. The methionine residues are
situated in the lyase domain (Met18) and the C- (Met155,
Met158, Met191, and Met236) and N-subdomains (Met282).
Addition of the single-stranded template selectively broad-
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ened the methyl resonance of Met18 in the lyase domain.
Further addition of a 5′-phosphorylated downstream oligi-
nucleotide shifted and sharpened this resonance. Formation
of an abortive ternary complex, enzymatically produced like
that employed for crystallography studies, resulted in sig-
nificant shifts for Met155, Met191, Met236, and Met282.
The resonance signal for position 282 is of particular interest
because this residue is in the middle ofR-helix N that stacks
with the nascent base pair in the crystal structure of the closed
pol â ternary complex (Figure 5). The shifted and broadened
resonance signal of Met282 suggests exchange among several
conformational forms in the closed complex. It remains to
be determined what the significance of this apparent induced
motional freedom is on catalysis.

Watson-Crick hydrogen bonding plays a crucial role in
stabilizing the structure of DNA. However, the role of these
hydrogen bonds for substrate discrimination during DNA
synthesis is unclear. Kool and co-workers152 have demon-
strated the utility of fluorinated nucleoside isosteres for
separating the contributions of hydrogen bonding of the
nascent base pair from steric and geometric constraints
imposed by the nascent base pair binding pocket. Studies
utilizing the thymine isostere 2,4-difluorotoluene (F) have
demonstrated that the contribution of hydrogen-bonding
interactions between the bases of the nascent base pair and
the polymerase varies significantly and depends on the
polymerase. For polâ, the presence of the F-isostere in the
templating position fails to support polymerization.153 Using
[methyl-13C]Met-labeled polâ, it was demonstrated that
replacement of a templating thymine base with the F-isostere
fails to support the large conformational change that is
monitored by Met282.151 These studies demonstrate that the
block in catalysis is directly related to the absence of the set
of conformational transitions that include the open to closed
transition monitored by Met282.

3.2.2. Computational Characterization

Computational approaches provide an attractive method
to bridge the gap between crystallographic and kinetic
studies. This approach can provide information on dynamic
and energetic contributions to catalysis and substrate speci-
ficity (fidelity). High-temperature and targeted molecular
dynamics simulations suggest closure of the N-subdomain
does not occur in a single concerted step (Figure 6).86,154

Instead, there is a sequence of structural events that lead to
the closed or open conformation observed in the ternary
substrate or binary complex, respectively. Specifically, it was
found that Arg258 side-chain rotation toward Asp192 during
opening is slower than the Phe272 ring flip and that the
global N-subdomain motion is very fast. Additionally, the
roles of the residues involved in this conformational “signal-
ing” pathway near the polâ active site (Figure 6) were
examined by site-directed alterations and computer simula-
tions. The results indicated that, in some instances, structural
alterations occurred to compensate for the loss of critical
interactions (i.e., Tyr271).155

These computational studies have been extended to
examine the active-site accommodations that could occur
when introducing a mismatch in the active site before156 or
after chemistry.154 Analysis of the simulated structures after
chemistry revealed that the degree of structural distortion
provided insight to how extension of a mismatch may be
averted. The distortions (GG> CC > CA) paralleled the
experimentally deduced inability of polâ to extend these

mispairs.92 Furthermore, the simulations with an incorrect
dNTP in the active site indicated that the mismatch distorted
the coordination geometry of the catalytic metal,156 and these
distortions parallel the catalytic efficiency for insertion of
the respective incorrect nucleotides.92 These results are
consistent with the catalytic-metal-induced conformational
adjustments observed in the pretransition complex described
earlier (Figure 8).66 The new structure also provides the
opportunity to apply hybrid quantum mechanical and mo-
lecular mechanics approaches to investigate the chemical
mechanism.157,158

3.3. Lyase
The dRP lyase activity represents the slowest step during

monofunctional glycosylase-initiated single-nucleotide BER.6,67

However, it has not been studied as extensively as the DNA
synthesis reaction and the mechanism ofâ-elimination is not
well understood. An AP site in DNA is in equilibrium
between three species: theR- and â-hemiacetals that are
2′-deoxy-D-erythro-pentofuranoses, and the open-chain al-
dehyde. While the predominant form of an AP site in solution
is a mixture of theR- and â-hemiacetals, the ring-opened
aldehyde form represents less than 1% of the total AP sites
at equilibrium, as determined by NMR.159 It is generally
accepted that the ring-opened aldehyde species is the most
reactive of the AP site species toward nucleophilic attack,
but it is unclear whether this species arises as an enzyme-
catalyzed ring-opening step or by the enzyme simply waiting
for the ring-opened form to occur by uncatalyzed equilibra-
tion. A general framework for the lyase reaction catalyzed
by the bifunctional DNA glycosylases has been proposed.8,160

The enzyme employs an amine as a nucleophile to attack
the C1′ of the sugar associated with the damaged base,
thereby forming an imino intermediate (Schiff base). An
experimental hallmark of the reaction is the formation of an
imino intermediate between the enzyme and substrate DNA
that may be isolated as a stable complex upon reduction with
sodium borohydride. More recently, several crystal structures
of borohydride-trapped enzyme/DNA intermediates have
been reported.160,161 The DNA strand cleavage reaction
catalyzed by these enzymes appears to proceed by asyn
â-elimination involving abstraction of the2′-pro-S proton
and formation of atrans-R,â-unsaturated aldose product.162

As described earlier, the structure of polâ bound to nicked
DNA with a 5′-THF residue indicated that C1′ and the
nucleophile (NZ of Lys72) were distant from one another
(Figure 14). This structure suggested a model where the sugar
must rotate 120° to position C1′ near Lys72. On the basis
of this model, a lyase mechanism for polâ has been
proposed.65 Several important residues (Glu26, Ser30, His34,
Lys35, Tyr39, Lys68, Lys 72, and Lys84) define the lyase
active-site pocket (Figure 16b). After correct positioning of
the flexible sugar, an enzyme-mediated ring opening is
proposed. Rotating the closed sugar ring 120° also brings
the O4′ in close proximity (∼3.0 Å) with the NZ of Lys72,
suggesting that protonation of O4′ by NZ of Lys72 may
induce ring opening. Subsequently, the deprotonated and
neutral NZ of Lys72 appears to be in an optimum position
for nucleophilic attack at C1′. In this structural model, Tyr39
is hydrogen bonded to the deprotonated form of Lys72 and
keeps it in position for nucleophilic attack. The reduction in
dRP lyase activity of the alanine substitution for Tyr39 is
consistent with this interpretation.65 This model indicates that
Lys84 could participate as an alternative nucleophile in the
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absence of Lys72, albeit with a reduced efficiency. This is
consistent with the incomplete loss of dRP lyase activity
observed for Lys72 mutants65,97 and with previous sodium
borohydride trapping results.10 Following Schiff base forma-
tion, the enzyme must catalyzeâ-elimination by abstracting
a proton from the C2′ of the substrate.

Abstraction of the proton at C2′ is thought to trigger
â-elimination, resulting in scission of the C3′-O phosphodi-
ester bond. The imine at C1′ is expected to lower the pKa of
C2′ and make it a favorable target for proton abstraction. It
has been proposed that abstraction of a proton from C2′ could
be facilitated by a neighboring acidic residue such as Glu26
or Glu71.163 However, these residues appear to be too far
from C2′. Another candidate that may promote proton
abstraction is Asp26. It also is too far from the closed-ring
C2′ atom, but an intervening water molecule can be modeled
in a position similar to that observed in the EndoIII active
site161 and is stabilized by hydrogen bonds to Tyr39 and an
oxygen on the phosphate 3′ to the dRP residue. Interestingly,
a water has been observed in other polâ crystal structures,55

suggesting that this structural model for proton abstraction
is reasonable. The final step in the lyase mechanism is the
release of dRP from the Schiff base-dRP complex by
hydrolysis. The space and rigidity provided by the dRP lyase
active site accommodating the flexibility of the dRP group
suggested by these structures makes the proposed events
feasible.

4. Concluding Remarks
In summary, polâ is a multidomain protein whose

domains/subdomains contribute distinct biochemical func-
tions. Crystal structures of polâ have been solved in many
different liganded forms, indicating that multiple conforma-
tions of the enzyme and substrates are possible. These
conclusions are supported by solution studies, both spectro-
scopic and kinetic. This information has provided mechanistic
insight at the molecular level to our understanding of DNA
polymerase function in general.

Tremendous progress has been made in our understanding
of the enzymatic characteristics exhibited by polâ over the
past decade. With this information, it should be possible to
determine the extent that other enzymes influence polâ
functionally, directly or indirectly. Reciprocally, it will also
be important to understand how polâ might influence other
enzymes (e.g., enzymes of BER). Using fragments of polâ,
it has already been shown that these fragments can interfere
with BER.164 The possibility that polâ has a role in the
etiology of cancer165 makes it all the more important to gain
a better understanding of the biological role of this “simple”
DNA repair enzyme. With a molecular understanding of pol
â, there is an opportunity to develop substrates/inhibitors that
could specifically enhance/inhibit polâ.

With atomic level detail, we now have a good picture of
catalytic cycling by polâ. This was accomplished by a
multifaceted approach that utilized structural, biophysical,
biochemical, and kinetic techniques. Although there are many
questions yet to be answered, this framework provides an
excellent foundation to begin to confidently ask biological
questions and decipher the roles of this polymerase during
cellular development, stress, and uncontrolled growth.
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