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Cellular DNA is continually damaged by a plethora of
extrinsic and intrinsic sources, including UV light from
the sun and reactive oxygen species resulting from aero-
bic respiration. Although cells possess a variety of repair
processes to remove DNA lesions, lesions that escape
repair can block the replicational machinery, and there
has been little understanding of the mechanisms by
which eukaryotic cells overcome such blocks and pro-
mote the continuity of the newly replicated DNA strand.
The past three years, however, have witnessed phenom-
enal progress in this area of research, and here we high-
light the important findings and major conclusions that
have emerged regarding translesion DNA synthesis
(TLS) in eukaryotes.

The RAD6-, RAD18-dependent pathways
for the replication of damaged DNA

Genetic studies in the yeast Saccharomyces cerevisiae
have played a key role in the identification of genes in-
volved in damage bypass and in the elucidation of their
roles in this process. Inactivation of the RAD6 or RAD18
genes severely impairs both the error-free and mutagenic
modes of damage bypass. Rad6, a ubiquitin-conjugating
enzyme, exists in vivo in a complex with Rad18, a DNA-
binding protein (Bailly et al. 1994, 1997). Genetic studies
have indicated that this complex controls the bypass of
UV-damaged DNA via at least three separate pathways
(Torres-Ramos et al. 2002): an error-free pathway depen-
dent on the RAD5, MMS2, and UBC13 genes; another
error-free pathway dependent on the RAD30 gene; and a
third pathway that is mutagenic and dependent on the
REV1, REV3, and REV7 genes. Rad5, a member of the
Swi–Snf family of proteins, is a DNA-dependent ATPase
but shows no DNA helicase activity (Johnson et al.
1994). Mms2 forms a complex with Ubc13, and this
ubiquitin-conjugating enzyme complex affects the as-
sembly of polyubiquitin chains linked through lysine 63
(Hofmann and Pickart 1999). Although how Rad5 pro-

motes damage bypass and how ubiquitin conjugation by
the Rad6–Rad18 and Mms2–Ubs13 enzyme complexes
modifies the damage bypass ability of Rad5 or of other
proteins in this pathway are not known, it has been sug-
gested that Rad5 promotes replication through UV le-
sions by a copy-choice type of DNA synthesis, wherein
ubiquitin conjugation onto Rad5 and/or the Rad5-asso-
ciated proteins, by the sequential action of the Rad6–
Rad18 and Mms2–Ubc13 complexes, promotes the as-
sembly into the replication machinery of Rad5 and of
proteins that function with Rad5 (Torres-Ramos et al.
2002). The RAD30-encoded DNA polymerase � (Pol�)
carries out error-free replication through UV-induced cy-
clobutane pyrimidine dimers (CPDs; Johnson et al.
1999b). The REV3- and REV7-encoded proteins together
form DNA polymerase � (Pol�; Nelson et al. 1996b),
which promotes mutagenic bypass of DNA lesions in-
duced by UV light and by other DNA-damaging agents.
REV1 encodes a highly specialized DNA polymerase that
preferentially inserts a C residue opposite template G
(Nelson et al. 1996a; Haracska et al. 2002a). The RAD6,
RAD18 group of genes is highly conserved among eu-
karyotes, and counterparts of both these genes, as well as
of RAD5, MMS2, UBC13, RAD30, REV1, REV3, and
REV7, have been identified in humans.

Lesion bypass by DNA polymerase �

Pol� is unique among eukaryotic DNA polymerases in
its proficient ability to replicate through a cis–syn thy-
mine–thymine (TT) dimer. Remarkably, Pol� replicates
through this lesion with the same efficiency and accu-
racy with which it replicates through undamaged Ts, and
steady-state kinetic studies have shown that both yeast
and human Pol� insert an A opposite the 3�-T and the
5�-T of the TT dimer with the same efficiency and accu-
racy with which they insert an A opposite a T in the
undamaged sequence (Johnson et al. 2000c; Washington
et al. 2000).
In addition to the formation of cyclobutane dimers at

two adjacent thymines, UV also induces the formation of
cyclobutane dimers and (6–4) photoproducts at 5�-TC-3�
and 5�–CC–3� sequences in the genome. The contribu-
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tion of these lesions to UV mutagenesis is supported by
the fact that the 3�-cytosine in both these sequences is
highly mutagenic, and in yeast as well as in humans,
C → T transitions are the predominant form of UV-in-
duced mutations (Armstrong and Kunz 1990; Brash 1997;
Canella and Seidman 2000). Such mutations would arise
from the insertion of an A opposite the damaged 3�-C
residue during DNA replication. In vitro bypass studies
are difficult to perform with TC or CC dimers because of
the instability of the C residue in the dimer and its sub-
sequent deamination to U in vitro. Genetic studies, how-
ever, have shown that the incidence of UV-induced mu-
tations at the 3�-C of 5�-TC-3� and 5�-CC-3� sequences
rises ∼fivefold in yeast cells lacking Pol� (Yu et al. 2001).
Pol� thus functions in the error-free bypass of UV lesions
formed at these sites as well.
Mutations in Pol� in humans cause a cancer-prone

syndrome, the variant form of xeroderma pigmentosum
(XP-V; Johnson et al. 1999a; Masutani et al. 1999). Cells
from XP-V individuals are deficient in the replication of
UV-damaged DNA (Lehmann et al. 1975; Cordeiro-Stone
et al. 1997), and they are hypermutable with UV light
(Wang et al. 1993; Waters et al. 1993). Therefore, by pro-
moting error-free replication of UV-damaged DNA, Pol�
prevents cancer formation.
Pol� is also able to replicate through the oxidative le-

sion 7,8-dihydro-8-oxoguanine (8-oxoG; Haracska et al.
2000b). Although DNA polymerase � can also replicate
through this lesion, it is inefficient at it and it does so by
inserting an A, which accounts for the high incidence of
G · C to T · A transversions that result from 8-oxoG by-
pass in both yeast and mammalian cells (Shibutani et al.
1991; Haracska et al. 2000b). Yeast Pol�, however, rep-
licates through the 8-oxoG lesion efficiently and accu-
rately by inserting a C across from the lesion and by
proficiently extending from the inserted C. Support for
the involvement of Pol� in the error-free bypass of
8-oxoG in yeast cells is provided by the observation that
a synergistic rise in spontaneous can1r mutation fre-
quencies occurs in rad30� ogg1� cells that lack Pol� as
well as the Ogg1 DNA glycosylase that functions in the
removal of 8-oxoG paired with C (Haracska et al. 2000b).
NMR studies have shown that a cis–syn TT dimer has

a modest effect on DNA structure, as it unwinds DNA
by 15° and bends it by ∼9°; this distortion, however, does
not affect the ability of two thymine bases in the dimer
to maintain their parallel stacking and to base-pair with
As (Ciarrocchi and Pedrini 1982; Kim et al. 1995). For the
8-oxoG lesion, the level of distortion differs depending
on whether it is paired with an A or a C. In the syn-
conformation, 8-oxoG mimics T and pairs with A via
two hydrogen bonds, whereas in the anti-conformation,
8-oxoG forms a normal Watson–Crick pair with a C
(Kouchakdjian et al. 1991; McAuley-Hecht et al. 1994;
Lipscomb et al. 1995). The template strand, however, is
significantly distorted in the 8-oxoG · C base pair but not
in the 8-oxoG · A base pair. The ability of Pol� to effi-
ciently replicate through a TT dimer, an 8-oxoG lesion,
and also to replicate through other distorting DNA le-
sions, albeit less efficiently (Haracska et al. 2000a;

Levine et al. 2001; Minko et al. 2001), has indicated that
Pol� is rather insensitive to geometric distortions con-
ferred on DNA by these lesions.
Replicative DNA polymerases are highly sensitive to

geometric distortions in DNA, and they are unable to
replicate through distorting DNA lesions. Replicative
DNA polymerases are also highly intolerant of the geo-
metric distortions imposed on DNA by the incorpora-
tion of incorrect nucleotides, and consequently, they in-
corporate wrong nucleotides with a very low frequency
(Echols and Goodman 1991; Goodman et al. 1993). In
contrast to the high fidelity of replicative polymerases,
Pol� is a low-fidelity enzyme, and it misincorporates
nucleotides with a frequency of ∼10−2 to 10−3 (Washing-
ton et al. 1999; Johnson et al. 2000c); in a subsequent
study, human Pol�was shown to be highly mutagenic in
an in vitro DNA synthesis reaction (Matsuda et al. 2000).
What structural and mechanistic features of Pol� ac-

count for its damage bypass ability and low fidelity? The
recently determined crystal structure of Pol� and pre-
steady-state-kinetic analyses of its nucleotide incorpora-
tion mechanism have yielded important insights into
these questions.

Crystal structure of Pol�

Structures of a number of high-fidelity replicative or re-
pair polymerases have shown that they all have a similar
architecture that resembles a cupped right hand with
palm, fingers, and thumb domains. In all these polymer-
ases, the palm domain harbors the three conserved acidic
residues that coordinate the binding of two divalent
metal ions, and this domain also contributes to the bind-
ing of the incoming dNTP. The fingers domain makes
intimate contacts with the incoming dNTP, and the
thumb domain contributes to duplex DNA binding. The
active site of these enzymes fits very snugly with the
templating base, the incoming dNTP, and a few base
pairs in the duplex DNA adjacent to the site of nucleo-
tide incorporation. Also, and importantly, in all these
polymerases, only a single unpaired template base is held
in the active site, while the single-stranded template
strand, including the next 5� unpaired template base, is
flipped out of the active site at a 90° angle (Doublie et al.
1998; Kiefer et al. 1998; Li et al. 1998). All these features
impose a high degree of geometric selectivity on the
polymerases, which then accounts for their high fidelity
and for their inability to replicate through distorting
DNA lesions.
The amino acid sequence of Pol� and the other mem-

bers of the Y-family polymerases (Ohmori et al. 2001) is
unrelated to that of the classical DNA polymerases, and
is characterized by five conserved motifs, I–V. Motifs I
and III in Pol� and other Y-family polymerases contain
the invariant acidic residues that are essential for poly-
merase function. These motifs resemble motifs A and C,
respectively, of classical DNA polymerases, which are
known to harbor the catalytic acidic residues (Kon-
dratick et al. 2001). These observations had suggested a
role for the conserved acidic residues present in motifs I
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and III in Pol� and other Y-family polymerases in the
binding of two divalent metal ions required for catalysis.
Like the classical DNA polymerases, Pol� is a right-

hand-shaped molecule with palm, fingers, and thumb do-
mains (Trincao et al. 2001). The palm of Pol� closely
resembles the palm of T7 and other classical DNA poly-
merases, and the active-site acidic residues of classical
polymerases can be superimposed onto the Asp 30 resi-
due present in motif I and the Asp 155 and Glu 156
residues present in motif III in Pol�. These superposi-
tions (Trincao et al. 2001), coupled with mutational
studies of these three acidic residues in Pol� (Kondratick
et al. 2001), have implicated the Asp 30 and Asp 155
residues, and to a lesser extent the Glu 156 residue, in
the coordination of two metal ions. The fingers and
thumb domains of Pol� differ strikingly from those in T7
and other classical polymerases in being very short and
stubby (Fig. 1; Trincao et al. 2001). In contrast to the

replicative polymerases, Pol� harbors an additional do-
main, which we have termed PAD, to signify a polymer-
ase-associated domain. The PAD domain is connected to
the thumb domain by a long and flexible tether, and it
resembles the palm domain in containing a mixed
�-sheet and two long �-helices (Fig. 1; Trincao et al. 2001).
Although the ternary structure of Pol� bound to du-

plex DNA and an incoming dNTP has not yet been
solved, the similarity of the palm domain of Pol� to that
of the classical DNA polymerases has allowed the mod-
eling of template–primer and an incoming dNTP into the
Pol� active site. In such a modeled complex, the thumb
is seen to contact the duplex portion of DNA on the
minor-groove side, while the PAD contacts the duplex
DNA on the major-groove side, and the long loop that
connects the thumb to the PAD lies on the underside of
the DNA (Fig. 1). The PAD increases the DNA binding
surface of Pol� by almost two times, which explains the

Figure 1. Structure of Pol� with modeled DNA and an incoming dNTP. The Pol� active site is quite open and it can accommodate
two template nucleotides—the templating residue and the next 5� unpaired residue. The ability of Pol� to accommodate two template
nucleotides in its active site would enable it to accommodate a cis–syn cyclobutane pyrimidine dimer, thereby permitting the efficient
bypass of this DNA lesion.
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indispensability of this region for DNA synthesis (Trin-
cao et al. 2001).
The structure of Pol� with modeled DNA and an in-

coming dNTP has revealed that the Pol� active site is
very open, and, in fact, there is little evidence of any
specific contact of the protein with the base of the in-
coming dNTP or with the templating base (Fig. 1; Trin-
cao et al. 2001). Also, there is no compelling evidence of
any specific minor-groove interactions of the enzyme
with the base of the incoming dNTP or the templating
residue or with any of the base pairs in the duplex por-
tion of the DNA being contacted by the enzyme. X-Ray
structures of several high-fidelity DNA polymerases, on
the other hand, have revealed a number of minor-groove
interactions involving H-bond formation between the
amino acid side-chain donors of the polymerase and the
H-bond acceptor atoms (N3 of purines and O2 of pyrimi-
dines) on the bases in DNA (Pelletier et al. 1994; Eom et
al. 1996; Doublie et al. 1998; Kiefer et al. 1998).
The most remarkable observation to emerge from the

modeling studies with Pol� is the paucity of contacts
with the template 5�-end. In contrast to the classical
DNA polymerases, which can hold only one unpaired
template base in their active site while the next 5� un-
paired template base is directed out of the active site at
a 90° angle, the active site of Pol� is so unrestricted that
it can accommodate two template nucleotides—the tem-
plating residue and the next 5� unpaired residue (Fig. 1;
Trincao et al. 2001). Because of the covalent cis–syn cy-
clobutane linkage of the 3�-T with the 5�-T in the TT
dimer, the 5�-T of the dimer cannot be flipped out.
Hence, the ability of Pol� to accommodate two template
bases rather than just one makes this polymerase
uniquely suited for the bypass of this DNA lesion.

The ternary crystal structure of Dpo4

The crystal structure of a DinB homolog, Dbh from Sul-
folobus solfataricus, has been determined in two sepa-
rate studies (Silvian et al. 2001; Zhou et al. 2001), and the
structure of another DinB homolog, Dpo4 from S. solfa-
taricus, has been solved in complex with DNA and an
incoming nucleotide (Ling et al. 2001). These DinB ho-
mologs resemble Pol� in having the same basic structure
with the palm, thumb, and fingers domains, and a fourth
domain that is analogous to the PAD in Pol�, and has
been termed little finger in Dpo4. However, it should be
noted that the PAD or little finger domain differs from
the fingers domain in structure as well as function.
The Dpo4 ternary structure has provided important

insights into the nature of interactions of this polymer-
ase with the incoming dNTP and the DNA. Interest-
ingly, there are no direct minor groove hydrogen bonding
interactions with the base of the incoming dNTP, the
templating base, or with any of the bases in the duplex
portion (Ling et al. 2001). The Dpo4 ternary structure
was determined in two crystal forms: type I, that has
3�–TT–5� in the template and ddATP as the incoming
nucleotide, and type II, with 3�–GC–5� in the template
and ddGTP as the incoming nucleotide. In the type I

crystal, only the 3�-T, which base pairs with the incom-
ing A residue, is held in the active site. In the type II
crystal, however, the incoming ddGTP pairs with the
5�-C rather than forming the intended mismatch with
the 3�-G. In this structure, the 3�-G in the template re-
mains unpaired, leading to a gap in the primer between
the base at the 3�-end of the primer and the incoming
nucleotide. It is not entirely clear how a phosphodiester
bond could be formed across this large gap.
Based on the structure of the type II crystal, it has been

suggested that by translocating two template bases in its
active site, Dpo4 could promote the efficient bypass of
thymine dimers (Ling et al. 2001). However, in this
structure, the 5� nucleotide does not stack above the
template base and is displaced out of the DNA helix by
∼5 Å; this stacking is prevented due to the steric inter-
ference arising from the loops in the Dpo4 fingers do-
main (Fig. 2).
Dpo4 is quite inefficient at inserting nucleotides op-

posite the 3�-T of the TT dimer, and steady-state kinetic
studies have shown that by comparison to the insertion
of an A opposite an undamaged T, Dpo4 inserts an A (the
nucleotide inserted most often) opposite the 3�-T of the
dimer ∼200-fold less efficiently (Boudsocq et al. 2001). In
contrast, Pol� is as efficient at inserting an A opposite
the 3�-T of the TT dimer as it inserts an A opposite an
undamaged T and it replicates through a TT dimer with
the same efficiency and accuracy as it replicates through
undamaged Ts. Thus, Dpo4 is unlike Pol� in its ability
to bypass a TT dimer, and the mechanism by which
Dpo4 would effect the infrequent bypass of this lesion is
likely to be different from that utilized by Pol�.
One possible way in which Dpo4 could insert an A

opposite the 3�-T of the TT dimer and then extend from
it is suggested from the studies that have been done with
exo− T7 DNA polymerase (Sun et al. 2000). This DNA

Figure 2. The Dpo4/DNA complex with Pol�, based on super-
position of their invariant palm domains. In the Dpo4/DNA
complex, the 5� nucleotide is displaced out of the helix by ∼5 Å.
Loops in the Dpo4 fingers domain lie above the template base.
The equivalent loops in Pol� are configured away from the tem-
plate base and may allow the 5� nucleotide to stack above the
template base.
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polymerase can bypass a TT dimer, although quite inef-
ficiently, and it does so by primarily inserting an A op-
posite the 3�-T of the TT dimer and then extending from
it by inserting an A opposite the 5�-T of the TT dimer
(Sun et al. 2000). However, because the exo− T7 polymer-
ase excludes the template nucleotides present on the 5�-
side of the templating nucleotide from its active site, it
cannot accommodate a TT dimer due to the covalent
attachment of the 3�-T and the 5�-T. As a result, both the
Ts are forced out of the active site, and that results in an
abasic site-like structure opposite the incoming dNTP.
Preferential incorporation of an A then occurs opposite
such a structure because of the tendency of most poly-
merases to insert an A opposite noninstructional lesions.
Experimental evidence for this mechanism has been pro-
vided from studies done with pyrene nucleotide, which
is selectively incorporated opposite abasic sites (Matray
and Kool 1999) and thus is a useful probe for determining
whether the photoproduct is outside or inside the active
site. The observations that dPMP is inserted in prefer-
ence to dAMP opposite the 3�-T of the TT dimer, and
dAMP is inserted in preference to dPMP opposite the
5�-T of the dimer, have supported the conclusion that the
nucleotide is inserted opposite the 3�-T of the TT dimer
when the photoproduct is outside the active site,
whereas nucleotide insertion opposite the 5�-T takes
place when the dimer is inside the active site (Sun et al.
2000). Dpo4 could employ a similar mechanism for by-
passing a TT dimer, in which it would incorporate an A
opposite an abasic site-like structure, created from the
exclusion of both the nucleotides of the TT dimer from
the active site. In fact, Dpo4 preferentially incorporates
an A opposite an abasic site, and it is ∼threefold more
efficient at this than the incorporation of an A opposite
the 3�-T of the TT dimer (Boudsocq et al. 2001), which
could reflect the limited ability of Dpo4 to exclude the
dimer from its active site.

An induced-fit conformational change mechanism
for nucleotide incorporation in Pol�

Pre-steady-state kinetic analyses provide a powerful tool
to address the catalytic mechanism of DNA polymeriza-
tion, and to identify the steps at which polymerase ex-
erts selectivity for the incorporation of correct nucleo-
tides. Studies with the classical high-fidelity DNA poly-
merases, such as T7 polymerase, and Escherichia coli
(Klenow) have indicated that nucleotide incorporation
by DNA polymerases occurs in several discrete steps
(Kuchta et al. 1987, 1988; Patel et al. 1991; Wong et al.
1991), which include the following: (1) the binding of the
polymerase to the DNA template–primer; (2) the binding
of the polymerase–DNA binary complex to the incoming
dNTP; (3) a rate-limiting conformational change that po-
sitions the active site competent for catalysis; (4) the
chemical step of phosphodiester-bond formation; (5) the
return of the polymerase to the original conformational
state; followed by either (6) the dissociation of the poly-
merase from the DNA or (7) the translocation of the
polymerase to the next 3�-OH primer terminus. In this

process, the selectivity for the correct nucleotide is ex-
erted at steps 2 and 3.
Although T7 DNA polymerase and E. coli Klenow dis-

criminate between the correct and incorrect nucleotides
at both the initial nucleotide-binding step and at the sub-
sequent induced-fit conformational change step, the lat-
ter step exerts a much larger degree of selectivity than
the former. At the initial nucleotide-binding step, Kle-
now shows only a 3.4-fold preference for the correct
nucleotide over the incorrect one, whereas the discrimi-
nation between the correct and incorrect nucleotide at
the induced-fit conformational change step is 5000-fold
(Kuchta et al. 1987, 1988). T7 DNA polymerase is more
discriminating at the initial nucleotide-binding step
than Klenow, but here, too, a higher degree of discrimi-
nation is exercised at the induced-fit step (2100-fold)
than that at the initial nucleotide-binding step (390-fold;
Patel et al. 1991; Wong et al. 1991).
Pre-steady-state kinetic analyses with yeast Pol� have

shown that it initially binds the correct nucleotide, an A
opposite template T, with a KD of 2.4 nM, and it binds
the incorrect nucleotide, a C opposite template T, with a
KD of 13 µM, whereas the maximum rate constants (kpol)
for the correct and incorrect nucleotide incorporations
are 1.3 sec−1 and 0.0087 sec−1, respectively (Washington
et al. 2001b). Thus, at the binding step, yeast Pol� shows
a selectivity of 5.4 for the correct nucleotide, and at the
nucleotide incorporation step (kpol), it shows a selectiv-
ity of 150-fold.
For the incorporation of correct nucleotides by the

high-fidelity polymerases such as T7 and E. coli Klenow,
the induced-fit conformational change step is rate-limit-
ing, whereas the chemical step of phosphodiester-bond
formation occurs rapidly and is not rate-limiting. Con-
sequently, these polymerases use the induced-fit mecha-
nism to discern the correctness of the geometry of the
nascent base pair, and thereby they incorporate the cor-
rect nucleotide with a very high selectivity. The low
fidelity of Pol� and its increased tolerance for geometric
distortions in the incipient base pair had raised the pos-
sibility that a similar rate-limiting, induced-fit mecha-
nism might not be operational in this enzyme.
That Pol�, in fact, undergoes a rate-limiting conforma-

tional change upon nucleotide binding is supported from
the following observations (Washington et al. 2001b).
First, yeast Pol� shows a small thio effect for the incor-
poration of the correct nucleotide, as the substitution of
the correct incoming nucleotide dATP with dATP�S
produces only a small reduction (1.5-fold) in the rate of
nucleotide incorporation. Because sulfur has a lower
electronegativity than oxygen, the elemental effect is ex-
pected to be much greater if the chemical step of phos-
phodiester-bond formation is rate-limiting, and studies
with phosphodiesters have indicated this effect to be 4-
to 11-fold for a rate-limiting chemical step (Herschlag et
al. 1991). The incorporation of the incorrect nucleotide
also shows a small elemental effect (1.9), which suggests
that for the incorporation of incorrect nucleotides also,
the conformational change step is rate-limiting in Pol�.
Second, although Pol� shows no substantial elemental
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effect for the incorporation of the incorrect nucleotide, it
does show a substantial elemental effect for nucleotide
incorporation opposite an abasic site. Pol� is highly in-
efficient at inserting nucleotides opposite an abasic site;
for example, yeast Pol� inserts an A opposite an abasic
site ∼2000-fold less efficiently than opposite template T
(Haracska et al. 2001e). For the incorporation of an A
opposite an abasic site, yeast Pol� showed an elemental
effect of 9.1, and that is consistent with the chemical
step being rate-limiting. The presence of a substantial
elemental effect in this case, but its absence when the
correct nucleotide is being incorporated, provides further
support for the premise that the chemical step is not
rate-limiting for correct nucleotide incorporation. Third,
pulse-chase and acid quench experiments have indicated
the presence of an intermediate species in which the
nucleotide is stably bound to the enzyme prior to the
chemical step. From these observations, we have con-
cluded that a rate-limiting conformational change step,
which leads to stable nucleotide binding, precedes the
chemical step.
Yeast Pol� shows little selectivity for the correct

nucleotide at the initial binding step, and the 5.4-fold
selectivity at this step corresponds to a ��G of ∼1.0 kcal/
mole (Washington et al. 2001b). This ��G is similar in
magnitude to the free energy differences of ∼0.3–1 kcal/
mole that occur between the primer-terminal correct
and incorrect base pairs (Petruska et al. 1988). This sug-
gests that the Watson–Crick H-bonding ability of the
nascent base pair governs the initial nucleotide-binding
step, and that geometric selection makes little contribu-
tion at this step. At the rate-limiting induced-fit step,
however, Pol� shows a selectivity of 150-fold for the in-
corporation of the correct nucleotide over the incorrect
one, and this corresponds to a ��G‡ of 3.0 kcal/mole
(Washington et al. 2001b). Thus, at this step, Pol� im-
poses some degree of geometric selection for discrimi-
nating between the correct and incorrect nucleotides.

Lesion bypass by the sequential action of two
DNA polymerases

DNA polymerase � promotes replication through DNA
lesions such as CPDs by both inserting the nucleotide
opposite the damaged template nucleotide(s) and by ex-
tending from the inserted nucleotide, and Pol� performs
both these tasks very efficiently. In many situations,
however, replication through a lesion site requires the
sequential action of two DNA polymerases, in which
one inserts the nucleotide opposite the damaged tem-
plate nucleotide, and the other extends from the inserted
nucleotide. Hence, there are polymerases that function
specifically as inserters or as extenders in the lesion by-
pass process.

DNA polymerase �: an efficient extender of mispaired
primer termini

Because of the requirement of the REV3 and REV7 genes,
which encode the two subunits of Pol�, for mutagenesis
induced by UV light and by other DNA-damaging agents,

the prevailing notion had been that Pol� was a low-fidel-
ity enzyme with the ability to replicate through DNA
lesions. This idea also gained support from the initial
observation that Pol� could replicate through a cis–syn
TT dimer, although it did so rather inefficiently (Nelson
et al. 1996b). Subsequent studies carried out in our labo-
ratory, however, have indicated that, on its own, Pol� is
unable to carry out any significant bypass of a TT dimer.
Furthermore, from steady-state kinetic analyses, we
have determined that Pol� is highly inefficient at insert-
ing nucleotides opposite the 3�-T of a TT dimer; as, for
example, Pol� incorporates an A opposite the 3�-T of this
lesion with an efficiency that is at least 10,000-fold
lower than its ability to insert an A opposite an undam-
aged T template residue. Pol� is also highly inefficient at
inserting nucleotides opposite the 3�-T of a (6–4) TT pho-
toproduct. The inability of Pol� to insert nucleotides op-
posite these DNA lesions prompted us to examine its
fidelity for nucleotide incorporation opposite undam-
aged DNA templates, and these studies revealed that
Pol� has a much higher fidelity (∼10−4) than Pol�
(Johnson et al. 2000b). Most DNA polymerases, includ-
ing Pol�, extend from mismatched primer termini with
approximately the same frequency with which they gen-
erate the mispair by inserting the wrong nucleotide
(Mendelman et al. 1990; Goodman et al. 1993; Washing-
ton et al. 2001a). In contrast, Pol� is much more efficient
at extending from base mispairs than it is at generating
the mispairs (Johnson et al. 2000b). On undamaged
DNAs, compared with its mispair formation ability
(finc ∼ 10−4 to 10−5), Pol� extends from base mispairs
∼100- to 1000-fold better (fext0 ∼ 10−1 to 10−2). Further-
more, Pol� is also highly efficient at extending from mi-
spaired termini on UV-damaged DNA. For example,
compared with the extension from an A opposite an un-
damaged template T, Pol� extends from a G placed op-
posite an undamaged T ∼40% as efficiently, and it also
extends from a G opposite the 3�-T of a TT dimer or a
(6–4) TT photoproduct equally well or even better. On
the basis of such observations, the proposal was made
that Pol� specifically acts at the extension step, and the
two-polymerase mechanism for lesion bypass in eukary-
otes was formulated (Johnson et al. 2000b).

Two-polymerase mechanism for replication
through (6–4) photoproducts

In both yeast and humans, a (6–4) photoproduct is more
mutagenic than CPDs. Experiments in S. cerevisiaewith
circular single-stranded or gapped duplex vectors con-
taining a single cis–syn TT dimer or a (6–4) TT photo-
product have shown that whereas a cis–syn dimer is rep-
licated very accurately with only ∼0.4% targeted muta-
tions, a (6–4) TT photoproduct induces mutations in
∼30%–40% of the replicated plasmid molecules, with
almost 50% of these mutations being 3�-T → C substi-
tutions (Gibbs et al. 1995). In mammalian cells, also, a
(6–4) TT photoproduct induces primarily targeted tran-
sitions, ∼50% of which are 3�-T → C substitutions (Ka-
miya et al. 1998).
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Steady-state kinetic studies with yeast and human
Pol� have shown that they both preferentially insert a G
opposite the 3�-T of the (6–4) TT lesion, but they are
unable to extend from the inserted nucleotide (Johnson
et al. 2001). Relative to the insertion of an A opposite an
undamaged T template, human and yeast Pol�s insert a
G opposite the 3�-T of the (6–4) TT photoproduct ∼50-
and 100-fold less efficiently, respectively. Subsequently,
Pol� efficiently extends from the G residue inserted op-
posite the 3�-T of the photoproduct by Pol�, and Pol�
inserts the correct nucleotide A opposite the 5�-T of the
lesion. Consequently, a (6–4) TT photoproduct could be
bypassed by the sequential action of Pol� and Pol�, and
that would result in the 3�-T → C transition mutations
that are observed in yeast and human cells following the
replication of plasmid molecules carrying this photopro-
duct (Fig. 3A).
The (6–4) photoproduct is formed much more fre-

quently at TC and CC sites than at TT sites, and at the
TC site, the (6–4) lesion is formed almost as frequently as
a CPD (Brash and Haseltine 1982; Brash et al. 1987; Arm-
strong and Kunz 1990). Similar to the insertion of a G
opposite the 3�-T of a (6–4) TT lesion, we expect that
Pol� would insert a G opposite the 3�-C of the (6–4) TC
or CC lesion, because the O2 carbonyl of the 3�-C in the
lesion can H-bond with a G in the same manner as the
H-bonding of a G to the 3�-T in the (6–4) TT lesion (Lee
et al. 1999). The incorporation of a G opposite the 3�-C of
the (6–4) TC or CC lesion by Pol�, followed by Pol�’s
efficient and accurate extension by incorporating the
correct nucleotide opposite the 5�-site of the lesion,
would then promote the error-free bypass of these (6–4)
photoproducts (Fig. 3B,C).
In humans, in addition to Pol�, Pol� could contribute

to the insertion step, as it is able to insert an A or a G
opposite the 3�-T of the (6–4) TT photoproduct, but it
does not extend from the inserted nucleotide (Johnson et

al. 2000b). Presumably, Pol� also inserts an A or a G
opposite the 3�-C of the (6–4) photoproducts formed at
TC and CC sites. Pol� would then contribute to the mu-
tagenic as well as error-free bypass of (6–4) dipyrimidine
photoproducts.

Two-polymerase mechanism for replication
through abasic sites

Replication through abasic sites also entails the sequen-
tial action of two DNA polymerases in which Pol� ex-
tends from the nucleotide inserted by other polymerases
(Haracska et al. 2001d). As is the case for CPDs and (6–4)
dipyrimidine photoproducts, Pol� is unable to replicate
through an abasic site because of its highly inefficient
ability to insert nucleotides opposite this lesion. Steady-
state kinetic studies have shown that Pol� inserts
nucleotides opposite an abasic site with the same low
frequency of ∼10−4 as it misincorporates nucleotides op-
posite undamaged template residues (Haracska et al.
2001d). Pol�, however, is very adept at extending from
the nucleotide incorporated opposite an abasic site.
Thus, it extends from an A, G, or C opposite the abasic
site ∼3-fold, ∼10-fold, and ∼50-fold less efficiently, re-
spectively, than it extends from a G opposite an undam-
aged template C (Haracska et al. 2001d).
The sequencing of genomic can1r mutations in yeast

resulting from the replicative bypass of abasic sites has
indicated that A is the nucleotide inserted most fre-
quently opposite the abasic site; the nucleotides C, G,
and T are also incorporated, but much less often. In con-
trast to the requirement of only Pol� at the extension
step, however, different polymerases would function at
the insertion step, with Pol� primarily inserting an A,
and Pol� and Rev1 inserting a G and a C nucleotide,
respectively (Haracska et al. 2001d). Because Pol� is the
first polymerase to encounter the DNA lesion, it would

Figure 3. Replication through (6–4) photoproducts by the sequential action of Pol� and Pol�. (A) Mutagenic bypass of a (6–4) TT
photoproduct. Pol� inserts a G opposite the 3�-T of the (6–4) lesion, and Pol� extends by inserting an A opposite the 5�-T of the lesion.
(B) Error-free bypass of a (6–4) TC photoproduct. Pol� inserts a G opposite the 3�-C of the (6–4) lesion, and Pol� extends by inserting
an A opposite the 5�-T of the lesion. (C) Error-free bypass of a (6–4) CC photoproduct. Pol� inserts a G opposite the 3�-C of the (6–4)
lesion, and Pol� extends by inserting a G opposite the 5�-C of the lesion.

Prakash and Prakash

1878 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


contribute the most to the insertion step. Although Pol�
is highly inefficient at inserting nucleotides opposite an
abasic site, PCNA stimulates this efficiency very con-
siderably (Haracska et al. 2001c). However, because nei-
ther the absence of Pol� nor the mutational inactivation
of the polymerase activity of REV1 significantly affects
the mutagenesis induced by abasic sites in yeast cells,
both these polymerases are dispensable for the bypass of
this lesion. Because of its ability to insert nucleotides
opposite an abasic site, Pol� could additionally contrib-
ute to its bypass in humans (Johnson et al. 2000b).
Studies with transfection of cultured human cells with

a gapped plasmid carrying an abasic site in the gap region
have shown that a large majority of bypass events (∼85%)
occur by the insertion of an A opposite the abasic site
(Avkin et al. 2002). Furthermore, the aphidicolin sensi-
tivity of this bypass reaction has suggested the involve-
ment of Pol�, Pol�, or Pol�. Pol�, however, is not re-
quired, because lesion bypass is not affected in XP-V cell
lines (Avkin et al. 2002). The two-polymerase model de-
veloped from the genetic and biochemical studies for the
bypass of abasic sites in yeast is likely to be equally
applicable to humans, with the involvement of multiple
polymerases, including Pol�, at the insertion step and of
Pol� at the extension step.

Role of human DNA polymerase 	 in the extension
of mispaired primer termini and in lesion bypass

The human DINB1-encoded Pol	, or its counterpart Pol
IV from E. coli, is unable to replicate through a cis–syn
TT dimer or a (6–4) TT photoproduct (Johnson et al.

2000a; Tang et al. 2000), and it has not been clear as to
what extent and in what manner Pol	 contributes to
lesion bypass. However, recent studies indicating that
Pol	 is a proficient extender of mispaired primer termini
have suggested a specific role for this polymerase at the
extension step in lesion bypass (Washington et al. 2002).
On undamaged DNAs, Pol	misincorporates nucleotides
with a frequency of ∼10−3 to 10−4 (Johnson et al. 2000a),
whereas it extends from the mispaired primer termini
with a frequency of ∼10−1 to 10−2 (Washington et al.
2002). Also, although Pol	 is unable to insert nucleotides
opposite the 3�-T of a cis–syn TT dimer (Johnson et al.
2000a), it efficiently extends from the G nucleotide
placed opposite the 3�-T of this lesion (Washington et al.
2002). Consequently, Pol	 could contribute to the mu-
tagenic bypass of a TT dimer by extending from the G
nucleotide inserted opposite the 3�-T of the dimer by
another DNA polymerase (Fig. 4A). Pol	 could similarly
contribute to the mutagenic bypass of CPDs formed at
TC and CC sites, where, following the insertion by an-
other DNA polymerase of an A opposite the 3�-C of a
CPD formed at these sites, Pol	 would promote muta-
genic bypass by extending from the resulting primer ter-
minus (Fig. 4B,C). Thus, we expect Pol	 to act in the
mutagenic bypass of CPDs formed at different dipyrimi-
dine sites, and in this role, it would compete with Pol� in
human cells (Fig. 4).
However, we expect Pol	 to make no contribution to

the bypass of (6–4) photoproducts, as it is very inefficient
at both the insertion of nucleotides opposite the dam-
aged 3�-base of this lesion, and in extending from the
inserted nucleotide (Johnson et al. 2000a; Washington et

Figure 4. Redundant roles of Pol	 and Pol� at the extension step of mutagenic bypass of CPDs. (A) Mutagenic bypass of a TT dimer.
Following the insertion of a G opposite the 3�-T by another DNA polymerase, Pol	 or Pol� would extend by inserting the correct
nucleotide A opposite the 5�-T. Following the next round of replication, such bypass would lead to A · T to G · C transition mutations.
(B,C) Mutagenic bypass of a TC (B) or a CC (C) dimer. Following the insertion of an A opposite the 3�-C, Pol	 or Pol� would extend
by inserting the correct nucleotide opposite the 5�-residue of the dimer. Following the next round of replication, such bypass would
cause G · C to A · T transition mutations.
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al. 2002). Also, Pol	 is highly inefficient at inserting
nucleotides opposite an abasic site or in extending from
the inserted nucleotide (Haracska et al. 2002b; L. Harac-
ska, M.T. Washington, L. Prakash, and S. Prakash, un-
publ.), and it is therefore unlikely to be a significant con-
tributor to the bypass of this lesion. Although Pol	 ap-
pears to be much more limited in its ability to extend
from primer termini on damaged DNAs than is Pol�,
future studies may reveal the specificity of Pol	 for ex-
tending from nucleotides opposite certain lesions not
handled well by Pol�.

Contribution of DNA polymerases � and �
to spontaneous mutagenesis

Deletion of the REV3 gene in yeast decreases the rate of
spontaneous base-substitution mutations by ∼60%, and
this effect extends to all types of transition and transver-
sion mutations (Roche et al. 1994; Kunz et al. 1998).
Inactivation of DNA repair genes such as RAD1 and
RAD52 enhances the rate of spontaneous base-substitu-
tion mutations, and introduction of the rev3� mutation
into these repair-deficient strains diminishes the magni-
tude of mutagenesis (Roche et al. 1994; Kunz et al. 1998).
This response is consistent with a role of Pol� in promot-
ing translesion synthesis (TLS) through DNA lesions
that are formed spontaneously. Because of the involve-
ment of NER in the removal of a variety of damaged
bases and of abasic sites, the frequency of such lesions
would rise in the rad1� strain, whereas the increase in
mutagenesis in the rad52� strain may result from the
possible involvement of the RAD52 pathway in error-
free recombinational bypass of DNA lesions. The reduc-
tion in base-substitution mutations that occurs in the
rev3� strain in the absence of any other DNA repair
deficiency, however, may reflect not only the contribu-
tion of Pol� to mutagenic TLS, but also its role in the
extension of mismatched primer termini that are formed
during normal DNA replication. In that case, a mispair
at the primer terminus would be subject to either its
removal by the 3� → 5� exonuclease of Pol�, or its exten-
sion by Pol�, and in human cells, Pol	 could additionally
contribute to such extension (Fig. 5). Hence, in addition
to their respective roles in the replication of damaged
DNAs, by virtue of their proficient ability to extend from
mispaired primer termini on undamaged DNAs, these
polymerases could provide for a coordinated and rapid
rate of fork movement during normal DNA replication.

Conclusions

A number of conclusions have emerged from the studies
of eukaryotic TLS polymerases. (1) Replication through a
DNA lesion can be handled by a single TLS polymerase,
or it may require the sequential action of two DNA poly-
merases, in which one inserts the nucleotide opposite
the lesion site, and the other extends from the inserted
nucleotide. (2) Whether replication through a DNA le-
sion requires one or two TLS polymerases depends on

which nucleotide is inserted opposite the lesion site. For
example, whereas Pol� would perform error-free TLS
through a CPD by inserting the correct base opposite the
3� damaged nucleotide and then by extending from the
inserted nucleotide, if a wrong base were to be inserted
opposite the 3� lesion site by Pol� or by another poly-
merase, then Pol� or Pol	 would be required for the ex-
tension step. (3) Replication through a DNA lesion such
as a (6–4) TT photoproduct, in which the 3�-T is highly
distorted, or through an abasic site, requires two DNA
polymerases, in which one acts at the insertion step and
the other at the extension step. (4) Although DNA poly-
merases �, �, and 	 are all members of the same family,
they differ remarkably in function. In contrast to the
efficient and accurate bypass of CPDs by Pol�, Pol	 is
unable to insert nucleotides opposite the 3�-nucleotide of
a CPD, but it can efficiently extend from the nucleotide
placed opposite this lesion site. Pol�, on the other hand,
shows little propensity for CPD bypass at either the in-
sertion or the extension step. (5) DNA polymerase � is
highly adept at extending from nucleotides placed oppo-
site a wide variety of DNA lesions, whereas Pol	 seems
to be much more limited in this respect. (6) The profi-
cient ability of Pol� and Pol	 to extend from mispaired
primer termini on undamaged DNAs suggests a role for
both these polymerases in promoting the extension of
such termini during normal DNA replication.
From the high degree of specificity in the function of

TLS polymerases in lesion bypass, we surmise that they
differ very considerably from one another in the manner
in which they contact the template and primer nucleo-
tides in DNA. Thus, in contrast to Pol�, whose profi-
ciency in replicating through a CDP could be achieved
by its ability to accommodate two template nucleotides
in its active site, we expect the other TLS polymerases,
	, �, and �, which do not bypass CPDs, to retain only the
templating nucleotide in their active site. The active
sites of Pol	 and Pol�, however, may be less restrictive at

Figure 5. Alternate fates of a mismatched primer terminus. A
mismatched nucleotide from the primer terminus can either be
removed by the proofreading 3� → 5� exonuclease of Pol� (left) or
the mismatched terminus can be extended by Pol� or Pol	 by
the insertion of the next correct nucleotide (right), followed by
continued synthesis by Pol�.
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the template–primer junction for allowing the proficient
extension of mispaired primer termini.
How do the TLS polymerases gain access to the repli-

cational machinery stalled at a lesion site? Studies with
yeast Pol� (Haracska et al. 2001c) and with human Pol�,
Pol�, and Pol	 (Haracska et al. 2001a,b, 2002b) have
shown that they all interact with PCNA, physically and
functionally. Furthermore, mutations in yeast Pol� in
the conserved PCNA-binding motif, essential for this in-
teraction, inactivate the in vivo function of Pol� (Harac-
ska et al. 2001c). These and other studies have indicated
a crucial role for PCNA in the targeting of these TLS
polymerases to the stalled replication fork, and future
studies should reveal how the coordination of Pol� with
different TLS polymerases is achieved, and what factors
determine which TLS polymerase will gain access to the
lesion site.
The dependence of Pol�, Pol�, and Pol	, and perhaps

also of Pol�, on PCNA for their function in translesion
DNA synthesis suggests that they specifically promote
lesion bypass during Pol�-catalyzed synthesis on the
leading and lagging DNA strands. The lesion bypass
mechanisms, which depend on a copy-choice type of
DNA synthesis or on recombination, may then be used
during the Pol�-catalyzed lagging-strand synthesis. The
presence of a multiplicity of TLS polymerases in mam-
malian cells and in vivo and in vitro studies with vectors
carrying site-specific DNA lesions (Nikolaishvili-Fein-
berg and Cordeiro-Stone 2000; Avkin et al. 2002) further
reinforce the view that translesion DNA synthesis plays
a major role in lesion bypass in mammalian cells. The
embryonic lethality of Rev3−/− mice provides added sup-
port for the importance of translesion DNA synthesis in
mammalian cells (Bemark et al. 2000; Esposito et al.
2000; Wittschieben et al. 2000).
Because translesion DNA synthesis is inherently more

mutagenic than the lesion bypass mechanisms that de-
pend on copy-choice type of DNA synthesis or on recom-
bination, how do we account for the important role of
TLS in lesion bypass in mammalian cells suggested
above? One possibility is that TLS is a very efficient
process, so that replication through a lesion site contin-
ues relatively unabated and the coordinated synthesis of
leading and lagging strands by Pol� is not significantly
impaired. Thus, in spite of the increased mutagenicity,
such a process may be inherently more advantageous
than the other mechanisms where interruptions in the
newly synthesized DNA strand persist for long periods,
because such long-lasting discontinuities could lead to
the formation of double-strand breaks in DNA, repair of
which by nonhomologous recombinational means
would generate gross genomic rearrangements. Evidence
for such a beneficial role for TLS is provided by the ob-
servation that an increase in the incidence of chromo-
somal aberrations occurs in cells from Rev3−/− mouse
embryos (Van Sloun et al. 2002). Furthermore, the mu-
tagenic consequences of TLS may not be as significant
because it is error-free in many instances, as for example,
the bypass of CPDs by Pol�, and because a large propor-
tion of the mammalian genome is noncoding, which en-

sures that a vast majority of mutations will have no ad-
verse effects on cellular physiology.
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