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DNA polymerase zeta (Pol�) promotes the mutagenic bypass of DNA lesions in eukaryotes. Genetic studies in
Saccharomyces cerevisiae have indicated that relative to the contribution of other pathways, Pol� makes only
a modest contribution to lesion bypass. Intriguingly, however, disruption of the REV3 gene, which encodes
the catalytic subunit of Pol�, causes early embryonic lethality in mice. Here, we present genetic and
biochemical evidence for the requirement of yeast Pol� for predominantly error-free replication past thymine
glycol (Tg), a DNA lesion formed frequently by free radical attack. These results raise the possibility that, as
in yeast, in higher eukaryotes also, Pol� makes a major contribution to the replicative bypass of Tgs as well as
other lesions that block synthesis by replicative DNA polymerases. Such a preeminent role of Pol� in lesion
bypass would ensure that rapid cell divisions continue unabated during early embryonic development, thereby
minimizing the generation of DNA strand breaks, chromosome aberrations, and the ensuing apoptotic
response.
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Genetic studies in the yeast Saccharomyces cerevisiae
have indicated the requirement of Rad6–Rad18-depen-
dent processes in promoting replication of damaged
DNA. For example, the replicative bypass of UV-induced
DNA lesions is carried out by three different Rad6–
Rad18-controlled pathways (Torres-Ramos et al. 2002) in
which Rad5, an SWI/SNF DNA-dependent ATPase
(Johnson et al. 1992, 1994), plays an important role in
promoting error-free replication through UV-induced
DNA lesions. The other two pathways utilize the
RAD30-encoded DNA polymerase eta (Pol�; Johnson et
al. 1999), and the REV3, REV7-encoded DNA polymerase
zeta (Pol�; Nelson et al. 1996), which primarily function
in the error-free and mutagenic modes, respectively, of
translesion DNA synthesis (TLS) through UV lesions.
The mechanism by which Rad5 affects lesion bypass is
not known; however, it has been suggested to promote a
copy choice-type of DNA synthesis (Torres-Ramos et al.
2002). Pol� is very efficient at replicating through a cis-
syn thymine–thymine (T–T) dimer, and steady-state ki-
netic studies have shown that it replicates through the
two Ts of this DNA lesion with the same efficiency and
accuracy as it replicates through undamaged Ts (Johnson

et al. 2000b; Washington et al. 2000). Genetic studies in
yeast have additionally indicated a role for Pol� in the
error-free bypass of cyclobutane pyrimidine dimers
(CPDs) formed at TC and CC sites (Yu et al. 2001).
Pol� differs from Pol� in its inability to replicate

through CPDs, and that is because Pol� is very ineffi-
cient at inserting nucleotides opposite the 3�T of a T–T
dimer. Pol�, however, promotes the mutagenic bypass of
DNA lesions by extending from nucleotides inserted op-
posite the lesion by another DNA polymerase (Johnson
et al. 2000a). For example, Pol� efficiently extends from
a G inserted opposite the 3�T of either a T–T dimer or a
(6–4) T–T photoproduct (Johnson et al. 2000a, 2001), and
it efficiently extends from an A opposite an abasic site
(Haracska et al. 2001a). However, as inferred from ge-
netic studies in yeast, Pol� plays a relatively minor role
in the bypass of UV lesions or of abasic sites. Thus, a
rev3� mutant displays only a modest increase in UV
sensitivity in yeast (Johnson et al. 1992), and the discon-
tinuities that are formed in DNA strands synthesized
from UV-damaged templates become fully repaired on
subsequent incubation in a strain lacking Pol� (Torres-
Ramos et al. 2002). In addition, introduction of the rev3�
mutation into the yeast apn1� apn2� strain, defective in
the removal of abasic sites, causes no significant increase
in sensitivity to the alkylating agent methyl methane
sulfonate (Johnson et al. 1998).
In the absence of any extraneous DNA damage, the
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rev3� mutation in yeast confers no obvious adverse ef-
fect on cell viability or growth. Disruption of the REV3
gene in mice, however, causes early embryonic lethality
(Bemark et al. 2000; Esposito et al. 2000; Wittschieben et
al. 2000). This observation raised the possibility that
Pol� plays a more critical role in TLS through DNA le-
sions than had been envisaged based on the genetic stud-
ies carried out in yeast thus far.
Free radical-induced DNA damage makes a substantial

contribution to the spontaneous mutational burden, and
consequently, it has been implicated in carcinogenesis
and aging (Ames et al. 1993). Hydroxyl radicals, the prin-
cipal DNA-damaging species formed from aerobic respi-
ration or from exposure to chemical oxidizing agents or
ionizing radiation, interact with the thymine or cytosine
residues, principally at the 5,6 double bond, leading to
the conversion of thymine to thymine glycol (5,6-dihy-
roxy-5,6-dihydrothymine; Tg; Fig. 1A) and of cytosine to
cytosine glycol (Cg). Tg is a major stable product of thy-
mine modification in vitro and in vivo (Teoule et al.
1974; Cathcart et al. 1984), whereas Cg is unstable and
deaminates to uracil glycol (Ug; Wagner et al. 1992). Cg
can also lead to the formation of two other stable prod-
ucts, 5-hydroxycytosine (5-OHC; Dizdaroglu and Simic
1984; Teoule 1987; Wagner et al. 1992), and 5-hydroxy-
uracil (5-OHU; Wagner et al. 1992).
The oxidized pyrimidines are removed in yeast by two

DNA glycosylases, Ntg1 and Ntg2 (Senturker et al.
1998), that are related to Escherichia coli endonuclease
III (Wallace 1997), which also functions in the removal of
these lesions. Nucleotide excision repair (NER) is a ver-
satile repair system that functions in the removal of a
diversity of DNA lesions, including UV-induced CPDs
and (6–4) dipyrimidine photoproducts, intrastrand and
interstrand DNA cross-links, abasic sites, and oxidized
purines and pyrimidines (Huang et al. 1994; Sancar 1996;
Reardon et al. 1997; Prakash and Prakash 2000; Torres-
Ramos et al. 2000). If the oxidized base is not repaired by
base excision repair (BER) or NER, it can be a block to
replicative DNA polymerases and can be potentially le-
thal, unless the progression of the replication fork is res-
cued by lesion bypass processes. Alternatively, the lesion
would be mutagenic if it is bypassed by the replicative
DNA polymerases by mispairing.
Of the oxidized pyrimidine bases that have been stud-

ied to date, only Tg presents a strong block to DNA
polymerases in vitro. For example, synthesis by E. coli
DNA polymerase I Klenow fragment and T4 DNA poly-
merase is arrested at the site of the lesion; both polymer-
ases incorporate the correct nucleotide A opposite Tg,
but no extension from the inserted nucleotide occurs
(Clark and Beardsley 1987). The other oxidized pyrimi-
dines (Ug, 5-OHC, and 5-OHU) do not block DNA poly-
merases and are readily bypassed, but they are mutagenic
because of the incorporation of an A opposite them (Pur-
mal et al. 1994, 1998).
Here we examine the mechanism of Tg bypass in S.

cerevisiae. Tg presents a block to the yeast replicative
DNA polymerase delta (Pol�). However, it can efficiently
insert an A opposite this lesion, but it is unable to carry

out the subsequent extension reaction. Pol�, on the other
hand, is able to replicate through this DNA lesion, and it
does so by inserting an A opposite it and by efficiently
extending from the inserted nucleotide. Although Pol�
can replicate through the Tg lesion, it is quite inefficient
at both the insertion and extension steps. Importantly,
and quite unexpectedly, we found that of the three Rad6–
Rad18-dependent lesion bypass pathways, only the Pol�
pathway is necessary for Tg bypass, whereas the Pol�-
and Rad5-dependent pathways are dispensable. More-
over, Pol� predominantly promotes the error-free bypass
of this DNA lesion. These findings indicate that rather
than merely playing a minor role in the mutagenic by-
pass of DNA lesions, for certain DNA lesions, Pol� pro-
vides the primary if not the sole means of their bypass.
Consequently, efficient error-free TLS by Pol� could be
crucial for maintaining the speed of rapid cell divisions
during early embryonic development, thereby account-
ing for the indispensability of this polymerase in higher
eukaryotes.

Results

Replication of DNA containing a Tg by yeast DNA
polymerases �, �, and �

To examine the effect of a Tg on the DNA synthetic
activity of yeast DNA polymerases �, �, and �, we incor-
porated a site-specific Tg into a 76-nucleotide (nt) tem-
plate, and annealed it to a 40-nt 5� 32P-labeled primer.
DNA synthesis was assayed in a running start reaction,
which allows for the synthesis of 5 nucleotides before
the Tg lesion is encountered (Fig. 1B). Although the rep-
licative polymerase Pol� is able to incorporate a nucleo-
tide opposite the Tg lesion, it is unable to carry out DNA
synthesis beyond it (Fig. 1B, lane 2). In comparison to
undamaged DNA, wherein Pol� synthesized past ∼40%
of the unmodified T residue (Fig. 1B, lane 1), there was no
observed bypass of the Tg (Fig. 1B, lane 2). The absence of
any significant stall site just before the lesion indicates
that Pol� can efficiently insert a nucleotide opposite the
Tg lesion and that the inserted nucleotide is not subject
to its 3� → 5� exonuclease activity.
Although Pol� is required for the mutagenic bypass of

DNA lesions, we previously showed that Pol� is highly
inefficient at inserting nucleotides opposite a variety of
DNA lesions; rather, it promotes the bypass of lesions by
extending from the nucleotides inserted opposite the le-
sion site by another polymerase. On the Tg-containing
substrate, however, Pol� is able to carry out unassisted
lesion bypass by inserting a nucleotide opposite the le-
sion and subsequently extending from it (Fig. 1B, lane 4).
Yeast Pol� replicates through UV-induced CPDs effi-

ciently and accurately. On the Tg-containing substrate,
however, Pol� appears to be blocked both at the nucleo-
tide incorporation step and at the subsequent extension
step opposite from the lesion site (Fig. 1B, lane 6), and
this intimation was confirmed by steady-state kinetic
analyses described below.
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Nucleotide incorporated opposite Tg by yeast DNA
polymerases � and �

To determine the identity of the nucleotide(s) inserted
by Pol� and Pol� opposite the Tg residue, we used a
standing-start 19-nt primer which anneals to the tem-
plate one nucleotide before the Tg residue, and the reac-
tion products were distinguished on a 20% polyacryl-
amide gel. In the presence of 100 µM of each of the four
dNTPs, Pol� inserted an A across from the Tg residue
(Fig. 1C, cf. lanes 3 and 8), and again, there was no ob-
servable bypass of the Tg lesion by Pol�. Pol� also pri-
marily inserted an A opposite the Tg, but some very
weak incorporation of G was also observed (Fig. 1C, cf.
lanes 5 and 6,8).

Steady-state kinetic analyses of nucleotide
incorporation and extension reactions opposite Tg by
yeast DNA polymerase �

To quantify the efficiency of nucleotide insertion oppo-
site the Tg by Pol�, we carried out steady-state kinetic

analyses, and the results are shown in Table 1. Pol� can
efficiently insert an A residue opposite the Tg, as it does
so only about eightfold less efficiently than it inserts an
A opposite an undamaged T. The other nucleotides G, T,
and C are also incorporated opposite the Tg, but with
greatly reduced efficiencies.
Because Pol� can replicate through the Tg lesion, we

next measured the efficiency with which it is able to
extend from the primer terminus opposite the Tg lesion.
As shown in Table 2, compared to extension from the
normal A:T primer-terminal base pair, Pol� is able to
extend from an A paired with a Tg with an efficiency
that is reduced by only ∼50%. On the undamaged tem-
plate, Pol� extends primers that contain a 3�-terminal G
or T opposite undamaged T quite efficiently; compared
to the extension from an A:T base pair, Pol� extends
from a G or T opposite an undamaged T with an ∼20-fold
reduced efficiency. Compared to the extension from an A
opposite Tg, extension from a G or a T opposite this
lesion by Pol� was reduced ∼50-fold. Thus, Pol� is very
proficient at extending from an A opposite Tg, and its

Figure 1. Replicative bypass of Tg by yeast DNA polymerases. (A) Structure of Tg formed upon oxidation of thymine. (B) DNA
synthesis by yeast Pol� (1 nM), Pol� (1.5 nM), and Pol� (1 nM) on undamaged and Tg-containing DNA substrates. (Lanes 1,2) Synthesis
by Pol� on undamaged DNA (ND) and on DNA containing a Tg, respectively. (Lanes 3,4) Synthesis by Pol� on undamaged DNA and
on DNA containing a Tg, respectively. (Lanes 5,6) Synthesis by Pol� on undamaged DNA and on DNA containing a Tg, respectively.
DNA length in nucleotides (nt) is given on the left. The position of the Tg is indicated by the arrow on the right. (C) Identification of
the nucleotide inserted opposite Tg by Pol� (1 nM) and Pol� (1.5 nM). Synthesis was assayed on a DNA substrate containing a 19-nt
primer annealed to either the undamaged or Tg-containing template. (Lane 1) A 19-nt primer. (Lanes 2,3) Synthesis by Pol� on
undamaged DNA (ND) and on DNA containing a Tg, respectively. (Lanes 4,5) Synthesis by Pol� on undamaged DNA and on DNA
containing a Tg, respectively. Lanes 6–9 show 20-nt markers containing the 19-nt primer sequence with an additional G, T, A, or C
residue, respectively. For both B and C, reactions were carried out using the standard DNA polymerase assay containing 100 µM of
each dNTP for 10 min at 30°C. The * in B and C indicates the position of the undamaged thymine or Tg in the template.
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proficiency in extending from a G or a T opposite a
Tg lesion remains about the same as opposite an
undamaged T.

Steady-state kinetics of nucleotide insertion and
extension reactions opposite Tg by yeast DNA
polymerase �

Because Pol� could replicate through the Tg lesion, we
examined its ability to insert nucleotides opposite the Tg
lesion and to extend past it, using steady-state kinetics.
In comparison to the insertion of an A opposite an un-
damaged T residue, Pol� is ∼60-fold less efficient at in-
serting an A opposite the Tg lesion. The other nucleo-
tides were also inserted opposite Tg, and their incorpo-
ration was only a fewfold less efficient than the
incorporation of an A (Table 3). The steady-state kinetic
parameters for extension past the Tg lesion by Pol� are
shown in Table 4. In comparison to extension from a
normal A:T base pair, Pol� is ∼300-fold less efficient at
extending from an A opposite the Tg lesion. Although
extension from a G opposite Tg is somewhat better than
the extension from an A opposite Tg, it is still ∼200-fold

less efficient than extension from the normal A:T base
pair.

Requirement of DNA polymerase � for error-free
bypass of Tg

To determine whether Pol� is required for the bypass of
Tgs in vivo, we examined the effect of a rev3� mutation
on survival and mutagenesis following treatment with
hydrogen peroxide. Although the rev3� strain shows no
significant increase in sensitivity to H2O2 over wild
type, the frequency of H2O2-induced mutations was
greatly reduced in this strain (Fig. 2). However, since
H2O2 generates a variety of DNA lesions in addition to
the formation of Tg and other oxidized pyrimidines, to
better observe the specific effect of Tg and other oxidized
pyrimidines in the absence of REV3, we examined H2O2
sensitivity and mutagenesis in yeast cells in which the
NTG1, NTG2, and RAD14 genes had been deleted. The
yeast Ntg1 and Ntg2 DNA glycosylases are both able to
remove Tg as well as other oxidized pyrimidines from
DNA, and Rad14 is a component of the nucleotide exci-
sion repair machinery which would also contribute to

Table 2. Steady-state kinetic parameters for primer extension from nucleotides incorporated opposite thymine (T) and thymine
glycol (Tg) by yeast Pol�

Base pair at
primer terminusa

Incoming
residueb

Vmax
(nM/min)

Km
(µM) Vmax/Km foext

Efficiency relative
to normal T:A

T � G C 0.33 ± 0.023 90 ± 15 3.6 × 10−3 0.05 —
T � A C 0.18 ± 0.02 2.6 ± 0.8 7 × 10−2 1 —
T � T C 0.24 ± 0.01 66 ± 11 3.6 × 10−3 0.05 —
T � C C N.D.c >125 3.0 × 10−4,d 0.004 —
Tg � G C 0.08 ± 0.002 107 ± 7 7.5 × 10−4 0.02 1:93
Tg � A C 0.08 ± 0.004 2.3 ± 0.4 3.5 × 10−2 1 1:2
Tg � T C 0.09 ± 0.008 135 ± 15 6.7 × 10−4 0.02 1:104
Tg � C C — — — N.D.c —

aThe first nucleotide in the base pair listed is the template base, and the second nucleotide is at the 3� end of the primer paired opposite
the template base.
bReactions were carried out in the presence of the next correct nucleotide, dCTP.
cN.D., not determined.
dSince the nucleotide incorporation rate remained linear throughout the nucleotide concentration range used, the Vmax/Km value was
obtained from the slope of the line.

Table 1. Steady-state kinetic parameters for nucleotide incorporation opposite undamaged thymine (T) and thymine glycol (Tg)
by yeast Pol�

Template
nucleotide

Incoming
residue

Vmax
(nM/min)

Km
(µM) Vmax/Km finc

Relative
efficiencya

T G 0.1 ± 0.005 213 ± 30 4.7 × 10−4 2.2 × 10−3 —
A 0.08 ± 0.01 0.39 ± 0.1 0.21 1 —
T 0.04 ± 0.09 143 ± 97 2.8 × 10−4 1.3 × 10−3 —
C 0.14 ± 0.05 453 ± 67 3.1 × 10−4 1.5 × 10−3 —

Tg G 0.11 ± 0.01 189 ± 60 5.8 × 10−4 2.1 × 10−2 1:362
A 0.06 ± 0.01 2.2 ± 0.2 2.7 × 10−2 1 1:8
T 0.08 ± 0.01 444 ± 151 1.8 × 10−4 6.7 × 10−3 1:1166
C 0.07 ± 0.01 319 ± 203 2.2 × 10−4 8.1 × 10−3 1:955

aIndicates the efficiency of incorporation of different nucleotides opposite Tg relative to the efficiency of incorporation of an A opposite
an undamaged T.
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the removal of these oxidized pyrimidines. As shown in
Figure 2, neither the ntg1� ntg2� nor the rad14� muta-
tions cause any increase in H2O2 sensitivity, but they
confer some increase in the frequency of H2O2-induced
can1r mutations. However, whereas only a small in-
crease in H2O2 sensitivity occurs in the ntg1� ntg2�
rad14� strain, there is a dramatic rise in the frequency of
H2O2-induced can1r mutations in this strain. Gellon et
al. (2001) reported a similar increase in H2O2 sensitivity
and H2O2-induced mutagenesis in the ntg1� ntg2�
rad14� strain. Importantly, we found that introduction
of the rev3� mutation into the ntg1� ntg2� rad14�
strain confers a synergistic enhancement in H2O2 sensi-
tivity, but the frequency of H2O2-induced can1r muta-
tions declines only somewhat in the ntg1� ntg2� rad14�
rev3�mutant strain compared to that in the ntg1� ntg2�
rad14� strain. To examine the in vivo role of Pol� in Tg
bypass, we introduced a rad30� mutation into the ntg1�
ntg2� rad14� strain and examined its sensitivity and its
ability to mutate in response to H2O2 treatment. How-
ever, the rad30� mutation had no significant effect on
survival or mutagenesis in this genetic background (Fig.
2). Furthermore, introduction of both the rad5� and
rad30� mutations into the ntg1� ntg2� rad14� rev3�
strain did not cause any significant increase in H2O2
sensitivity, and the frequency of H2O2-induced can1r

mutations was not affected (Fig. 2). We elaborate on the
implications of these genetic results in the Discussion,
and from those considerations, we infer a preeminent
role for Pol� in Tg bypass, whereas Pol� and Rad5 make
no significant contribution to the bypass of this DNA
lesion.

Discussion

Here we show that Tg is a block to replication by Pol�,
but it can efficiently insert an A opposite this lesion. On
the other hand, Pol� is able to replicate through this
DNA lesion by inserting an A and then extending from
it. Using steady-state kinetic analyses, we found that
compared to the incorporation of an A opposite undam-
aged T, Pol� is about eightfold reduced in its efficiency to
incorporate an A opposite Tg, but it extends from the A
nucleotide opposite Tg almost as proficiently as from an
A opposite undamaged T. Although Pol� can replicate
through the Tg lesion by inserting an A, its efficiency of
incorporating the nucleotide is reduced by ∼60-fold, and
it shows an ∼300-fold reduction in the efficiency of ex-
tending from the inserted nucleotide.
NMR studies of duplex DNA containing a site-specific

Tg have indicated that this lesion induces a significant
and localized alteration in the structure of DNA, and

Table 4. Steady-state kinetic parameters for primer extension from nucleotides opposite thymine (T) and thymine glycol (Tg) by
yeast Pol�

Base pair at
primer terminusa

Incoming
residueb

Vmax
(nM/min)

Km
(µM) Vmax/Km foext

Relative to
normal T:A

T � A C 0.8 ± 0.06 1.3 ± 0.4 0.6 1 —
Tg � G C 0.17 ± 0.001 50 ± 12 3 × 10−3 1.5 1:200
Tg � A C 0.25 ± 0.02 151 ± 33 2 × 10−3 1 1:300
Tg � T C 0.07 ± 0.006 59 ± 2 1 × 10−3 0.5 1:600
Tg � C C N.D.c �500 4.6 × 10−5(d) 0.023 1:13,000

aThe first nucleotide in the base pair listed is the template base, and the second nucleotide is at the 3� end of the primer paired opposite
the template base.
bReactions were carried out in the presence of the next correct nucleotide, dCTP.
cN.D., not determined.
dSince the nucleotide incorporation rate remained linear throughout the nucleotide concentration range used, the Vmax/Km value was
obtained from the slope of the line.

Table 3. Steady-state kinetic parameters for nucleotide incorporation opposite thymine (T) and thymine glycol (Tg) by
yeast Pol�

Template
nucleotide

Incoming
residue

Vmax
(nM/min)

Km
(µM) Vmax/Km finc

Relative
efficiencya

T G 0.17 ± 0.02 95 ± 38 1.8 × 10−3 1.0 × 10−2 —
A 0.33 ± 0.03 1.9 ± 0.5 0.17 1 —
T 0.12 ± 0.008 200 ± 38 6.0 × 10−4 3.5 × 10−3 —
C 0.17 ± 0.01 69 ± 24 2.5 × 10−3 1.5 × 10−2 —

Tg G 0.17 ± 0.02 316 ± 84 5.4 × 10−4 1.8 × 10−1 1:315
A 0.53 ± 0.03 187 ± 44 3 × 10−3 1 1:57
T 0.06 ± 0.003 391 ± 53 1.5 × 10−4 5.0 × 10−2 1:1133
C 0.15 ± 0.01 171 ± 44 8.8 × 10−4 3.1 × 10−1 1:193

aIndicates the efficiency of incorporation of different nucleotides opposite Tg relative to the efficiency of incorporation of an A opposite
an undamaged T.
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that the Tg residue in DNA is approximately half extra-
helical (Kao et al. 1993; Kung and Bolton 1997). The
structural perturbations caused by Tg are likely to be
quite different from that found in DNA containing an
abasic site, and we found that all three yeast DNA poly-
merases examined here are more efficient at inserting a
nucleotide opposite the Tg lesion than opposite an abasic
site. Thus, although Pol� preferentially inserts an A op-
posite both DNA lesions, it displays a strong stall site
just before the abasic site (Haracska et al. 2001a),
whereas no such stall site is evident for the Tg lesion,
indicating that Tg is not a significant block to nucleotide
incorporation by Pol�, but an abasic site is. In addition,
compared to the highly inefficient incorporation of
nucleotides opposite an abasic site by Pol� (Haracska et
al. 2001a) and Pol� (Haracska et al. 2001b), both these
polymerases incorporate an A opposite Tg much more
efficiently.
We previously showed that Pol� functions in the mu-

tagenic bypass of a cis-syn T–T dimer or a (6–4) T–T
photoproduct by extending from the nucleotide inserted
opposite the 3�T of these lesions by another DNA poly-
merase (Johnson et al. 2000a, 2001). A cis-syn T–T dimer
has only a modest effect on the DNA structure, and it
does not affect the ability of the two Ts in the dimer to
pair with As (Ciarrocchi and Pedrini 1982; Kim et al.
1995). Although a (6–4) T–T photoproduct, wherein the
3�T is oriented perpendicular to the 5�T, induces a large
structural distortion, the ability of the 5�T to form nor-
mal hydrogen bonds with the A in the complementary
strand is not affected (Kim et al. 1995; Lee et al. 1999).
Pol� also extends efficiently from nucleotides, particu-
larly an A, incorporated opposite an abasic site by an-
other DNA polymerase (Haracska et al. 2001a). An aba-
sic site also is not expected to significantly affect the
ability of the next 5� template base to pair with its cog-
nate base. Thus, although the template-primer ends at
the lesion site will incur some degree of geometric dis-
tortion in all of these cases, the presence of any of these

lesions in the template strand opposite the primer end
will not significantly affect the formation of the next
base pair. In contrast, modeling studies with DNA con-
taining a Tg, by energy minimization (Clark et al. 1987)
and by molecular dynamics simulations (Miaskiewicz et
al. 1995), have indicated that this damaged base destabi-
lizes the stacking interactions with the 5� base pair, and
that is due, at least in part, to an unfavorable steric over-
lap between the pseudoaxial methyl group in Tg and the
5� template base. In these studies, Clark et al. (1987)
inferred a large increase in the tilt angle of the template
base immediately 5� to Tg, and Miaskiewicz et al. (1995)
found a dramatic increase in the rise parameter between
the lesion and the 5� adjacent base, and this change was
accompanied by the weakening of Watson-Crick hydro-
gen bonds in the next base pair on the 5� side of the
lesion. Thus, both of these studies indicate that the 5�
side of the lesion is the site of major structural distor-
tions to DNA, and these observations explain well the
inability of most DNA polymerases to extend from the
base opposite Tg. The proficient ability of Pol� to extend
from the A nucleotide opposite Tg shows that this poly-
merase is uniquely adapted to carry out the extension
reaction even in the presence of such steric interference
with the 5� template base.
The oxidized pyrimidines, Tg, Ug, 5-OHC, and 5-OHU

will be removed in yeast by the Ntg1 and Ntg2 DNA
glycosylases and by NER. However, although the simul-
taneous inactivation of all of these pathways elicits only
a small increase in H2O2 sensitivity, there is a large in-
crease in the frequency of H2O2-induced can1r muta-
tions. These observations suggest that yeast cells can
efficiently replicate through Tg and other oxidized py-
rimidines, and replication through some of these dam-
aged bases, presumably Cg, 5-OHC, and 5-OHU, is mu-
tagenic. To determine the contribution of the three
Rad6–Rad18-dependent pathways to the replication of
oxidized pyrimidines, we examined the H2O2 sensitivity
and H2O2-induced can1rmutagenesis in the ntg1� ntg2�

Figure 2. Requirement of REV3 for the replica-
tive bypass of Tg. (A) Synergistic enhancement of
H2O2 sensitivity by the rev3� mutation in yeast
strains lacking the NTG1, NTG2, and RAD14
genes. (B) H2O2-inducedCAN1S-to-can1r forward
mutations in various yeast strains. Symbols for
various strains are as shown in A. The sensitivity
to H2O2 and the frequency of H2O2-induced
can1r mutations were the same in the ntg1�

ntg2� rad14� and ntg1� ntg2� rad14� rad5�

strains.
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rad14� strain from which the REV3, RAD30, or RAD5
gene had been deleted. Quite unexpectedly, we found
that only the deletion of the REV3 gene confers a large
increase in H2O2 sensitivity, whereas even deletion of
both the RAD5 and RAD30 genes in the ntg1� ntg2�
rad14� rev3� strain causes no further increase in H2O2
sensitivity. The frequency of H2O2-induced can1r muta-
tions was reduced somewhat in the ntg1� ntg2� rad14�
strain upon the introduction of the rev3� mutation, but
the additional introduction of the rad5� and rad30�mu-
tations into such a strain caused no further change in
mutation frequencies.
From these genetic results, we infer that of the three

Rad6–Rad18-dependent pathways, only the Pol� path-
way makes a predominant contribution to the replica-
tive bypass of Tg. Because Pol� is unable to replicate
through a Tg, this lesion would be lethal if not bypassed.
The requirement of Pol� for extension past Tg could then
account for the large increase in H2O2 sensitivity that
occurs in the ntg1� ntg2� rad14� strain upon the intro-
duction of the rev3� mutation. As the Pol�-mediated by-
pass of Tg is expected to be predominantly error-free (see
below; Fig. 3), the reduction in the frequency of H2O2-
induced can1r mutations that is seen in the ntg1� ntg2�
rad14� rev3� strain compared to that in the ntg1� ntg2�
rad14� strain may arise from the role of Pol� in the mu-
tagenic bypass of H2O2-induced DNA lesions other than
oxidized pyrimidines. Because the oxidized pyrimidines
Ug, 5-OHC, and 5-OHU are not a block to DNA poly-
merases and can be bypassed by mispairing, the high
incidence of H2O2-induced can1rmutations that accrues
in the ntg1� ntg2� rad14� strain in either the absence or
presence of the rev3� mutation is likely due to the mu-
tagenic bypass of such oxidized pyrimidines by Pol�.

In summary, the large increase in H2O2 sensitivity and
the persistence of high levels of H2O2-induced mutagen-
esis in the ntg1� ntg2� rad14� rev3� strain, plus the
absence of any significant effect on H2O2 sensitivity and
induced mutagenesis when the rad5� and rad30� muta-
tions are introduced into this strain, are all consistent
with the requirement of Pol� for the error-free bypass of
Tg lesions, whereas Rad5 and Pol� make no significant
contribution to the bypass of this DNA lesion.
Although Pol� could on its own replicate through a Tg

lesion by carrying out both the nucleotide incorporation
and subsequent extension reactions, we consider it more
likely that replication through a Tg lesion in yeast oc-
curs by the coordinated action of Pol� and Pol� (Fig. 3), in
which Pol� acts at the nucleotide incorporation step and
Pol� functions at the extension step. We think that Pol�
would have precedence over Pol� at the nucleotide in-
corporation step, because Pol� would be the first poly-
merase to encounter the Tg lesion, and because this le-
sion imposes no block on nucleotide incorporation by it.
We suggest that the reason the Pol�-dependent bypass
pathway prevails over the other Rad6–Rad18-dependent
bypass pathways is because of the proficient ability of
Pol� for A incorporation opposite the lesion site from
which Pol� efficiently extends (Fig. 3). As a corollary, for
DNA lesions where Pol� stops before the lesion site,
pathways other than Pol� could come into play. Thus, for
example, the stalling of Pol� just before the 3�T of a
cis-syn T–T dimer (Johnson et al. 1999), or other UV-
induced DNA lesions such as (6–4) dipyrimidine photo-
products, could present Rad5 or Pol� the opportunity to
gain entry into the replicational ensemble before the le-
sion site and to carry out the bypass reaction. Conse-
quently, although all three Rad6–Rad18-dependent path-

Figure 3. Error-free Tg bypass in yeast by the
coordinated action of Pol� and Pol�. (A) Pol� en-
counters a Tg during replication. (B) Although
Pol� could contribute to the insertion of an A
opposite Tg, because of the efficient nucleotide
insertion by Pol�, and because of its proximity to
the lesion site, we expect Pol� to primarily carry
out the insertion reaction. (C) Pol� extends from
the A nucleotide inserted opposite Tg. (D) Pol�
resumes normal DNA synthesis.
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ways, namely Rad5, Pol�, and Pol�, effect replication
through UV-induced DNA lesions, the Rad5 pathway,
and to a lesser extent, Pol�, play a more prominent role
in the bypass of UV lesions than does Pol� (Torres-Ra-
mos et al. 2002). In the absence of any stalling of Pol�
before the lesion site, as is the case for a Tg lesion, lesion
bypass would become highly dependent upon a polymer-
ase able to efficiently elongate from the nucleotide in-
serted opposite the lesion site by Pol�, thereby account-
ing for the requirement of Pol� for Tg bypass.
As inferred here from genetic studies in yeast, in

higher eukaryotes also, Pol� could be a major contributor
to Tg bypass. The ability of human Pol� and Pol� to
replicate through a Tg lesion was recently examined. Al-
though human Pol� is more efficient at the nucleotide
incorporation step than is yeast Pol�, Tg is a significant
block for extension by human Pol�, as evidenced from
the inhibition of synthesis that occurs right after the
incorporation of a nucleotide opposite the lesion, as well
as after the incorporation of the next nucleotide (Kusu-
moto et al. 2002). Human Pol� is inhibited by Tg at both
the nucleotide incorporation step and the subsequent ex-
tension step, with inhibition at the extension step being
more severe (Fischhaber et al. 2002). The proficient abil-
ity of Pol� to extend from the A nucleotide inserted op-
posite Tg by Pol� reported here for yeast would suggest
that in humans too, this represents the primary pathway
for Tg bypass.
A preeminent role of Pol� in Tg bypass in higher eu-

karyotes could explain the embryonic lethality of
Rev3−/− mice. In addition, we consider it very likely that
Pol� similarly promotes the error-free bypass of many
other frequently formed spontaneous DNA lesions. Fur-
thermore, proficient replication through a variety of fre-
quently formed DNA lesions would ensure that rapid
cell divisions continue unhindered during early embry-
onic development. Hence, in the absence of Pol�, repli-
cation forks would stall at spontaneously arising DNA
lesions, leading to the formation of double-stranded
DNA breaks and chromatid and chromosome aberra-
tions that are seen in Rev3−/− embryos, which would
then cause the apoptotic response and embryonic lethal-
ity (Van Sloun et al. 2002). Thus, by promoting efficient
and error-free TLS through DNA lesions, Pol� could
make a critical contribution to early embryonic devel-
opment in higher eukaryotes.

Materials and methods

Enzyme purification

Yeast DNA polymerase � was kindly provided by Peter Burgers
(Washington University School of Medicine, St. Louis, MO), and
DNA polymerase � from which the GST portion had been
cleaved was purified as described (Johnson et al. 2001). To purify
yeast Pol�, the yeast REV3 gene was cloned in frame with the
glutathione S-transferase (GST) gene containing the Prescission
protease recognition sequence (LEVLFQGP), under control of
the galactose-inducible phosphoglycerate kinase promoter in
plasmid pBJ842, generating plasmid pREV3.30. The native Rev7

protein was expressed from the alcohol dehydrogenase (ADH)
promotor in plasmid pREV7.27. Yeast strain BJ5464 harboring
both pREV3.30 and pREV7.27 was grown in synthetic complete
media lacking leucine and tryptophan (SC–leu,-trp), induced
with 2% galactose, and harvested as described (Johnson et al.
2000b). Frozen yeast cells were resuspended in 2.5 mL of cell
breakage buffer (50 mM Tris-HCl at pH 7.5, 10% sucrose, 300
mM NaCl, 1 mM EDTA, 0.5 mM benzamidine/phenylmethyl-
sulfonyl fluoride, 10 mM �-mercaptoethanol) per gram of yeast
and lysed in a French press before centrifugation at 100,000 g.
The extract was then passed over a 100 µL glutathione sepha-
rose 4B column (Pharmacia) at 4°C, and the column was washed
with 10 volumes of cell breakage buffer containing 1M NaCl.
The column was equilibrated in Prescission cleavage buffer (50
mM Tris-HCl at pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM
dithiolthreitol, 0.01% NP-40), and Pol� (Rev3/Rev7 complex)
without the GST tag was batch-eluted from the matrix by treat-
ment with 2 units of Prescission protease (Amersham Pharma-
cia) overnight at 4°C. Prescission protease cleaves between the
glutamine (Q) and glycine (G) residues of the recognition se-
quence (see above) and leaves a 7-amino-acid leader peptide on
the N terminus of the Rev3 protein. Pol� aliquots were stored at
−70°C.

Tg substrate

The site-specific Tg was generated as described (McNulty et al.
1998). The 11-nt oligomer 5�-GCAAGTCGGAG-3� (OD50
Abs260), containing a single thymine residue at the underlined
position, was treated with 1 mM KMnO4 for 5 min at 4°C. The
oligonucleotide was then purified by reverse-phase HPLC using
a Waters Delta Pak C-18 analytical column. The identity of the
Tg containing 11-mer oligonucleotide was verified by mass
spectrometry. The unmodified and the Tg containing 11-nt
oligomers were each incorporated into a 76-nt template DNA
(5�-AGCAAGTCACCAATGTCTAAGAGTTGCAAGTCGGAG
CTACACTGGAGTACCGGAGCATCGTCGTGACTGGGAA
AAC-3�) by ligation to flanking 25-nt and 40-nt oligomers,
where the underlined T was either undamaged or Tg. The full-
length 76-nt template DNAs were separated from unligated oli-
gonucleotides using 12% polyacrylamide gels containing 8 M
urea, cut from the gels, and subsequently isolated by electro-
elution. Primer oligonucleotides were 5� 32P-labeled using 	-32P
ATP (Amersham-Pharmacia) and T4 kinase (Roche). For run-
ning start DNA synthesis reactions, the 40-nt primer N4264
(5�-GTTTTCCCAGTCACGACGATGCTCCGGTACTCCAGT
GTAG-3�) was annealed to either the nondamaged or Tg-con-
taining template. For determining the identity of the deoxy-
nucleotide incorporated opposite the unmodified T or the Tg,
the 19-nt primer (5�-GTACTCCAGTGTAGCTCCG-3�) was
used. The 20-nt marker oligonucleotides were identical in se-
quence to the 19-nt primer, except that they contained an ad-
ditional G, A, T, or C residue at the 3� end. For steady-state
kinetic nucleotide incorporation assays, the 45-nt primer
N8282 (5�-GTTTTCCCAGTCACGACGATGCTCCGGTACT
CCAGTGTAGCTCCG-3�) was used. To analyze the steady-
state kinetic parameters of primer extension by Pol� from a G,
A, T, or C residue paired with either a T or a Tg in the template,
oligomers identical to N8282 but containing an additional G, A,
T, or C nucleotide at the 3� end were used, respectively.

DNA polymerase assays

The standard DNA polymerase reaction (5 µL) contained 25mM
Tris-HCl at pH 7.5, 5 mM MgCl2, 1 mM dithiolthreitol, 100
µg/mL bovine serum albumin, 10% glycerol, 100 µM of each
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deoxynucleotide (dGTP, dATP, dTTP, and/or dCTP), and 10 nM
DNA substrate consisting of a 5� 32P-labeled primer annealed to
a DNA template. Enzyme concentrations used for examining
TLS through a Tg are indicated in the legend for Figure 1. Re-
actions were carried out at 30°C for 10 min and terminated by
the addition of 4 volumes of loading buffer (95% formamide,
0.05% cyanol blue, 0.05% bromophenol blue, and 20 mM
EDTA) before resolving on 10% or 20% polyacrylamide gels
containing 8M urea. Gels were dried before autoradiography at
−70°C.

Steady-state kinetic analysis

Analyses of kinetic parameters for deoxynucleotide incorpora-
tion opposite the Tg lesion and for primer extension from
nucleotides opposite this lesion were done as described (Creigh-
ton et al. 1995). For examining the kinetics of nucleotide incor-
poration, yeast Pol� (0.5 nM) or yeast Pol� (1 nM) were assayed
for 5–10 min at 30°C using the standard DNA polymerase assay
except that only a single deoxynucleotide was included. For
yeast Pol�, the correct deoxynucleotide (dATP) concentration
was varied from 0.05 to 1 µM and from 0.25 to 10 µM, in assays
containing nondamaged or Tg-containing DNA, respectively.
Incorrect nucleotides were varied from 50 to 5000 µM. For yeast
Pol�, the correct deoxynucleotide (dATP) concentration was
varied from 0.5 to 250 µM, and incorrect nucleotide concentra-
tions ranged from 10 to 3000 µM. Gel band intensities of the
substrate and products of the deoxynucleotide incorporation re-
actions were quantified using a Storm phosphorimager and Im-
ageQuant software (Molecular Dynamics). The observed rate of
deoxynucleotide incorporation, vobs, was determined by divid-
ing the amount of product formed by the reaction time. We
plotted vobs as a function of the deoxynucleotide concentration
and fit these data to the Michaelis-Menten equation describing
a hyperbola: vobs = (Vmax × [dNTP])/(Km + [dNTP]).
From the best fit curve, the apparent Km and Vmax steady-state

kinetics parameters were obtained for the incorporation of both
incorrect and correct deoxynucleotides. These parameters were
also used to calculate the frequency of deoxynucleotide misin-
corporation, finc, using the following equation: finc = (Vmax/
Km)incorrect/(Vmax/Km)correct.
To examine the kinetics of primer extension from a G, A, T,

or C residue paired opposite a normal thymine or opposite a Tg,
the standard DNA polymerase assay conditions were used as
described above, except that the concentration of dCTP, the
next correct nucleotide, was varied. For assays containing yeast
Pol�, the dCTP concentration ranged from 0.25 to 50 µM for
extension from an A residue paired opposite a normal thymine
or a Tg, and ranged from 5 to 500 µM for the mispaired primer
termini. For yeast Pol�, the dCTP concentration ranged from
0.1 to 500 µM for extension from an A residue paired opposite a
normal thymine or a Tg, and ranged from 10 to 3000 µM for all
other primer:template combinations. The intrinsic efficiency of
mismatch extension, f°ext, a constant that represents the effi-
ciency of extending mismatched termini in competition with
matched termini at equal DNA concentrations in the limit of
zero next nucleotide, was calculated using the equation:
f°ext = (Vmax/Km)mismatch/(Vmax/Km)matched.

Generation of yeast null mutant strains

Genomic deletion mutations of the REV3 and RAD14 genes
were generated using plasmids pPM292 and pR14.4, respec-
tively. To create the ntg1�-generating plasmid, a 2.9-kb region
of yeast genomic DNA encompassing the entire S. cerevisiae
NTG1 open reading frame (ORF) plus 800 bp and 420 bp of 5�

and 3� flanking DNA, respectively, was amplified by PCR and
cloned into pUC19. A BamHI linker was then inserted at the
EcoRV site at position +144 of the NTG1 ORF, and subse-
quently, the 1.6-kb 3� DNA of NTG1 from nt +144 to +420 bp
downstream of the termination codon was replaced with a 467-
bp PCR product containing only nt +1153 to +420 bp down-
stream of the termination codon. The resulting plasmid con-
tains PCR products of 930 bp and 470 bp, corresponding to the
5� and 3� flanking region of NTG1, respectively, separated by a
BamHI restriction endonuclease site. The URA3 gene blaster
fragment was then cloned into the BamHI site, generating the
ntg1�-generating plasmid pSKSL58. This plasmid, when di-
gested with the restriction endonucleases EcoRI and SphI, re-
sults in a 5.7-kb DNA fragment that when transformed into
yeast, deletes the NTG1 ORF from position +144 to +1153.
To construct the ntg2�-generating plasmid, a 3.3-kb DNA

fragment containing the entire NTG2 ORF, and 1.2 kb and 0.95
kb of 5� and 3� flanking DNA, respectively, was amplified by
PCR and cloned into pUC19. The internal region of the ORF
from nucleotide +50 to +958 was removed and replaced by a
BamHI linker. The URA3 gene blaster fragment was subse-
quently inserted into this BamHI site, resulting in the ntg2�-
generating plasmid pPM982. This plasmid, when digested with
the restriction endonucleasesAsp718 and SphI, releases a 6.2-kb
DNA fragment that when transformed into yeast deletes the
1140 bp NTG2 ORF from nucleotides +50 to +958.
Yeast strain EMY74.7 (MATa his3�, leu2-3,112, ura3-52

trp1�) and its derivatives were transformed with the deletion-
generating plasmids using the lithium acetate method. The
presence of each deletion was confirmed by PCR analysis of
yeast genomic DNA and by back-crossing to known yeast dele-
tion mutants.

H2O2 sensitivity and induced mutagenesis

Yeast strains grown to mid-log phase at 30°C in YPD medium
were treated with H2O2 (Fluka) at the concentrations indicated
in the legend for Figure 2. Cells were then incubated for an
additional h at 30° C with vigorous shaking, harvested by fil-
tration, and resuspended in sterile glass-distilled H2O. Appro-
priate dilutions were then plated on YPD for survival analysis or
on synthetic complete medium lacking arginine but containing
canavanine to measure the frequency of CAN1S to can1r for-
ward mutations. Plates were incubated at 30°C for 3–4 d for
survival and for 5–6 d for mutagenesis before counting colonies.
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