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ABSTRACT Consistent with previous observations, pro-
liferating cell nuclear antigen (PCNA) promotes DNA synthe-
sis by calf thymus DNA polymerase & (pol &) past several
chemically defined template lesions including model abasic
sites, 8-oxo-deoxyguanosine (dG) and aminofluorene-dG (but
not acetylaminofluorene-dG). This synthesis is potentially
mutagenic. The model abasic site was studied most exten-
sively. When all deoxyribonucleoside triphosphates and a
template bearing a model abasic site were present, DNA
synthesis by pol & beyond this site was stimulated 53-fold by
addition of homologous PCNA. On an unmodified template
(lacking any lesions), PCNA stimulated pol 6 by 1.3-fold.
Product analysis demonstrated that as expected from the
“A-rule,” fully and near-fully extended primers incorporated
predominantly dAMP opposite the template lesion. Moreover,
corollary primer extension studies demonstrated that in the
presence (but not the absence) of PCNA, pol 6 preferentially
elongated primers containing dAMP opposite the model aba-
sic template site. p21, a specific inhibitor of PCNA-dependent
DNA replication, inhibits PCNA-stimulated synthesis past
model abasic template sites. We propose that DNA synthesis
past template lesions by pol 6 promoted by PCNA results from
the fundamental mechanism by which PCNA stimulates pol 6,
i.e., stabilization of the pol 6-template-primer complex.

Eukaryotes are currently known to contain six DNA poly-
merases; DNA polymerase (pol) « is thought to synthesize
primers required for replication, DNA pol B is thought to be
primarily involved in repair, DNA pols € and 6 (pol & and pol
8, respectively) are essential for replicative DNA synthesis and
DNA pol vy is required for mitochondrial DNA replication (for
areview, see ref. 1). Though considerable uncertainty remains,
a sixth eukaryotic enzyme, DNA pol ¢, was identified in several
organisms (2-5). For Saccharomyces cerevisiae (yeast), this
polymerase is thought to participate directly in replication past
template damage in vivo (refs. 4 and 5 and references therein).
Proliferating cell nuclear antigen (PCNA) was identified as a
specific auxiliary factor of pol & (6). In certain contexts, it also
stimulates pol € (7-9). These effects imply that PCNA interacts
with both pol 8 and pol . PCNA also interacts specifically with
several other cellular proteins. These include replication factor
C (10-16), FEN-1 (17), p21 (18-20), Gadd45 (21), and cyclin
D (22). Functionally, PCNA is essential for both DNA repli-
cation and repair (23-31).

PCNA stimulates pol 8 by enhancing processivity, the rate-
limiting step for pol 8-catalyzed dINMP polymerization. PCNA
enhances processivity both by modestly increasing the rate of
single nucleotide incorporation (32) and by dramatically de-
creasing the dissociation of pol 6 from model template-primers
(33). It is thought that PCNA performs this latter function by
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acting as a sliding clamp that tethers pol 6 to DNA during
replication (34); this notion was substantiated by results from
x-ray crystallographic study of recombinant yeast PCNA (35).

The PCNA-enhanced binding of template-primers by pol &
promotes several relatively unfavorable events catalyzed by
this polymerase. It was initially observed that PCNA allowed
synthesis past template thymine dimers by pol & (36). More
recently, we showed that calf thymus PCNA promoted nucle-
otide misincorporation as well as incorporation of a nucleotide
analog by homologous pol & (37). We suggested that the
enhancement of misincorporation and incorporation of a
nucleotide analog resulted indirectly from PCNA-enhanced
template-primer binding by pol 8. In prokaryotes, the notion
that processivity factors can alter the fidelity of DNA poly-
merases is not novel but was suggested based on studies of both
Escherichia coli DNA pol 111 (see refs. 38 and 39) under normal
as well as SOS response conditions (see ref. 40 and references
therein) and bacteriophage T7 DNA polymerase (see ref. 41).

In previous studies (37), the deoxyribonucleoside triphos-
phate (ANTP) composition of pol 8 reaction mixtures was
limited. This led others to suggest that our results were not fully
relevant to conditions in vivo where all four dNTPs would be
present. Consequently, we chose to study DNA synthesis past
a number of template lesions. In these experiments, all four
dNTPs were included. We found that pol 8-catalyzed synthesis
past many (but not all) of these lesions is substantially stim-
ulated by PCNA. A precise mechanistic explanation is offered.

MATERIALS AND METHODS

Many of the materials and much of the methodology were
described previously (32, 33, 37, 42). EcoRI restriction endo-
nuclease was from New England Biolabs. Acrylamide and
methylene bis-acrylamide were from Eastman Organic Chem-
icals and were further purified by adsorption of impurities to
activated charcoal. All other chemicals were of reagent grade
and were used without further purification.

Proteins. PCNA was purified to apparent homogeneity from
calf thymus (6) as was pol & (32, 43). Human PCNA cloned in
a bacterial expression vector was purified from an E. coli
extract as previously described (44). Drosophila melanogaster
PCNA was purified to apparent homogeneity from embryos
(45). Human p21 containing an influenza virus hemagluttinin
epitope was cloned in a bacterial expression vector and was
purified from an E. coli extract by immunoaffinity chroma-
tography (46). Near-homogeneous human p21 was the gener-

Abbreviations: pol 8, pol ¢, and pol ¢, DNA polymerases 8, €, and ¢,
respectively; PCNA, proliferating cell nuclear antigen; ctPCNA, calf
thymus PCNA; hPCNA, human PCNA; dNTPs, deoxyribonucleoside
triphosphates.
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ous gift of S. Waga and B. Stillman (Cold Spring Harbor
Laboratories, Cold Spring Harbor, NY).

Nucleic Acids. Oligonucleotide templates and primers of
defined sequence were synthesized (47-49) by F. Johnson and
colleagues (State University of New York, Stony Brook).
Before use, primers were purified by standard denat-
uring PAGE (50). Where indicated, templates contained at
defined positions, a modified tetrahydofuran moiety (abasic
site) (47), 8-oxo-deoxyguanosine (8-oxo-dG) (51), aminoflu-
orene-dG, or acetylaminofluorene-dG (48, 49). The structure
of the modified tetrahydrofuran is shown below (Scheme I).
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SCHEME 1

Except in control incubations performed with unmodified
oligonucleotides, a single template contained only one modi-
fied base.

DNA Polymerase Incubations. Assays of pol 8 activity were
performed essentially as previously described (32, 42) and as
detailed in figure legends. Except where indicated, PAGE-
purified primers were 5'-end labeled with phage T4 polynu-
cleotide kinase in the presence of [y->?P]ATP. Afterward,
labeled primer was annealed to a 30-mer template. Incubations
each contained 0.1 pmol of labeled primer (3'-OH ends)
annealed to template, 5 ng purified calf thymus pol & where
indicated, 70 ng purified calf thymus PCNA where indicated
and 400 uM of each dNTP (unlabeled). Incubations were for
15 min at 37°C in a final volume of 5 ul. Incubations were
terminated by addition of standard stop solution and aliquots
were subjected to denaturing PAGE, autoradiography, and
PhophorImager analyses. For 3'-3?P-labeling of primers, ter-
minal deoxynucleotidyl transferase (Life Sciences, St. Peters-
burg, FL) was used according to manufacturer’s instructions to
add 3?P-labeled dNMPs to the 3'-OH group of a standard
21-mer primer. Each of the [a-3?P]dNTP precursors was
provided in a separate incubation and resulting 3'-3?P-labeled
22-mers were purified before use by denaturing PAGE. Prim-
ers and templates were annealed essentially as previously
described (52). After incubation, reaction products were sub-
jected to standard denaturing PAGE and visualized autora-
diographically. Quantification of reaction products was with a
Molecular Dynamics 445 SI PhosphorImager. For determina-
tion of nucleotide insertion specificity by DNA polymerase
opposite a template site, the two-phase gel strategy of Shibu-
tani (53) was used exactly. This strategy is outlined diagram-
matically in Fig. 3.

RESULTS

PCNA Stimulates Synthesis Past a Model Abasic Site by
Calf Thymus Pol 6. To investigate in the presence of all four
dNTPs, the effects of PCNA on the catalytic properties of pol
8, synthesis past a model abasic site (hereafter referred to as
the abasic site) in the template was monitored (Fig. 1). The
structures of both the abasic site (X)-containing template and
5’-32P-labeled complementary primer are shown (Fig. 14).
After annealing 21-mer to 30-mer, the next template position
to be copied was the abasic site.
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Fic. 1. PCNA promotes bypass of an abasic template site by
mammalian pol §; catalysis from a “standing start.” (4) Structure of
the 32P-labeled 30-21-mer template-primer; X indicates the position
of either a modified tetrahydrofuran moiety (abasic site) or dAMP.
(B) Incubations were formulated as indicated. At position X, tem-
plates contained either an abasic site (lanes 1-5) or JAMP (lanes 6 and
7). Marker positions are indicated to the right of the autoradiogram.
Migration positions of unextended primer and primer with a single
nucleotide incorporated opposite template position X are indicated to
the left of the autoradiogram. Evidence of pol 8-exonuclease is seen
in all lanes where polymerase was present during incubation but
particularly where dNTPs were absent (lanes 2 and 4). PhosphorIm-
ager quantification of the data in B revealed that with unmodified
template-primers in the absence of PCNA, 45% of the input primer
was extended beyond a single nucleotide; 14% was extended by one
nucleotide (lane 6). After addition of PCNA, 61% of the input primer
was extended beyond a single nucleotide; 9% was extended by one
nucleotide (lane 7). With template-primers containing a template
abasic site, in the absence of PCNA, less than 1% extension of the
primer beyond a single nucleotide was detected; 12% of the input
primer was extended by one nucleotide (lane 3). In the presence of
PCNA, 42% of the input primer was extended beyond a single
nucleotide; 12% was extended by one nucleotide (lane 5).

Before incubation, the 5’'-3?P-labeled primer was essentially
homogeneous (Fig. 1B, lane 1). In the absence of PCNA, pol
6 catalyzed detectable incorporation opposite the abasic site
but was apparently unable to extend the resulting primer (Fig.
1B, lane 3); this was dramatically different from the activity of
pol 8 on an unmodified template-primer (Fig. 1B, lane 6). In
contrast, addition of PCNA led to considerable extension by
pol & of the primer resulting from incorporation opposite the
abasic site; both full-length product (30-mer) and oligonucle-
otide extended one nucleotide further (31-mer) were easily
detected (Fig. 1B, lane 5). (DNA polymerase-catalyzed exten-
sion of primers by a single nucleotide beyond the available
template has been widely observed; for examples see refs.
54-56.) This was similar to the effect of PCNA on the activity
of pol 6 with an unmodified template-primer except that
relatively more 31-mer product was observed with the unmod-
ified nucleic acid (Fig. 1B, lane 7). Incorporation by pol §, both
with and without PCNA, was dependent on exogenous dNTPs
(Fig. 1B, compare lane 2 with 3 and lane 4 with 5).
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The results shown in Fig. 1 were quantified (see legend to
Fig. 1). Data confirmed impressions obtained from inspection
of autoradiograms. Based on these data, we calculate that with
the template-primer used, PCNA stimulates synthesis by pol &
beyond dAMP (a normal template nucleotide) by 1.3-fold; in
contrast, PCNA stimulates synthesis beyond a template abasic
site by 53-fold.

PCNA Stimulates Synthesis by Pol é Past a Template Abasic
Site Independently of Primer Length. The experiment shown
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Fic. 2. Effect of PCNA on bypass from a standing start of
chemically defined template lesions by pol 8. Incubations were for-
mulated as described in Materials and Methods and in the legend to Fig.
1, but contained 3?P-labeled 18-12-mer as template-primer. (A)
Structure of the 32P-labeled 18-12-mer template-primer used in all
incubations. X, template position 6, indicates the position of either
dGMP or the several chemically defined lesions tested. (B) Structure
of dGMP and the three chemically defined template lesions studied.
In all, dR indicates the linkage to deoxyribose that is in turn coupled
to phosphate moieties in a standard phosphodiester linkage charac-
teristic of DNA. (C) After incubation, pol 8 reaction products were
subjected to standard denaturing PAGE followed by autoradiography.
Lane 1, incubation contained no pol §; lanes 2-9, all incubations
contained purified pol & and calf thymus PCNA as indicated. The
template nucleotide at position X is also as indicated. The migration
position of an 18-mer standard is indicated to the left of the autora-
diogram as are migration positions of unextended primer and primer
with a single nucleotide incorporated opposite template position X.
Evidence of pol 8-exonuclease is seen in all lanes where polymerase
was present during the incubation.
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in Fig. 1 was performed with a primer terminated immediately
before the template abasic site. This resulted in incorporation
from a so-called “standing start.” To study behavior of a
polymerase potentially engaged in DNA synthesis before
encountering a lesion (i.e., from a so-called “running” start),
a 15-mer primer complementary to template nucleotides
16-30 (as shown in Fig. 1) was 5’'->?P-labeled and annealed to
templates containing either an abasic site or dAMP at position
9. Similar experiments were performed with a 20-mer primer.
For both running-start primers, results qualitatively identical
with those shown for a 21-mer primer (Fig. 1) were obtained
(not shown). Specifically, PCNA effectively stimulated synthe-
sis beyond the template abasic site at position 9 when either a
15-mer primer or a 20-mer primer was used; in the absence of
PCNA, incorporation opposite but not beyond the abasic site
was observed.

PCNA Stimulates Synthesis by Pol 6 Past Other Chemically
Defined Template Lesions. Standing-start assays similar to
those described above were performed with templates con-
taining other chemically defined lesions including 8-oxo-dG,
aminofluorene-dG, and acetylaminofluorene-dG. Incorpora-
tion was compared with that on an unmodified template
containing dG. Results (Fig. 2) were quantified by Phosphor-
Imager analysis and demonstrated that PCNA stimulated
primer extension beyond 8-oxo-dG (2.5-fold) and amino-
fluorene-dG (2.3-fold). No extension past acetylaminoflu-
orene-dG by pol 8 was detected, either with or without PCNA.

dAMP Predominates Opposite the Lesion in Products
Formed During PCNA-Dependent Synthesis Past a Template
Abasic Site. It was important to determine the chemical nature
of PCNA-dependent synthesis past the abasic site by pol é: Did
products of synthesis contain a specific nucleotide opposite the
lesion? To determine the sequence(s) of the growing primers,
the gel strategy of Shibutani (53) was used. This strategy is
summarized schematically in Fig. 3.

Pol 6 replication products were generated, both with and
without PCNA (Fig. 44). Boxed regions of the gel were excised
and DNA from these regions eluted. After treatment with
EcoRlI as outlined (Fig. 3), products were analyzed to quantify
nucleotide recovery opposite the template abasic site. When
fully and near-fully extended products were analyzed (Fig. 44,
B1 and B2; and B), it was found that in the presence of PCNA,

3-GATGAAAGGAGA-=P

U} §-CATGCTGATGAATTCCTTCXGTACTTTCCTCTCCATTT-3' - (X=mode abasic site)

dNTPs
V' pol 5 £ PCNA
Gel purify and reanneal to the same template used for incubation
(I 3-GTACGACTACTTAAGGAAGNGATGAAAGGAGAP (N=dC, dA, dG or dT)
5-CATGCTGATGAATTCCTTCXCTACTTTCCTCTCCATTT-3'
¢ EcoRl

() 3-GGAAGNGATGAAAGGAGA-7P
5-AATTCCTTCXCTACTTTCCTCTCCATTT-3'

(v) ¢
3-GGAAG | G | GATGAAAGGAGA-%P
T

A
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FiG. 3. Strategy to determine which dNMP is recovered opposite
the template lesion from primer extended by pol 6. After annealing of
5'-32P-labeled primer to a template containing an abasic site at
position X (I), the template-primer was incubated with proteins and
products purified by standard denaturing PAGE. Reaction products
(II) extended by only a single nucleotide could be analyzed directly.
Fully and near-fully extended products were reannealed to the tem-
plate on which they were synthesized and the resulting oligonucleotide
was treated with EcoRI restriction endonuclease to generate the
32p-labeled product shown (III). After two-phase PAGE, each of the
oligonucleotides shown (V) could be separately resolved; hence with
appropriate mobility standards, it is possible to determine the nucle-
otide sequence of the reaction product (53).
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F1G. 4. Determination of which dNMP is recovered opposite the
template lesion from oligonucleotide primer extended by pol 8.
Incubations were formulated essentially as described in Materials and
Methods; as oligonucleotide substrate, they contained the 32P-labeled
38-12-mer shown as oligonucleotide (I) in Fig. 3 (where X = the abasic
site) or a similar 38-12-mer where X = dCMP. Because of the
relatively short primer, incubations were at 25°C, but for 25 min (4-C)
ctPCNA, calf thymus PCNA. (4) After reaction of 3?P-labeled 38—
12-mer containing the abasic site with proteins as indicated, labeled
products were displayed by denaturing PAGE, eluted from gel slices
and analyzed further. (B) Fully and near-fully extended products
synthesized from 32P-labeled primer were processed according to the
strategy outlined in Fig. 3 and subjected to two-phase PAGE exactly
according to (47). Lane 1, product eluted from segment B1 of the gel
shown in A; lane 2, product eluted from segment B2 of the gel shown
in A; lane 3, synthetic oligonucleotide markers subjected to electro-
phoresis in parallel with reaction products in lanes 1 and 2. (C) Product
extended by a single nucleotide was analyzed by standard denaturing
PAGE. (Note that this gel system is different from that used in B, thus
accounting for the different relative mobilities between B and C, of
oligonucleotides with different base compositions.) Lanes 1 and 2,
products derived from gel segments C1 and C2, respectively, shown in
A; lanes 3 and 4, 32P-labeled 12-mer primer was annealed to a 38-mer
template containing a dCMP at position designated X as shown in
oligonucleotide (I) of Fig. 3 and extended by pol & with and without
PCNA in the presence of only dGTP. Marker oligonucleotides were
subjected to electrophoresis in parallel with the samples loaded in
lanes 1-4; their migration positions are indicated to the right of C.
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dAMP was the predominant nucleotide contained opposite
the lesion; there was slight evidence of one and two-nucleotide
deletion as well (Fig. 4B, lane 2; also see B2 in A4). In the
absence of PCNA, very little fully and near-fully extended
product was recovered for analysis (Fig. 44, B1).

We analyzed the products of single nucleotide insertion by
pol & opposite the abasic site (Fig. 44, C1 and C2; 4C). Both
with (Fig. 4C, lane 2) and without PCNA (Fig. 4C, lane 1),
dAMP as well as dGMP were found opposite the lesion.
However, in the presence of PCNA, more dAMP-containing
product (86% dAMP, 14% dGMP vs. 81% dAMP, 19%
dGMP) was recovered (Fig. 4C, lane 2). This suggests that
PCNA either enhances dAMP insertion or inhibits dAMP
excision by calf thymus pol 8. Analysis of single-nucleotide
extension on an unmodified template containing dCMP in the
position of the abasic site showed only dGMP (the comple-
mentary nucleotide) incorporation by pol §, either with (Fig.
4C, lane 4) or without PCNA (Fig. 4C, lane 3).

Calf Thymus Pol 6 Preferentially Extends Primers Con-
taining dAMP Opposite a Template Abasic Site. There are
three components to replicative bypass of a template lesion.
The first is incorporation opposite the lesion. The second is
exonucleolytic excision of the incorporated nucleotide. The
third is extension of the primer resulting from incorporation.
We have not attempted to separate the first two experimen-
tally. To test directly, the role of the last component, several
primers were synthesized, each 3?P-labeled at the 3’-end rather
than at the 5’-end. Because of the structure of the primer-
template complex after annealing (Fig. 54), results depended
only on primer extension and not on incorporation opposite
the lesion. Moreover, the impact of exonuclease activity was
obviated by the location of the 3?P-label. Any primer upon

A 1 21

5-GAATTCAAGCTTGTCGACAGAN-2P

3-CTTAAGTTCGAACAGCTGTCTXGAGACGTC-5'
30 1

template: with model abasic site I control

12 3 4 56 7 9 10 1

% - 30-mer

unextended ‘ ’
22-mers fr—

t(min) |0 25(0 25| 0 25| 0 25| 0 25

N: |dAMP |dTMP |dCMP |dGMP [dTMP

Fic. 5. Extension of 3?P-labeled primers with various 3’-terminal
primer dNMPs opposite the template abasic site. Four different
3'-32P-labeled 22-mer primers, differing only in their 3’-terminal
nucleotide, were synthesized as described (Materials and Methods) and
annealed to a common abasic site-containing 30-mer template. The
abasic site was at the 9 position of the 30-mer. A 3’-32P-labeled 22-mer
primer containing dTMP at position 22 was also annealed to a 30-mer
template oligonucleotide containing dAMP at the 9 position. (A4)
Structure of the labeled 30-22-mer template-primer. N designates the
position of the variable primer dINMP. X designates the position of the
abasic site or dAMP in the templates. (B) Incubations were formulated
as described in Materials and Methods and in the legend to Fig. 1. All
contained purified pol 8 and calf thymus PCNA. Time of incubation
(t) is indicated as is the 32P-labeled terminal ANMP located at position
22 of the primer (N). Migration positions of the unextended 22-mers
are indicated to the left of the autoradiogram. Migration position of

a 30-mer standard is indicated to the right of the autoradiogram.
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which excision occurred would become unlabeled and would
hence, be excluded from the analysis.

All primers tested supported detectable extension, but only
in the presence (not in the absence) of PCNA (for example see
Fig. 1, lanes 3 and 5; Fig. 44); however, primers with 3’-dAMP
were significantly preferred (Fig. 5B). PhosphorImager quan-
tification of the data revealed that extension of primers
annealed to an abasic-site containing template as shown (Fig.
5A4) followed the relationship dAMP (67%) > dCMP (24%) >
dGMP (10%) > dTMP (5%). Percentages are all relative to
extension of a labeled primer with dTMP at the 3’-position
annealed to a template containing unmodified dAMP in the
position of the abasic site (Fig. 5B, lanes 10 and 11). Quali-
tatively identical results were obtained from 5 min incubations
and when a 5-fold higher concentration of template-primer
was used (not shown).

PCNA-Dependent Synthesis Past a Template Abasic Site by
Pol & Is Inhibited by Replication Inhibitor p21. To confirm
that lesion bypass was due to the interaction of PCNA with pol
o, the effect of p21 was determined. Heat stable protein p21
(also known as Wafl, Cipl, or SDI1) is able to inhibit DNA
replication by binding to and interfering with PCNA (18, 46,
57). It may also inhibit certain repair reactions (58). In the
absence of both p21 and PCNA, pol é was unable to synthesize
DNA past a template abasic site (Fig. 6, lane 1). In contrast,
addition of recombinant human PCNA led to efficient bypass
(Fig. 6, lane 2). PCNA-dependent synthesis catalyzed by pol &
was almost completely inhibited by addition of a stoichiometric

with model
abasic site
1 2 3

;— - 30-mer

template:

opposite X - W -

unextended primer - Sl 4l - 21-mer
-

p21 - - +
hPCNA - + +

F1G. 6. p21 inhibits PCNA-dependent bypass of an abasic template
site catalyzed by pol 8. All incubations contained purified pol & and
were otherwise formulated as described in Materials and Methods and
the legend to Fig. 1. Where indicated, purified human recombinant p21
(100 ng; about 2 mol:1 mol relative to PCNA) and/or purified
recombinant human PCNA were added to incubations. Before addi-
tion of pol & but after adding p21 and/or PCNA, samples were
preincubated for 3 min at 37°C. Marker positions are indicated to the
right of the autoradiogram. Migration positions of unextended primer
and primer with a single nucleotide incorporated opposite template
position X are indicated to the left of the autoradiogram.
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excess (relative to PCNA) of p21 (Fig. 6, lane 3). p21 (alone)
had no effect on the action of pol & (not shown).

DISCUSSION

Biological Implications of PCNA-Dependent Synthesis Past
Lesions. In this paper, we showed that the ability of pol & to
replicate beyond a modified tetrahydrofuran (a model abasic
site) in the template can be enhanced dramatically by homol-
ogous PCNA. PCNA also increased synthesis past 8-oxo-dG
and AF-dG. Previously, others qualitatively analyzed bypass of
thymine dimers, a common DNA photoproduct (36).

Our experiments focused on the abasic site. This is a
template lesion for which no complementary nucleotide nor-
mally exists and any incorporation is effectively, misincorpo-
ration. Immortalization of the “misincorporated” nucleotide
through extension of the resulting primer without intervening
repair is likely to be mutagenic. It has been proposed that in
vivo, many pathways of DNA damage-repair involve excision of
the modified (damaged) base thus generating an abasic site
(see refs. 59 and 60). The actual mutagenic potential of these
sites is therefore considerable and we suggest that PCNA
enhances such potential by promoting synthesis past these sites
as a consequence of the intrinsic mechanism by which PCNA
stimulates pol 8.

That PCNA promotes synthesis past other template lesions
as well as misincorporation, stable complex formation between
pol 6 and a template-primer containing a 3’-terminally mis-
paired primer residue and stable incorporation of a nucleotide
analog catalyzed by pol 8 (37) adds considerably to its muta-
genic potential. Presumably, normal DNA repair mechanisms
including the intrinsic 3'-5" “proofreading” exonuclease of pol
4 have evolved to compensate for the errors normally induced
by PCNA.

We suggest further that mutations in PCNA that enhance
the stabilizing effect on the interaction between pol & and
template-primer could lead to significantly increased mutage-
nicity and subsequent events such as carcinogenesis. As these
PCNA mutations involve up-regulation of normal function,
they might not alter adversely either replication or repair. The
recently reported pol30—-46 strain of S. cerevisiae is potentially
such a mutant (61).

PCNA Has Quantitative but Perhaps Not Qualitative Ef-
fects on the Mutagenic Properties of the Model Abasic Tem-
plate Site. It was shown for both the model abasic site used
here and the abasic site arising naturally in vivo, that DNA
polymerases, prokaryotic as well as eukaryotic, preferentially
insert dAMP opposite these lesions when they are encountered
in the template being copied (this is the so-called “A-rule” first
proposed by Howard and Tessman (62); see also refs. 47,
63-66; for a review see ref. 67). Our data obtained with
mammalian pol §, both without and with homologous PCNA,
demonstrate similar behavior (Fig. 4). We think it noteworthy
that the tendency for pol 6 to insert dAMP in the presence of
PCNA suggests that the thymine dimer photoproduct studied
previously (36) would be relatively nonmutagenic (since
dAMP would normally be inserted opposite dTMP). Finally,
we would also like to call attention to the fact that the recently
described REV] protein apparently functions in conjunction
with DNA pol ¢ to promote dCMP incorporation during
replicative bypass of template abasic sites in yeast (ref. 5 and
references therein). This would lead to an entirely different
mutagenic spectrum than that seen with pol 6 in the presence
of PCNA.

The Mechanism of PCNA-Dependent Synthesis Past Tem-
plate Lesions. The mechanism whereby PCNA stimulates
synthesis past template lesions by pol 6 is potentially complex.
There are at least three obvious components: (i) dNMP
insertion opposite a lesion; (if) exonucleolytic excision (proof-
reading) of incorporated dNMP; and (iii) extension of the new
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3’-primer terminus resulting from incorporation. Although the
first two have not been investigated systematically, it is clear
from the data in Fig. 5 that primer extension (the third
component) plays a significant role. Hence, although both
dAMP and dGMP are incorporated opposite the lesion (Fig.
4C), only dAMP is recovered from the highly extended
products (Fig. 4B). This observation is predictable based on
the data in Fig. 5B. At this time, we have not attempted to
evaluate quantitatively which component (insertion /excision
vs. extension) contributes more to the net result. In fact, it may
be impossible to generalize if, for example, sequence context
of the lesion influences behavior.
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