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Background: dG lesion derived from potent carcinogen benzo[a]pyrene causes mutations through DNA replication.
Results: Pol { and REV1 are essential to mutagenic, but not accurate, translesion DNA synthesis.

Conclusion: DNA synthesis across identical DNA damage can be catalyzed by a different set of polymerases.
Significance: The results have revealed an important role for DNA polymerases, pol { and REV1], in inducing mutations.

The DNA synthesis across DNA lesions, termed translesion
synthesis (TLS), is a complex process influenced by various fac-
tors. To investigate this process in mammalian cells, we exam-
ined TLS across a benzo[a]pyrene dihydrodiol epoxide-derived
dG adduct (BPDE-dG) using a plasmid bearing a single
BPDE-dG and genetically engineered mouse embryonic fibro-
blasts (MEFs). In wild-type MEFs, TLS was extremely miscoding
(>90%) with G — T transversions being predominant. Knock-
out of the Rev1 gene decreased both the TLS efficiency and the
miscoding frequency. Knockout of the Rev3L gene, coding for
the catalytic subunit of pol {, caused even greater decreases in
these two TLS parameters; almost all residual TLS were error-
free. Thus, REV1 and pol ¢ are critical to mutagenic, but not
accurate, TLS across BPDE-dG. The introduction of human
REVI cDNA into RevI~'~ MEFs restored the mutagenic TLS,
but a REVI mutant lacking the C terminus did not. Yeast and
mammalian three-hybrid assays revealed that the REV7 subunit
of pol { mediated the interaction between REV3 and the REV1 C
terminus. These results support the hypothesis that REV1
recruits pol ¢ through the interaction with REV7. Our results
also predict the existence of a minor REV1-independent pol ¢
recruitment pathway. Finally, although mutagenic TLS across
BPDE-dG largely depends on RADI18, experiments using
Polk~ Polh™'~ Poli~'~ triple-gene knockout MEFs unexpect-
edly revealed that another polymerase(s) could insert a nucleo-
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tide opposite BPDE-dG. This indicates that a non-Y family poly-
merase(s) can insert a nucleotide opposite BPDE-dG, but the
subsequent extension from miscoding termini depends on
REV1-pol{in a RAD18-dependent manner.

The human genome constantly suffers from DNA damage
induced by endogenous and exogenous sources, and the dam-
age often blocks DNA synthesis catalyzed by replicative DNA
polymerases unless it is removed before they reach damage
sites. Upon blocking, a group of specialized DNA polymerases
takes over DNA synthesis across a lesion, which is termed
translesion DNA synthesis (TLS).” TLS DNA polymerases can
synthesize DNA across a damaged base often at a cost of muta-
tions that mostly are targeted at the lesion site. Among 15 mam-
malian DNA polymerases (1), Y family DNA polymerases (2)
play major roles in TLS. This family includes pol n, pol ¢, pol k,
and REV1. These polymerases have in common a wide catalytic
space that accommodates unusual base pairs (3, 4). Human pol
7 is the product of the gene responsible for xeroderma pigmen-
tosum variant, an inherited disorder highly predisposed to skin
cancer caused by sunlight exposure (5, 6). This polymerase con-
ducts a very efficient and relatively accurate DNA synthesis
across UV-induced cyclobutane pyrimidine dimers. Thus, pol 1
plays an important role in protecting cells from the deleterious
effects of unrepaired cyclobutane pyrimidine dimers. Although
pol ¢ has been reported to play a role in dealing with unrepaired
oxidative DNA damage (7), the physiological substrates for pol
1, as well as pol k, have not yet been established.

® The abbreviations used are: TLS, translesion DNA synthesis; pol, DNA poly-
merase; BPDE-dG, benzolalpyrene dihydrodiol epoxide-derived dG
adduct; MEF, mouse embryonic fibroblast; TKO, triple gene knockout; DKO,
double gene knockout; PCNA, proliferating cell nuclear antigen; AD, acti-
vation domain; BD, DNA-binding domain; BRCT, carboxyl-terminus of
BRCA1 protein.
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REV1, another member of the Y family, does not have a
canonical DNA polymerase activity but instead shows a deoxy-
cytidyl transferase activity (8, 9). This enzyme activity plays a
role in TLS across certain classes of lesions (10, 11). REV1 also
plays a noncatalytic role in TLS (12) and physically interacts
with the other Y family polymerases (13, 14) and the REV7
subunit of pol ¢ (15, 16). The biological significance of these
interactions remains to be determined. Pol {, containing at least
two subunits of REV3 and REV7, belongs to the B family DNA
polymerases and also plays a very important role in TLS. REV3
has a catalytic activity, and REV7 is an accessory subunit whose
function remains to be established. It is generally believed that
this polymerase plays a role in extending a primer across from
DNA lesions rather than in inserting a nucleotide opposite
lesions (17, 18). REV1 and pol ¢ are involved in the production
of most spontaneous mutations in Saccharomyces cerevisiae
(19) and DNA damage-induced mutations (20, 21). REV1 and
pol ¢ appear to function together during TLS, but the mecha-
nism by which they cooperate has not yet been established.

The involvement of Y family polymerases in TLS is con-
trolled by the monoubiquitination of proliferating cell nuclear
antigen (PCNA), which is catalyzed by the RAD6-RAD18 ubigq-
uitination complex (22, 23). This PCNA monoubiquitination is
thought to allow the recruitment of Y family polymerases with
one or two copies of ubiquitin-binding domain to stalled repli-
cation sites (24 —26). Thus, most players involved in TLS and a
major regulatory mechanism have been revealed. However,
several important questions remain to be answered, including:
(i) How is an appropriate polymerase(s) selected for each DNA
lesion? (ii) What is the noncatalytic role for REV1? (iii) How
does pol ¢ have an access to a stalled site? (iv) How is a series of
polymerase switches regulated during TLS?

Because pol 1), pol k, and pol ¢ could play a redundant role in
inserting a nucleotide opposite various lesions, it is very inform-
ative to use Polk ™'~ Polh™'~ Poli~’~ triple (TKO), as well as
double (DKO), gene knockout cells in TLS experiments. In this
paper, we analyze a mechanism for TLS across a benzo[a]pyr-
ene-derived dG adduct, using single- and multiple-gene knock-
out mouse embryonic fibroblasts (MEFs). Benzo[a]pyrene, a
well known environmental carcinogen, is present in the smokes
of tobacco and fossil fuel combustion. Its metabolite, benzo-
[a]pyrene dihydrodiol epoxide (BPDE), forms bulky DNA
adducts mainly on dG. The results obtained in in vitro experi-
ments by several groups have shown that human pol k bypassed
through BPDE-dG with inserting dC opposite the lesion,
whereas human pol 7 preferentially inserted dA (27-29). On
the other hand, human pol v and yeast pol { inserted no nucle-
otide opposite this lesion (27-29). A study with siRNA-treated
human cells (18) has suggested that pol k or pol 1 engages in the
insertion of a nucleotide opposite this lesion, and pol { catalyzes
the extension from the inserted nucleotide. To elucidate the
mammalian TLS mechanism for this adduct more precisely, we
conducted site-specific experiments in genetically engineered
MEFs. Our results have revealed that two distinct pathways can
operate in the TLS across BPDE-dG: the miscoding TLS
depends on REV1 and pol ¢, but the accurate TLS does not
necessarily require these two proteins. This finding indicates
that a nucleotide inserted opposite the lesion influences the

9614 JOURNAL OF BIOLOGICAL CHEMISTRY

subsequent extension step in multiple TLS pathways. Our
results also have shown that the insertion of a nucleotide oppo-
site BPDE-dG can be catalyzed relatively efficiently by non-Y
family polymerase(s). Furthermore, the results of our biological
and biochemical experiments strongly suggest that REV1
recruits pol { to a stalled replication site through the interaction
with the REV7 subunit of pol ¢, and this recruitment mecha-
nism plays an important role for pol { to catalyze TLS.

EXPERIMENTAL PROCEDURES

Cell Lines—Revl~'~ MEF (30), Rad18 '~ cells (31), and the
introduction of human REVI ¢cDNA to Revi '~ MEF (30) were
described before. A Rev3L™'~ MEF line was generously pro-
vided by Dr. Richard D. Wood (University of Texas M. D.
Anderson Cancer Center). The Polk™'~ Polh™'~ Poli~’~ TKO
MEF was generated as follows: Polk™’~ mice (32) were mated
with 129-strain mice carrying a nonsense mutation in the Poli
gene (33) to obtain Polk /™ Poli~’~ DKO mice. The DKO mice
were mated with Polh~ '~ mice (34) to generate TKO mice.
TKO MEFs were established as spontaneously arisen immor-
talized cells. Immortalized Polh ™'~ Poli '~ DKO MEFs were
obtained similarly by a cross of single-gene knockout mice and
spontaneous immortalization (34). Their genotypes were con-
firmed by genomic PCR (supplemental Fig. S1). The UV sensi-
tivity of various gene knockout MEFs is shown in supplemental
Fig. S2.

Construction of Gapped Site-specifically Modified Plasmid—
The synthesis of oligonucleotides containing (+)-trans-anti-
BPDE-dG was reported previously (35). The 5" end of a modi-
fied 15-mer, 5'-TCCTCGTGBCCTCTC, where B represents
BPDE-dG, was ligated to a 14-mer, 5'-CCATCTCCTCCATC,
and its 3’ end was elongated by five nucleotides using Klenow
enzyme, following the annealing to a complementary scaffold
54-mer, 5'-AGGTAGAGAGGTCACGAGGAGATGGAG-
GAGATGGA,,. The resulting 34-mer, 5'-CCATCTCCTC-
CATCTCCTCGTGBCCTCTCTACCT, was purified by
electrophoresis in a denaturing 20% (w/v) polyacrylamide
gel and then annealed to its complementary uracil-contain-
ing 34-mer, 5'-TTCCAGGUAGAGAUCUCACUAGGAG-
AUGGAGGAG. This annealing resulted in the formation of
four-nucleotide overhangs on both ends and three base mis-
matches opposite and adjacent to the adduct (see Fig. 1B).
Annealed oligonucleotides were incorporated into pMTEX4
(Ref. 30; see Fig. 1A) by ligating to Bsal and BsmBI sites of the
vector. Closed circular DNA was isolated by ultracentrifuga-
tion in a cesium chloride-ethidium bromide continuous gra-
dient. To make a gap opposite BPDE-dG, 500 ng of a modi-
fied construct was incubated, just prior to transfection, with
1 unit of uracil-DNA glycosylase (New England Biolabs) for
30 min at 37 °C, followed by treatment with 10 units of
apurinic/apyrimidinic endonuclease I (New England Bio-
labs) for 30 min at 37 °C (see Fig. 1B). These treatments made
BPDE-dG resistant to nucleotide excision repair.

TLS Experiments in MEFs—The cells were cultured under 5%
(v/v) CO, at 37 °C in Dulbecco’s modified Eagle’s medium sup-
plemented with fetal bovine serum (10%, v/v), penicillin (100
units/ml), and streptomycin (100 ug/ml). The cells (1 X 10°)
were seeded in a 25-cm? flask and cultured overnight, after
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which they were transfected overnight with 500 ng of a freshly
prepared, gapped construct together with 250 ng of internal
control plasmid, pMTKm, by the FuGENE 6 transfection rea-
gent (Roche Applied Science). pMTKm was constructed by
replacing the blasticidin S and ampicillin resistance genes in
pMTEX4 with the kanamycin resistance gene. The following
day, the cells were detached by treating with trypsin-EDTA,
transferred to a 150-cm? flask, and cultured for 3 days.

Analysis of TLS Events—Progeny plasmids were recovered
from cells by the method of Hirt (36) and analyzed for transle-
sional events. The recovered plasmids were treated with Dpnl
(4 units) and BglII (20 units) for 1 h to remove unreplicated
input DNA and progeny plasmids derived from the residual
complementary strand, respectively. NEB10- electrocompe-
tent Escherichia coli (araD139, A(ara,leu)7697, fhuA, lacX74,
galK16, galE15, mcrA, f80d(lacZAM1I5), recAl, relAl, endAl,
nupG, rpsL, rph, spoT1, A(mrr-hsdRMS-mcrBC)) (New Eng-
land Biolabs) was transformed with progeny plasmids and
plated on YT (1X) agar plates containing ampicillin (100 pg/ml)
and blasticidin S (50 pg/ml) or kanamycin (50 wg/ml) alone.
Because the adduct incorporation site is located very close to
the blasticidin S resistance gene (see Fig. 14), transformants
carrying progeny plasmid with deletions around the adduct site
will not grow on a blasticidin S-containing plate and are
excluded from the analysis. E. coli transformants with the inter-
nal control plasmid, pMTKm, will grow on plates containing
kamamycin. The ratios of the number of ampicillin/blasticidin
S-resistant colonies (TLS products) to the number of kanamy-
cin-resistant colonies (internal control) were determined for
each MEF line, and a relative TLS efficiency was determined.
E. coli colonies were picked up individually and analyzed for a
sequence of the adducted region by oligonucleotide hybridiza-
tion using probes shown in Fig. 1B. Probes L and R were used to
confirm the presence of the oligonucleotide insert and to detect
untargeted mutations and small deletions around the adduct
site. These mutants were also excluded from the analysis.
Probes A, C, G, and T detected targeted base substitutions.
Examples of oligonucleotide hybridization are presented in
supplemental Fig. S3. DNA sequencing was conducted when
any of these four probes did not hybridize.

Yeast Three-hybrid Assay—The cDNA of the human REV3
gene was generously provided by Dr. P. E. M. Gibbs with the
permission of Dr. C. W. Lawrence (University of Rochester).
The cDNAs of human REV1 and REV7 genes were purchased
from OriGene Technologies (Rockville, MD). cDNAs were
cloned in frame into the multiple cloning sites of pBridge and
pGADT?7 vectors (Clontech) by standard molecular biology
techniques. pBridge has two cloning sites: constitutive site I and
Met25 promoter-regulated inducible site II. The expression of a
gene cloned into the site Il is repressed in a medium containing
1 mM methionine. When PCR was employed, corresponding
sequences were confirmed by DNA sequencing. The principle
of yeast three-hybrid assay has been depicted in Fig. 3A. S.
cerevisiae AH109 (MATa, trpl-901, leu2-3, 112, ura3-52,
his3-200, gald4A, gal8OA, LYS2:GALIUAS-GALITATA-HIS3,
GAL2UAS-GAL2TATA-ADE2,URA3::MELIUAS-MELITATA-
lacZ, MELI) (Clontech) was transformed with pBridge and
pGADT?7 constructs by the Yeastmaker yeast transformation
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system 2 (Clontech). Yeast was plated on a synthetic dextrose/
—Leu/—Trp agar plate and incubated at 28 °C for 48 h. Well
isolated colonies were picked up and suspended in a 0.9% (w/v)
NaCl solution, and a 10-ul aliquot was spotted on two-nutrient
(—Leu/—Trp), four-nutrient (—Ade/—His/—Leu/—Trp), and
five-nutrient (—Ade/—His/—Leu/—Trp/—Met) dropout syn-
thetic dextrose agar plates. The plates were incubated at 28 °C
for 48 -72 h, and the interaction between proteins was judged
based on the growth of yeast on the nutrients dropout synthetic
dextrose plates (see Fig. 3B).

Mammalian Three-hybrid Assay—The Matchmaker Mam-
malian Assay Kit 2 (Clontech) was used. Instead of pVP16 (acti-
vation domain vector), we employed pIRESneo2 (Clontech) to
express two proteins from one vector simultaneously. The C
terminus corresponding to the last 111 amino acids (1141-
1251) of human REVI ¢cDNA fused in frame to the VP16 acti-
vation domain (AD) was cloned into the multiple cloning site of
pIRESneo2. The full-length human REV7 cDNA replaced the
G418 resistance gene. The Xbal-Sall fragment (681 base pairs,
amino acid 1776 —2003) of human REV3 was cloned into pM (a
vector with GAL4 DNA-binding domain) in frame. This frag-
ment codes for a protein region interacting with REV7. Each
construct was confirmed by DNA sequencing. Experiments
were conducted according to the manufacturer’s protocol,
using COS?7 cells as a host and pG5SEAP as a gene activation
assay vector. Protein-protein interaction was determined by
measuring alkaline phosphatase secreted into a culture
medium, using a Great EscAPe SEAP chemiluminescence
detection kit (Clontech). The principle of this assay is similar to
that of the yeast three-hybrid assay (see Fig. 3A4) except that the
expression of REV7 is not inducible, but constitutive, in this
assay.

RESULTS

Fidelity of TLS across BPDE-dG Adduct—In our previous
site-specific studies (30, 37), we used covalently closed, circular
double-stranded plasmid containing a single lesion and three
consecutive base mismatches at the adducted region. The
advantage of the use of this construct is to allow us to study TLS
taking place at a replication fork. A disadvantage is that a lesion
could be subject to DNA repair, which undermines the quanti-
tative determination of TLS efficiency. BPDE base adducts are
known to be good substrates for nucleotide excision repair, and
all of our MEFs are proficient in this repair. To obviate this
problem, we inserted BPDE-dG in a gapped, single-stranded
region of a plasmid (Fig. 1B; refer to “Experimental Procedures”
for details). In this construct, TLS likely takes place during gap-
filling reaction.

First, the fidelity of TLS was determined in wild-type MEFs
(Fig. 2A and supplemental Table S1). This analysis revealed a
high frequency (>90%) of site-specific miscoding events con-
sisting of BPDE-dG G* — T (73%), G* — A (12%), G* — C (1%),
and others (5%). Others included mutations at the 5 and 3’
nearest neighboring bases and multiple mutations together
with targeted mutations. Thus, a frequency of correct TLS,
G* — @G events generated by the insertion of correct dC oppo-
site BPDE-dG accounted for only 9%. This coding spectrum
was highly reproducible: refer to the coding events observed in
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5/ CCATCTCCTCCATCTCCTCGTGBCCTCTCTACCT
GAGGAGGUAGAGGAUCACUCUAGAGAUGGACCTT 5’

BogIIT
N Ligation to plasmid

5’ -CCATCTCCTCCATCTCCTCGTGBCCTCTCTACCTGGAA-
-GGTAGAGGAGGUAGAGGAUCACUCUAGAGAUGGACCTT- 5/

! UDG+APE1

5’ -CCATCTCCTCCATCTCCTCGTGBCCTCTCTACCTGGAA-

-GGTAGAGGAGG GGACCTT- 5’
A probe: 5’/ CCTCGTGACCTCTC
C probe: 5/ CTCGTGCCCTCTCT
G probe: 5’ CTCGTGGCCTCTCT
T probe: 5’ CCTCGTGTCCTCTC

L probe:5’' CCTCCATCTCCTCGT
R probe:5’' TCTCTACCTGGAAGG

FIGURE 1. Preparation of BPDE-dG-bearing plasmid and oligonucleotide
probes used for analysis. A, vector-employed, BPDE-dG insertion site (open
circle) is located between Bsal and BsmBI. Py, mouse polyoma virus; ori, repli-
cation origin; amp, ampicillin resistance gene; blas$, blasticidin S resistance
gene. B, preparation of gapped plasmid, Bwith gray shading represents BPDE-
dG. Note three mismatchesat5’-BCC/5'-UCU. A, C, G, and T probes determine
a TLS event targeting BPDE-dG, whereas L and R probes determine the pres-
ence of the inserted modified oligonucleotide.

wild-type MEFs in Fig. 2 (A and C). Supplemental Tables S1 and
S2 provide detailed numbers from which Fig. 2 was generated.

Relatively Efficient TLS in Absence of Three Y Family Poly-
merases of Pol k, Pol m, and Pol +—TLS consists of two steps:
insertion of a nucleotide opposite a lesion and extension from
this newly formed terminus. It is widely thought that pol 7, pol
k, and pol ¢ are involved in the insertion step with occasional
participation in the subsequent extension step. To examine
whether these polymerases play critical roles during TLS across
the site-specific BPDE-dG, we employed pol k/pol n/pol t-de-
ficient TKO MEFs. The inactivation of these polymerases is
expected to result in a marked defect in TLS if any other poly-
merases cannot catalyze nucleotide insertion opposite this
lesion. Unexpectedly, the efficiency and coding specificity of
TLS were not greatly affected in TKO MEFs (Fig. 24 and sup-
plemental Table S1). Similar results were obtained in pol k/pol
- and pol m/pol i-deficient DKO MEFs, although modest
changes were observed in coding specificity (supplemental
Table S1). These results imply that a non-Y family poly-
merase(s) can insert a nucleotide, largely incorrect nucleotides
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FIGURE 2. Relative efficiency and targeted coding specificity of transle-
sion DNA synthesis across BPDE-dG (A and C) and H-edC (B). A and B, TKO,
Polk~'~ Polh™'~ Poli~’~ triple-gene knockout MEF. k/i, Polk '~ Poli~’~ dou-
ble-gene knockout MEF; h/i, Polh~'~ Poli~’~ double-gene knockout MEF. A
value for wild-type MEF is set to 100%. Coding specificity is color-coded. Red,
BPDE-dG (G*) or H-edC (C*) —T; blue, G* or C* — A; purple, G* or C* —C; green,
G* or C* — G; black, others. Detailed numbers, %, and statistics are reported in
supplemental Tables S1 and S2.

(dA and dT), opposite BPDE-dG in the absence of those three Y
family polymerases.

We also examined TLS across heptanone-etheno dC
(H-€dC), using the same gapped DNA construct. In wild-type
MEFs, H-edC was highly miscoding by directing the insertion
of dTMP or dAMP (Fig. 2B and supplemental Table S1) as pre-
viously reported (30, 37). In TKO MEFs, TLS efficiency
dropped to 21% of that in wild-type MEFs, indicating that the
TLS across H-edC depends on pol m, pol k, and/or pol v. Two
TKO MEF lines (2091 and 2095) separately established from
littermates were more sensitive to UV irradiation than pol «-,
pol 1-, and pol k/pol t-deficient MEFs (supplemental Fig. S2).
These results indicate that TKO MEFs are indeed deficient in
pol m, pol k, and pol ¢, thus supporting the above interpretation
that the insertion of a nucleotide opposite BPDE-dG can be
catalyzed relatively efficiently by a non-Y family polymerase(s)
in the absence of the three Y family polymerases.

Deficiency in Revl or Rev3 Gene Greatly Affects TLS—In con-
trast to the result in TKO MEFs, inactivation of REV1 or pol {
(REV3) greatly affected not only the efficiency but also the cod-
ing specificity of TLS past BPDE-dG (Fig. 2C and supplemental
Table S2). The inactivation of the RevI gene reduced TLS effi-
ciency to 41% of that in wild-type MEFs and significantly
increased the frequency of correct G* — G events from 7 to 48%
with a concomitant decrease in the frequency of G* — T trans-
versions from 74 to 32% (supplemental Table S2). This increase
in the frequency of correct TLS events in REV1-deficient MEFs
excludes the possibility of REV1 serving as a major dCMP
inserter. The knockout of the Rev3L gene, which codes for the
catalytic subunit of pol ¢, caused similar but more drastic
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TABLE 1
Complementation of Rev1 ™'~ MEF with intact and C-terminally deleted hREV1for TLS coding events
Correct TLS Incorrect TLS
DNA lesion Revi™'~ MEF complemented with: Total effective no. sequenced G*—G G*—T G*—A G*—C Others
BPDE-dG (G*)  Wild type 96 (100%)* 9 (9%)” 65 (68%)” 13 (14%) 3 (3%) 6 (6%)
Revl™'~ 96 (100%) 53 (55%)” 25 (26%)” 14 (15%) 1 (1%) 3 (3%)
hREV1 (1-1251) 177 (100%)“ 55 (31%)” 86 (49%)”  25(14%) 4 (2%) 7 (4%)
hREV1 (1-1140) 186 (100%) 119 (64%)” 44 (24%)”  19(10%)  1(0.5%) 3 (2%)

“ The distribution of coding events are statistically significant at p < 0.001 when compared with that in RevI /"~ cells, and they are highlighted with bold type.
? p < 0.001 when compared with the corresponding event in Revi ™'~ cells. The significant numbers are highlighted with bold type.

changes: the TLS efficiency decreased to 13% of that in wild-
type MEFs and the correct (G* — G) TLS events accounted for
almost all TLS (94%). The effects of the inactivation of the Rev1
and Rev3L genes on the TLS events were very reproducible, and
similar effects of their inactivation on TLS were also observed
with a different 5’ neighboring base (5'-TG*C instead of
5'-GG*C) (data not shown). These results indicate that both pol
{ and REV1 are involved in the major mutagenic TLS across
BPDE-dG and that they are not critical to the minor accurate
TLS pathway. Pol { and REV1 contribute to the mutagenic
pathway through the catalytic and noncatalytic functions,
respectively. Our results also indicate that REV1 is not com-
pletely epistatic to pol {. The greater effects of the inactivation
of the Rev3L gene have also been observed with the bypass of
H-edC.° These findings imply that pol { has a minor REV1-
independent pathway to access replication-blocked sites.

The REV1 C-terminal Region Is Critical for Pol {-dependent
TLS—The above results support the idea that REV1 and pol ¢
are involved in the same mutagenic TLS pathway for BPDE-dG
and that the dCMP transferase activity of REV1 does not play a
role in this TLS. Because the accessory subunit of pol {, REV7, is
known to interact with a C-terminal region of REV1 (15), it
seems likely that this interaction is important to the collabora-
tion of REV1 with pol {. To investigate the biological signifi-
cance of this interaction, we expressed human REV1 protein
(1251 amino acids) and its mutant lacking the C-terminal 111
amino acids, hRREV1(1-1140), in Revl '~ MEFs (refer to sup-
plemental Fig. S4 for their expressions) and determined TLS
events. As shown above, the major coding events are G* — T
and G* — G in wild-type and Revl '~ MEFs, respectively (Fig.
2C and supplemental Table S2). We focused on these coding
events to investigate the effects of the expression of exogenous
hREV1 in the complementation experiments. The expression
of the intact REV1(1-1251), although it did not fully comple-
ment the REV1 deficiency, caused a decrease in the frequency
of correct TLS from 55 to 31% and hence the increase in muta-
genic TLS from 45 to 69% (Table 1). This increase was mainly
caused by that in G* — T transversions (from 26 to 49%), and
G* — T transversions became predominant among the coding
specificities. On the other hand, the expression of the deletion
mutant failed to reverse the coding specificity, and correct TLS
remained dominant: 64%. The higher frequencies of correct
G* — G TLS events in both complemented RevI /~ MEFs,
especially those complemented with hREV1(1-1251) (wild

6 Anastasia Tsaalbi-Shtylik, Piya Temviriyanukul, Lieneke Uittenboogaard,
Keiji Hashimoto, Richard Heideman, Johan Verspuy, Martin van der Valk,
Raoul Kuiper, Daniella Salvatori, Willy Baarends, Heinz Jacobs, Masaaki
Moriya, Jan Hoeijmakers, and Niels de Wind, manuscript in preparation.
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type:hREV1(1-1251) = 9%:31%), might result from the dCMP
transferase activity of ectopically overexpressed REV1, unlike
the endogenous level of REV1. (Note that the dCMP transferase
domain is located upstream of the deletion and intact in the
deletion mutant. This mutant REV1 partially complemented
the REV1 deficiency in the cytotoxicity test of 4-nitroquinoline-
N-oxide (supplemental Fig. S5), suggesting the contribution of
the dCMP transferase activity to the partial recovery of its
resistance to this DNA-damaging agent.) The biological results
indicate that the REV1 C-terminal 111-amino acid region is
important for the noncatalytic function of REV1. Although an
experiment using a REV1 point mutant that is specifically
defective in interacting with REV7 should be conducted before
reaching a conclusion, our results suggest that the REV7-medi-
ated formation of the REV1-pol { complex is critical to the pol
{-catalyzed extension reaction.

Formation of Ternary Complex of Human REV1, REV7, and
REV3 Proteins—The above results suggest a vital role for the
interaction between REV1 and REV7 in recruiting pol { to a
replication-blocked site. To examine this possibility, we con-
ducted yeast and mammalian three-hybrid assays. We
employed pBridge and pGADT?7 vectors to investigate the ter-
nary interaction among the human REV1, REV3, and REV7
proteins in yeast cells (Fig. 3). Because REV1, when cloned in
various DNA-binding domain (BD) vectors, was found to show
positive signals with empty AD vectors (such as pGADT?7), the
REV1 full-length ¢cDNA and its fragments were cloned into
pGADT?7 to fuse in frame to the GAL4 activation domain. Frag-
ments of REV3 cDNA were cloned into the cloning site I of
pBridge to form the GAL4 DNA-binding domain fusion pro-
tein. The REV7 cDNA was cloned into the cloning site II that
was negatively controlled by methionine (refer to Fig. 34 for the
principle of this assay). As shown previously (15), the interac-
tion between REV7 and REV1 and that between REV7 and the
C-terminal half (amino acid 1776 -3130) of REV3 were readily
detected (No. 1 and No. 2 of Table 2). A positive signal for
interaction between REV3(1776 —3130) and REV1 was detected
in the presence of REV7 ¢cDNA (No. 5) but not in its absence
(No. 3 and No. 4). Interestingly, such a positive signal was
observed under the uninduced conditions (i.e. in the presence
of 1 mM methionine in the medium) but not the induced con-
ditions (i.e. in the absence of methionine) (No. 6). The presence
of the Met25 promoter at the cloning site II was necessary for
the ternary complex formation (No. 7). Refer to Fig. 3B for the
growth of yeast on selective media. Thus, the regulation of
REV7 expression by the Met25 promoter appears to be leaky,
and a small amount of REV7 may be optimal for the formation
of the ternary complex of REV1, REV3(1776 -3130), and REV7
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FIGURE 3. REV7-mediated interaction between REV1 and REV3 in yeast. A, principle of the assay. GAL4 BD-fused bait protein (REV3) and nontagged REV7
are expressed from pBridge. The expression of REV7 from the promoter, Py,..,s, is repressed in the presence of methionine in medium, and hence the gene
(REV7) cloned in the cloning site Il is not expressed. It becomes active in the absence of methionine and expresses the gene. The GAL4 AD-fused prey protein
(REV1) is expressed constitutively from pGADT7. When three gene products form a heterotrimer (panel a), a marker gene is expressed. The absence of a
mediator protein (REV7) (panel b) or overexpression of a mediator protein (panel c) causes a failure of the formation of a heterotrimer, and a marker gene is not
expressed. B, formation of heterotrimer as judged by the growth of a yeast host on selective media. The numbers correspond to those in Table 2, showing the
combination of genes tested. Panels I, Il, and /Il are two-nutrient (Leu and Trp), four-nutrient (Leu, Trp, Ade, and His), and five-nutrient (Leu, Trp, Ade, His, and

Met) dropout media, respectively.

proteins. Therefore, the ternary complex seems to be formed
on a delicate balance among the REV proteins, and overexpres-
sion of REV7 causes preferential formations of REV7-REV1 and
REV7-REV3(1776 -3130) binary complexes, thereby inhibiting
the formation of the REV1-REV7-REV3(1776 -3130) ternary
complex (Fig. 34). The experiments using various fragments of
REV3(1776-3130) and REV1 identified regions responsible for
the interaction (No. 9 to No. 22): the C-terminal region (1141-
1251) of REV1 and the central region (1776 —2003) of REV3 con-
taining the REV7-interacting sequence were necessary and suffi-
cient for the interaction. These results clearly show that REV7
mediates interaction between REV3(1776 —3130) and REV1.

To test for the interaction in mammalian cells, we devised a
mammalian three-hybrid assay by employing pIRESneo2
instead of pVP16 used in the Matchmaker mammalian assay kit
2 (Clontech). A fusion of the VP16 activation domain with
REV1(1141-1251) and untagged REV7 was transferred to and
expressed from pIRESneo2, and the GAL4 DNA-binding
domain fused to REV3(1776-2003) was expressed from
another vector pM. These two plasmid derivatives were intro-
duced into COS7 cells, together with the reporter plasmid
pG5SEAP that contains the alkaline phosphatase gene under
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the control of a GAL4-responsible element. Interaction
between the REV1 and REV3 fragments was monitored period-
ically by measuring the activity of alkaline phosphatase secreted
into a culture medium. The results showed positive interaction
between the REV3 and REV1 fragments only under the co-ex-
pression of REV7 (Fig. 4). We repeated such experiments sev-
eral times under different conditions and obtained the same
results. The results of this assay confirmed the phenomenon
observed in the yeast three-hybrid assay: REV7 mediates the
interaction between REV3 and REV1.

TLS in Rad18~'~ MEF—We studied the effect of RAD18
inactivation on the TLS across BPDE-dG. RAD18 is an E3 ubig-
uitin ligase and functions together with RAD6 to monoubiq-
uitinate PCNA upon DNA damage (22, 23). Consistent with the
current model that monoubiquitinated PCNA contributes to
recruiting TLS polymerases to a replication-stalled site, all of
the mammalian Y family polymerases contain one or two copies
of ubiquitin-binding domain (38). In Rad18 '~ MEFs, the TLS
efficiency decreased to 26% of that in wild-type MEFs (Fig. 2C
and supplemental Table S2), which was much lower than in
TKO MEFs. Because Y family polymerases are not absolutely
essential for the nucleotide insertion opposite BPDE-dG (see
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TABLE 2

Analysis for ternary complex formation of REV proteins by yeast three-

hybrid assay
pBridge
No. Constitutive site I Inducible site II pGADT7 Interaction”
1 REV7 REV1 +
2 REV7 REV3(1776-3130) +
3 REV3 (1776-3130) (9 REV1 -
4 REV3 (1776-3130) REV1 -
5 REV3 (1776-3130) (REV7)” REV1 +
6 REV3 (1776-3130) REV7 REV1 -
7 REV3 (1776-3130) (APyern5 REV7)¢ REV1 -
8 REV3 (1776-3130) APy;ei05 REV7 REV1 -
9 REV3 (1776-3130) (REV7) -
10 REV3(1776-3130) REV7 -
11  REV3(1776-3130) (REV7) REV1 (1141-1251) +
12 REV3(1776-3130) REV7 REVI1 (1141-1251) —
13 REV3(1776-3130) (REV7) REV1 (1-1140) -
14 REV3(1776-3130) REV7 REV1 (1-1140) -
15 REV3 (1776-3130) REV1 (1141-1251) —
16  REV3(1776-3130) (APpje2s REV7)  REV1 (1141-1251) —
17 REV3(1776-2003) (RE REV1 +
18 REV3(1776-2003) (REV7) REVI1 (1141-1251) +
19 REV3(2004-3130) (REV7) REV1 -
20 REV3(2004-3130) (REV7) REVI1 (1141-1251) —
21  REV3(1776-2003) REV1 -

22 REV3(1776-2003) REV1 (1141-1251)

“ Determined by the growth on a plate with a four- or five-nutrient dropout me-
dium (refer to Fig. 3B).

? REV7 was induced by removing methionine from four-nutrient dropout me-
dium. Parentheses indicate no induction.

¢ Deletion of Met25 promoter.
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FIGURE 4. REV7-mediated interaction between REV1 and REV3 in mam-
malian cells. The following genes were expressed in the monkey kidney cell
line, COS7. Square, GAL4 BD-REV3(1776-2003) fusion, VP16-AD-REV1(1141-
1251) fusion, and full-length REV7; circle, BD-REV3(1776-2003) and
AD-REV1(1141-1251); triangle, BD-REV3(1776-2003), AD and REV7. Culture
media were collected from day 1 through day 6 following transfection and
assayed for BD-REV3(1776-2003):AD-REV1(1141-1251) interaction by a
Great EscAPe SEAP chemiluminescence detection kit (Clontech). Similar
results were obtained in several experiments conducted under different con-
ditions. Refer to the legend to Fig. 3 for the principle of assay and “Experimen-
tal Procedures” for details.

above), we ascribe this decrease to the impaired extension across
from BPDE-dG. The increase from 7 to 29% in the frequency of
G* — G correct TLS events observed in Rad18~ '~ MEFs is remi-
niscent of that in the Revi~’~ MEFs (supplemental Table S2).
Thus, the effect of RAD18 inactivation on the TLS appears to be
mainly caused by the lack of participation of REV1.

DISCUSSION
Our results have shown that at least two distinct TLS path-

ways can operate on BPDE-dG in MEFs: REV1 and pol ¢ are
required for the predominant incorrect TLS, but the three Y
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family polymerases (pol m, pol k, and pol i) are not essential. In
contrast, neither REV1 nor pol { is critical to the minor correct
TLS, although they may participate in this TLS in wild-type
MEFs. We also have shown that REV1 recruits pol { through the
interaction with its REV7 subunit. Although this is the major
recruitment mechanism of pol ¢, a REV1-independent minor
pathway also exists.

TLS across BPDE-dG—TLS is an important mechanism for
protecting cells from lethal effects of unrepaired DNA damage.
Recent studies have revealed the general TLS mechanism as
outlined in the introduction. However, TLS is heterogeneous
even for an identical adduct because the stereochemistry and
conformation of DNA adducts, the surrounding DNA
sequence context, and DNA polymerases involved greatly influ-
ence the outcome of TLS. We previously reported that frequen-
cies of base pair substitution mutations targeted chemically
defined BPDE-dG adducts were greatly influenced by a
sequence context (35), suggesting that a conformational differ-
ence of the adduct influences nucleotide insertion. Thus, the
much higher miscoding frequency (>90%) observed in our
study compared with that (<14%) reported by Livneh and co-
workers (18) is likely due to a difference in the sequence context
employed. Another major difference between the results of the
two studies is that in polymerases involved in TLS: Livneh and
co-workers have concluded that pol k and pol ¢ contribute to the
error-free TLS across BPDE-dG by inserting dCMP opposite the
lesion and extending from this terminus, respectively. Our results
indicate that pol ¢ is critical to the mutagenic, but not accurate,
TLS (Fig. 2C and supplemental Table S2). Pol k is a good candidate
for catalyzing this accurate TLS in pol {-deficient MEFs because
this polymerase was shown to catalyze accurate TLS of BPDE-dG
in vitro (27-29). We cannot obtain a definite answer to this possi-
bility at present because of the lack of pol k-pol { DKO MEFs. The
reason for this discrepancy is not clear at present, but the efficiency
of extension even from the correct dC terminus might be influ-
enced by a surrounding sequence.

Our results obtained in TKO MEFs also indicate that none of
pol m, pol «, and pol « is critically required for the TLS across
BPDE-dG in the current sequence context (Fig. 2A and supple-
mental Table S1). The results suggest that non-Y family poly-
merase(s) can catalyze nucleotide insertion opposite BPDE-dG,
but the primer extension greatly depends on pol {. Two possi-
bilities are envisaged regarding a mechanism for the nucleotide
insertion opposite BPDE-dG (Fig. 5). The first possibility is that
a replicative polymerase (pol 6 or pol €), which first encounters
the lesion, adds a nucleotide to the primer terminus before it
dissociates from a template. Narita et al. (39) have recently
shown that although human pol 8 mostly stops synthesis at the
end of a template, the enzyme also adds one or more nucleo-
tides (mostly one dAMP) to the terminus of a fully elongated
daughter strand. When pol 6 or pol e adds a nucleotide opposite
BPDE-dG prior to dissociation, pol ¢ should be essential for the
extension from incorrect termini. On the other hand, when pol
6 or pol € adds dCMP, this terminus could also be extended by
a polymerase such as pol k as verified by in vitro extension
studies (27-29). A second scenario is that another non-Y family
polymerase catalyzes nucleotide insertion opposite BPDE-dG
in the absence of pol m, polk, and pol ¢ when a replicative poly-
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FIGURE 5.Model for TLS across BPDE-dG and recruitment of pol { to a replication-stalled site. Following the insertion of a nucleotide (N) opposite BPDE-dG
(red triangle), extension from this newly created terminus requires pol { when N is incorrect A, T, or G. On the other hand, when N is correct, C (the extension)
does not necessarily depend on pol . Pol k might conduct this extension. Pol { is recruited by REV1 through the interaction between REV1 and REV7, a subunit
of pol ¢ (thick red arrow). Then REV1 may interact with monoubiquitinated PCNA at its ubiquitin-binding motifs to bring pol { to a stalled site. This is the major
pol ¢ recruitment pathway. A REV1-independent minor pathway (thin red arrow) also exists, but its mechanismis unclear. U, 1, 3,and 7 represent monoubiquitin,

REV1, REV3 and REV7, respectively.

merase dissociates without adding any nucleotide upon the
block of DNA synthesis by the adduct. However, in wild-type
MEFs, it is possible that pol k inserts dCMP and pol 1 and/or
pol ¢ insert(s) a miscoding nucleotide opposite BPDE-dG, as
shown in in vitro studies (28), and then pol  extends from the
new terminus.

Role for REVI in TLS—Among the TLS-specialized DNA
polymerases, REV1 plays a unique role in TLS by serving as a
protein platform (40) although its deoxycytidyl transferase
activity plays a role for TLS past some lesions (10, 11). It is
generally thought that REV1 and pol { function together during
TLS. However, the mechanism by which they cooperate is still
unclear in mammalian cells. Our results show that REV7 medi-
ates the interaction between REV3 and REV1 and that the C
terminus of REV1 and the REV7-interacting region of REV3 are
involved in this interaction. These results of protein-protein
interaction among REV proteins agree with those reported by
Hara et al. (41). In their report, however, the biological signifi-
cance of this interaction has not yet been established because
they used, in a toxicity test, a mutant REV7 that did not interact
with either REV3 or REV1, resulting in the lack of the formation
of even pol {. We show that the REV1 C terminus is important
to the pol {-catalyzed error-prone TLS (Table 1). The same
region of REV1 interacts with the other Y family polymerases
(13, 14), but its biological significance is unclear at present. The
importance of the C terminus of REV1 protein to DNA damage
tolerance has been reported in yeast (42) and chicken DT40
cells (26). Our results, together with those of Hara et al., support
the hypothesis that REV1 guides pol { to a stalled site (Fig. 5).
However, when we compare the effects of the Rev3L and Rev1
gene knockouts on TLS across BPDE-dG (Fig. 2C and supple-
mental Table S2) and H-edC,® we have consistently observed
that the knockout of the Rev3L gene induces a greater effect
than does that of the RevI gene, suggesting the presence of a
REV1-independent minor pathway for pol { recruitment.

PCNA Monoubiquitination and REVI1 Recruitment—The
knockout of the Radl8 gene greatly affected mutagenic TLS
across BPDE-dG (Fig. 2C and supplemental Table S2), suggest-
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ing that the REV1/pol {-catalyzed TLS is under the regulation
by this gene. RAD18, in a complex with RAD6, monoubiquiti-
nates PCNA upon DNA damage, and therefore, REV1 contain-
ing two copies of ubiquitin-binding domain in its C-terminal
region is likely to bind to monoubiquitinated PCNA to recruit
pol { to a stalled replication fork (Fig. 5). Guo et al. (43) reported
that mouse REV1, which does not contain a typical PCNA-
interacting peptide sequence, binds to PCNA via the BRCT
(carboxyl terminus of BRCA1 protein) domain located near the
N terminus. However, de Groote et al. (44) recently argued
against this assertion by showing the BRCT domain, together
with a further N-terminal region, to bind to recessed, phospho-
rylated 5" ends of double-stranded DNA. REV1 probably has a
PCNA-binding site(s) in its C-terminal region (12, 46, 47). Fur-
thermore, although Akagi et al. (48) have shown that the accu-
mulation of human endogenous REV1 into locally UV-irradi-
ated regions of nucleus depends on the interaction with pol n,
Andersen et al. (45) have reported that the recruitment of the
human endogenous REV1 is independent of the interaction
with pol m. Our results obtained in TKO, DKO, and Rad18 '~
MEFs also suggest that the recruitment of REV1 is independent
of the interaction with pol 1. There may be multiple pathways
in the recruitment of REV1 as observed in the recruitment of
pol {. Currently, it is still very controversial on the mechanism
by which REV1 is recruited to a replication-blocked site, and
further studies are necessary to clarify this intriguing question.
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