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DNA-protein cross-links (DPCs) are unique among DNA lesions in their unusually bulky nature. We have
recently shown that nucleotide excision repair (NER) and RecBCD-dependent homologous recombination (HR)
collaboratively alleviate the lethal effect of DPCs in Escherichia coli. In this study, to gain further insight into the
damage-processing mechanism for DPCs, we assessed the sensitivities of a panel of repair-deficient E. coli mutants
to DPC-inducing agents, including formaldehyde (FA) and 5-azacytidine (azaC). We show here that the damage
tolerance mechanism involving HR and subsequent replication restart (RR) provides the most effective means of cell
survival against DPCs. Translesion synthesis does not sexrve as an alternative damage tolerance mechanism for
DPCs in cell survival. Elimination of DPCs from the genome relies primarily on NER, which provides a second and
moderately effective means of cell survival against DPCs. Interestingly, Cho rather than UvrC seems to be an
effective nuclease for the NER of DPCs. Together with the genes responsible for HR, RR, and NER, the mutation
of genes involved in several aspects of DNA repair and transactions, such as recQ, xth nfo, dksA, and topA4, rendered
cells slightly but significantly sensitive to FA but not azaC, possibly reflecting the complexity of DPCs or cryptic
lesions induced by FA. UvrD may have an additional role outside NER, since the uyrD mutation conferred a slight
azaC sensitivity on cells. Finally, DNA glycosylases mitigate azaC toxicity, independently of the repair of DPCs,

presumably by removing 5-azacytosine or its degradation product from the chromosome.

The DNA molecules of living organisms continuously suffer
from various types of damage resulting from exposure to en-
dogenous and environmental genotoxic agents. Damage to
DNA impairs the faithful propagation of genetic information
during replication and transcription, exerting deleterious ef-
fects on cells (20). DNA-protein cross-links (DPCs) are unique
among DNA lesions in that they are extremely bulky compared
to conventional bulky lesions, such as pyrimidine photodimers
and the base adducts of aromatic compounds. DPCs are pro-
duced by a number of chemical agents, such as aldehydes and
heavy metal ions, and also by physical agents such as jonizing
radiation and UV light (reviewed in reference 3). DPCs have
also been identified in cells or nuclei treated with antitumor
agents (4, 10, 44, 62). In addition, we have shown that oxanine,
which is produced by nitrosative damage to guanine, mediates
the formation of DPCs and polyamine cross-link adducts (49,
50, 52). Thus, understanding the repair and/or damage toler-
ance mechanism of this ubiquitous and unique class of DNA
lesions will provide further insight into how cells maintain
genetic integrity and ensure survival in the face of genomic
insults. However, the repair and damage tolerance mecha-
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nisms of DPCs have long remained elusive, partly because
many but not all DPC-inducing agents produce other types of
DNA lesions simultaneously, making it rather difficult to elu-
cidate the repair and tolerance mechanisms associated with
DPCs alone. Although preceding studies of the sensitivities of
repair-deficient Escherichia coli mutants to DPC-inducing
agents such as formaldehyde (FA) and S5-azacytidine (azaC)
provided intriguing insights into the mechanisms of DPC pro-
cessing in cells (5, 40, 54, 70), a unified mechanism has not yet
been established.

We have recently shown in vivo and in vitro evidence that
nucleotide excision repair (NER) and homologous recombina-
tion (HR) cooperate closely to mitigate the genotoxic effect of
DPCs in E. coli cells (51). NER removes DPCs with cross-
linked proteins smaller than 12 to 14 kDa, whereas oversized
DPCs are processed exclusively by RecBCD-dependent HR.
The upper size limit of DPCs amenable to NER is determined
by the loading efficiency of UvrB, the damage recognition
protein in NER, onto DPCs. Consistent with this mechanism,
the NER incision efficiency for DNA containing DPCs varies
significantly with the size of cross-linked proteins and peptides
in vitro (2, 46, 47, 51, 58). Interestingly, no chromosome break-
age was observed in cells following FA treatment, although the
HR of DPCs proceeded through the RecBCD pathway (51),
which is specific to recombination initiated at DNA double-strand
breaks. Taken together, these results indicate that E. coli cells
employ both repair and damage tolerance mechanisms for DPCs.
However, a number of repair and damage tolerance genes still
remain to be examined for obtaining an entire picture of the
repair and tolerance mechanisms of DPCs.
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In the present work, we have systematically assessed the
sensitivities of E. coli mutants defective in HR, replication
restart (RR), translesion synthesis (TLS), NER, base excision
repair (BER), transcription, and topological changes of chro-
mosomes to DPC-inducing agents, including FA and azaC. FA
is a relatively nonspecific DPC-inducing agent that produces
DPCs containing various proteins of sizes greater than 7 kDa
in E. coli (51). Thus, FA treatment of E. coli results in chro-
mosomal DPCs that are processed by both NER (small DPCs)
and HR (large DPCs). Conversely, azaC is a specific DPC-
inducing agent. azaC is metabolized and incorporated into
DNA, covalently trapping DNA cytosine methyltransferases
(Dcm) (21, 65). Accordingly, azaC treatment of E. coli likely
results in chromosomal DPCs containing 53-kDa Dcm, which
is the sole Dcm in E. coli K-12. Due to the large size of the
Dcm protein, Dem-DPCs are processed by HR. The present
results reveal differential or cryptic roles of repair and miscel-
laneous genes in the processing of DPCs and provide further
insights into how cells survive when chromosomal DNA takes
on the burden of unusually bulky lesions. Our data also suggest
that DNA glycosylases mitigate azaC toxicity, presumably by
removing S-azacytosine or its degradation product from the
chromosome.

MATERIALS AND METHODS

Strains, plasmids, and media. All strains used in this study are derivatives of
E. coli K-12 (1, 6-8, 13, 17, 19, 27, 29, 30, 34-37, 48, 53, 60, 63, 67, 68, 71, 72, 76,
78, 79). The relevant genotypes of the strains and the properties of plasmids are
listed in Table 1. A portion of the strains in Table 1 was constructed in this study.
The strains deficient in recQ (NKJ1514) and recJ (NKJ1515) were made via P1
transduction of recQ::Tn3 from KD2250 (53) and rec/::Tnl0 from BIK814 (71)
into the AB1157 recipient strain, respectively. Transductants were selected for
ampicillin resistance (Amp®) with NKJ1514 and for tetracycline resistance (Tet")
with NKJ1515, To construct NKJ1500 (uvrC), uyrC279::Tnl0 from CAG12156
(68) was transduced into AB1157 using P1 phage, and UV-sensitive and Tet"
derivatives were selected. Strains YG2238 (pold) and YG6341 (polB) were ob-
tained by P1 transduction using AB1157 as the recipient and HRS7052 (chlor-
amphenicol resistant [Cam®]) (35, 76) and HRS6700 (kanamycin resistant
[Kan®]) (67) as donors, respectively. The dinB gene was disrupted as an in-frame
deletion without a selection marker as described previously (14). Briefly,
using the primers dinB W-F (5'-CAAACCCTGAAATCACTGTATACTTT
ACCAGTGTTGAGAGGTGAGCAATGATTCCGGGGATCCGTCGACC-3")
and dinB W-R (5'-GCACACCAGAATATACATAATAGTATACATCATAATC
CCAGCACCAGTTGTGTAGGCTGGAGCTGCITCG-3"), the Kan® cassette on
pKD13 was amplified and the resultant fragment was flanked upstream and down-
stream of the dinB gene. The fragment was introduced into AB1157 harboring
pKD46, and then recombination events generated Kan® colonies, which are
expected to carry AdinB:Kan'. Cultivation of the colonies at 43°C cured the
temperature-sensitive (Ts) plasmid pKD46, which had been introduced to allow
AB1157 to keep the linear PCR fragments intact with its encoding genes derived
from lambda phage. The AdinB:Kan® strain without pKD46 was designated
YG6158. After introducing another Ts plasmid (pCP20) into YG6158, the strain
was incubated at 43°C again. The high temperature induced a recombinase FLP
and also removed the Ts plasmid from the strain. The FLP specifically acts on the
FLP recombination target (FRT) sequences which had been introduced between
the dinB flanking regions and the Kan® cassette in advance (Table 1). The
recombination removed the Kan® cassette and produced the AdinB strain
(YG6162). To construct YG6168, A(umuDC)596::ermGT was transferred to
AB1157 using the DE2302 and ECS8 strains as described previously for two-step
P1 transduction (19, 78). YG6171 (a dinB umuDC double mutant) was con-
structed by introduction of AdinB::Kan" into YG6168, followed by removal of the
Kan' cassette as described above. To introduce ApolB::Kan' into YG6171, P1
transduction was carried out with HRS6700 as the donor. The resultant polB
dinB umuDC triple mutant was designated YG6342. Finally, YG6344, which has
deletions of polA, polB, dinB, and umuDC, was constructed by P1 transduction
using YG6342 as the recipient and HRS7052 as the donor. RFM445
{gyrB203(Ts)] and RFMA475 [gyrB203(Ts) A(topA cysB)204)] are the Ts mutants
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of topoisomerases. In keeping with the reported Ts properties (17), REM445 and
RFMA475 exhibited heat and cold sensitivities, respectively (see Fig. S1 in the
supplemental material). pNTR-SD is a set of mobile plasmid clones of E. coli
open reading frames, and the expression of the open reading frames is strictly
controlled by P,,. and lacI? (61). pNTR-SD containing the dcm gene was des-
ignated pNTR-SD-Dcm (Table 1).

For FA and azaC treatment, cells were grown in LB, minimal A, or M9 medium.
Minimal A medium was comprised of 60 mM K,HPO,, 33 mM KH,PO,, 7.5 mM
(NH,),SO,, 1.7 mM sodium citrate dihydrate, 1 mM MgSO, - 7TH,0, and 02%
glucose, and supplemented with 1 pg/mi thiamine and 0.2% Casamino Acids (5).
The composition of M9 medium was 47 mM Na,HPO, - 12H,0, 22 mM KH,PO,,
8.6 mM NaCl, 19 mM NH,Cl, 2 mM MgSO,, 0.1 mM CaCl,, and 0.4% glucose,
supplemented with 2 pg/ml thiamine, 20 pg/ml thymine, and 100 pg/ml each of
arginine, leucine, tryptophan, histidine, and proline (36).

Cell survival assays with FA and azaC. The working solution of FA was
prepared freshly from the 37% FA solution (Nacalai Tesque) for every experi-
ment. azaC (Sigma) was dissolved in 50% acetic acid and stored at ~20°C until
use. Except for the prid and other related primosomal mutants (priB, priC, and
rep), cells were grown to an optical density at 600 nm (ODggp) of 0.3 at 37°C in
LB medium for FA treatment or in minimal A medium for azaC treatment. A
total of 0.2 ml of cell culture was diluted with 4.8 ml of 66-mM phosphate buffer
(pH 6.8) containing different concentrations of FA (indicated in the figures) or
with 4.8 ml of minimal A medium containing different concentrations of azaC
(indicated in the figures), incubated at 37°C for 30 min with shaking. The prid,
priB, priC, and rep mutants were similarly grown and treated with FA and azaC
in M9 medium, since the prid mutant is sensitive to rich media (36). After FA or
azaC treatment, cells were diluted and plated on LB, minimal A, or M9 agar
plates, and colony formation was typically analyzed after overnight incubation at
37°C. Some strains used in this study grew slowly on M9 plates {AQ10459 [wild
type (wt)] and AQ10479 [prid]) or LB plates (RFM445 [gyrB(Ts)] and RFM475
{gyrB(Ts) topA]} (see Table S1 in the supplemental material) so that colony
formation was analyzed after a few days of incubation. Cells transformed with
pNTR-SD-Dem (Table 1) were grown to an ODgq of 0.2 and incubated with 1
mM isopropyl 8-p-1-thiogalactopyranoside (IPTG) for 10 min to induce Dem.
The subsequent FA and azaC treatments were performed as described above for
cells without a plasmid. Unless otherwise noted, the survival data are based on
three to five independent experiments. Statistical significance was determined by
a two-sided unpaired Student ¢ test. A P value of less than 0.05 was defined as
significant.

Measurement of UV and MMC sensitivity, For the measurement of UV
sensitivity, cells were grown to an ODg, of 0.3 at 37°C in LB medium, serially
diluted and plated on LB agar plates, and exposed to the UV light at doses
indicated in the figures. After overnight incubation at 37°C, the number of
growing colonies was counted. The sensitivity to mitomycin C (MMC; Sigma)
was measured as described above for FA.

RESULTS

RR following HR of DPCs depends on PriA but not Rep
helicase. In E. coli, the PriA, PriB, and PriC proteins play vital
roles in restarting chromosome replication through two PriA-
dependent mechanisms, i.e., the PriA-PriB and PriA-PriC
pathways (Fig. 1A) (24, 36). The RR proteins recognize forked
DNA structures, such as arrested replication forks and D-
loops, and sequentially load the replicative helicase DnaB (41,
64). To determine the roles of PriA, PriB, and PriC in RR
following the HR of DPCs, the sensitivities of prid, priB, and
priC mutants to DPC-inducing agents were assayed. The wt
and mutant cells were treated with various concentrations of
FA and azaC for 30 min, and the cell survival was analyzed.
The pri4 mutant was hypersensitive to both FA and azaC (Fig.
1B and E), indicating that RR following the HR of DPCs
proceeds through PriA-dependent mechanisms. Compared to
wt, the priB mutant exhibited a moderate sensitivity to azaC at
high concentrations (Fig. 1F), although it was not sensitive to
FA (Fig. 1C). The priC mutant also showed a slight sensitivity
to azaC at high concentrations (Fig. 1F), but the sensitivity
increase was not statistically significant. The differential azaC
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Relevant genotype and/or description

Source; reference(s)”

Strains
AB1157 Wild type
YG2238 AB1157 AKlenow::cat
YG6341 AB1157 ApolB::kan
YG6158 AB1157 AdinB::kan
YG6162 AB1157 AdinB
YG6168 AB1157 A@umuDC)596::ermGT
YG6171 AB1157 AdinB A(umuDC)596::ermGT
YG6342 YG6168 AdinB ApolB:kan
YG6344 YG6342 AKlenow::cat
NKJ1514 AB1157 recQ::Tn3
NKJ1515 AB1157 recJ::Tnl0
KY1056 AB1157 recA56 srlC300::Tnl0
MES8083 ABI1157 recB21
1P10 AB1157 recF:tet
C266 AB1157 recG258::kan
HRS2300 AB1157 ruvA100::cat
HRS1200 AB1157 AruwvC200::kan
KY1836 AB1157 uvrd6
ABI1885 AB1157 uvrBS
NKJ1500 AB1157 uwvrC279::Tnl0
RPC501 AB1157 A(xthA-pncA) nfo-1:kan
BH20 AB1157 fpg-1::kan
NKI1004 AB1157 nth::cat Anei::kan
KL16 Wild type (BW35)
KL16 nei nth fpg KL16 nei::cat nth::kan fpg:amp
AQ10459 Wild type
AQ10479 AQ10459 prid2::kan
DM4000 Wild type
JC19266 DMA4000 A(priB)302
JC19165 DM4000 priC303::kan
J1C213 1JC40 rep::kan
MG1655 Wild type
N4879 MG1655 Amfd:kan
N5301 MG1655 gred::cat
N5753 MG1655 AdksA::apra
KMBL1001 F~ derivative of W1485
C85541 KMBL1001 Acho (FRT)
CS5430 KMBL1001 AuvrC::cat
C85550 KMBL1001 Acho (FRT) AuvrC::cat
CS5431 KMBL1001 AuvrD::tet
RFM443 Wild type
RFM445 RFM443 gyrB221 (Cou") gyrB203(Ts)
RFM475 RFM443 gyrB221 (Cou") gyrB203(Ts) A(topA cysB)204
BIK814 rec]::Tn10
KD?2250 recQ:Tn3
HRS7052° AKlenow::cat
HRS6700 ApolB::kan
DE2302 A(umuDC)595::cat fadR615::Tnl0 purB58
EC8 A(umuDC)596::ermGT fadR purB™*
CAG12156 uvrC279::Tnl0
Plasmids
pKD13 Encodes Kan" cassette flanked by FRT sequences, temperature sensitive; Kan® Amp”
pKD46 Encodes the lambda Red system under the control of arabinose-promoter,
temperature sensitive; Amp”
pCP20 Encodes a recombinase, FLP, temperature sensitive; Amp* Cam’
pNTR-SD-Dcm pNTR-SD containing the IPTG-inducible dcm gene

K. Yamamoto; 79
T. Nohmi; 76
This study

This study

This study

This study

This study

This study

This study

This study

This study

K. Yamamoto; 79
NBRP; 30

M. Bichara; 6

M. G. Marinus; 37

T. Hishida; 27

T. Hishida; 34

K. Yamamoto; 1
K. Yamamoto; 29
This study

S. Yonei; 13

K. Yamamoto; 8
K. Yamamoto; 60
S. S. Wallace; 7
S. S. Wallace; 7
NBRP; 36
NBRP; 36

S. J. Sandler; 63
S. J. Sandler; 63
S. J. Sandler; 63
S. J. Sandler; 63
G. Lloyd; 72
G. Lloyd; 72
G. Lloyd; 72
G. Lloyd; 72
Goosen; 48
Goosen; 48
Goosen; 48
Goosen; 48
Goosen; 48

. Drolet; 17

. Drolet; 17

. Drolet; 17

K. Yamamoto; 71
K. Yamamoto; 53
H. Iwasaki; 35, 76
H. Iwasaki; 67
R
R
K

SERZzzZZ2RARA

. Woodgate; 78
. Woodgate; 19
. Yamamoto; 68

CGSC
NBRP; 61

“ NBRP, National BioResource Project; CGSC, Coli Genetic Stock Center.
4 HRS7052 was derived from the strain described in reference 35.

sensitivities of the priB and priC mutants suggest that the
PriA-PriB pathway contributes more to RR than the PriA-PriC
pathway does, but the two pathways can compensate for each
other to a significant degree when one is compromised. In
addition to the PriA-dependent RR pathways, there is an al-

ternative Rep-PriC restart pathway to load DnaB onto the
forked DNA structures (63). However, the rep mutant was
sensitive to neither FA nor azaC (Fig. 1C and F), indicating
that the Rep-PriC pathway is dispensable in RR following the
HR of DPCs.
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FIG. 1. Survival of RR mutants after treatment with FA and azaC. (A) Three RR pathways in E. coli. Two pathways are PriA dependent and
the other is PriA independent and requires the Rep helicase. (B) FA treatment. Shown are AQ10459 (wt) (filled circles) and prid (squares). (C) FA
treatment. Shown are data for DM4000 (wt) (filled circles) and the priB (squares), priC (triangles), and rep (diamonds) mutants. (D) Comparison
of FA sensitivities of AB1157 and AQ10459 in LB and M9 media. Shown are data for AB1157 in LB (circles) and M9 (squares) media and
AQ10459 in M9 (triangles) medium. Data for AQ10459 were taken from that shown in panel B, and those for AB1157 are based on one
experiment. (E and F) azaC treatment. Symbols represent the same strains as shown in panels B and C, respectively. For a comparison, the survival
curve of recA (data taken from that shown in Fig. 2B) is also shown by the broken line in panel E. In panels B, C, E, and F, cells were treated with
FA and azaC in M9 medium. Data points showing statistically significant differences (P < 0.05) between the wt and the mutant are indicated with
asterisks. Note that azaC concentrations are displayed on a logarithmic scale.

We used M9 as a common medium for the FA treatment of
RR mutants (Fig. 1B and C), since one of the RR mutants used
(prid) is sensitive to rich media (36). Conversely, rich LB
medium was used for the FA treatment of the other sets of
mutants (Fig. 2 to 5). The use of M9 medium significantly
increased the FA sensitivity of cells. For instance, AB1157 (wt)
was more sensitive in M9 medium than in LB medium, with the
sensitivity in M9 being comparable to that of AQ10459 (wt) in
M9 medium (Fig. 1D). Thus, FA concentrations used in the
survival assays of RR mutants (0 to 2 mM) (Fig. 1B and C)
were lower than those used for other sets of mutants (0 to 7
mM or 0 to 16 mM) (Fig. 2 to 5). In view of the high reactivity
of FA to amino and sulfhydryl compounds, it is likely that the
constituents of rich LB medium scavenged FA more effectively
than those of M9 medium. The azaC sensitivity of RR mutants
was also assayed in M9 medium. The azaC concentrations used
for the priB, priC, and rep mutants were the same as those used
for other sets of mutants (Fig. 2 to 5). However, azaC concen-
trations used for the pri4 mutant were much lower than those
for other sets of mutants due to an extreme sensitivity of the
mutant. The pri4 mutant was hypersensitive to both FA and

azaC, but the sensitivity to azaC was by far greater than that to
FA (Fig. 1B and E). Also, the prid mutant grew very slowly
(see Table St in the supplemental material) and was more
sensitive to azaC than the rec4 mutant (Fig. 1E). Taken to-
gether, it is likely that the extreme azaC sensitivity of the pri4
mutant exhibiting complex phenotypes is attributable to de-
fects not only in RR but also in yet-unknown factors.
Overproduction of Dem increases azaC sensitivity of cells.
We have previously proposed that DPCs containing large
cross-linked proteins (>12 to 14 kDa) are not repaired by
NER and exclusively processed by RecBCD-dependent HR
that involves the genes rec4, recBCD, recG, and ruvABC. We
confirmed that these mutants were sensitive to FA, whereas
the recF mutant was not (see Fig. S2A in the supplemental
material). azaC incorporated into the chromosome likely traps
the Dcm protein (53 kDa), giving rise to large DPCs (Dem-
DPCs) that are exclusively processed by RecBCD-dependent
HR. Consistent with this mechanism, it was reported that over-
production of the Dem protein from the dem-carrying plasmid
increased the azaC sensitivity of wt cells by 930-fold and in-
creased that of the rec4 mutant by fivefold (5). However,
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FIG. 2. Effects of Dem overproduction on the azaC sensitivity of HR mutants and survival of recQ and rec/ mutants after treatment with FA
and azaC. (A to F) Effects of Dcm overproduction on the azaC sensitivity of HR mutants. AB1157 (wt) and HR mutants (recA, recB, recF, recG,
and ruvA) harboring pNTR-SD-Dcem (open circles) or no plasmid (filled circles) were treated with 1 mM IPTG for 10 min, followed by azaC in
minimal A medium. HR mutants used were KY1056 (rec4), ME8083 (recB), IP10 (recF), C266 (recG), and HRS2300 (ruvA4). Standard deviations
are indicated with error bars. (G and H) FA and azaC treatment of recQ and rec/. Shown arc data for AB1157 (wt) (filled circles) and the rec/
(squares), and recQ (triangles) mutants. Cells were treated with FA and azaC in LB and minimal A media, respectively. Data points showing
statistically significant differences (P < 0.05) between the wt and the mutant are indicated with asterisks. Note that azaC concentrations are
displayed on a logarithmic scale.

interestingly, the same report showed that the dem mutant was ~ labeling method (51), we attempted to detect Dem-DPCs in
not particularly resistant to azaC compared to the correspond- DNA isolated from azaC-treated cells without success (data
ing wt cell that expressed a physiological level of Dem (5). Our not shown), suggesting very low levels of the endogenous Dem
tentative interpretation of the apparently inconsistent results protein and concomitant Dem-DPCs in cells. To confirm the
regarding the effects of overproduction and mutational inacti- role of HR in the processing of Dem-DPCs more clearly, we
vation of Dcm is that the HR capacity of the repair-proficient used cells harboring pNTR-SD-Dcm, which overproduces the
wt cells is sufficient enough to deal with Dem-DPCs produced ~ Dcm protein upon treatment with IPTG. A similar approach

from endogenous Dem. Using the fluorescein isothiocyanate- has shown that overproduction of EcoRII Dcm results in the
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FIG. 3. Survival of TLS mutants after treatment with FA and azaC. (A) FA treatment of single mutants, Shown are data for AB1157 (wt) (filled
circles) and the polB (squares), dinB (triangles), umuDC (diamonds), and polA (inverted triangles) mutants. (B) FA treatment of mutants defective
in multiple polymerases. Shown are data for AB1157 (wt) (filled circles) and the dinB umuDC (squares), polB dinB umuDC (triangles), and pol4
polB dinB umuDC (inverted triangles) mutants. (C and D) azaC treatment of single mutants and those defective in multiple polymerases,
respectively. Symbols represent the same strains as shown in panels A and B, respectively. Cells were treated with FA and azaC in LB and minimal
A media, respectively. Except for mutants containing the pold mutation, there were no statistically significant differences in cell survival between
the wt and the TLS mutants. Note that azaC concentrations are displayed on a logarithmic scale.
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FIG. 4. Survival of NER and transcription-related mutants after treatment with FA, azaC, UV light, or MMC. Cells were treated with indicated
agents. (A to D) NER mutants derived from AB1157. Shown are the wt (filled circles), uvrA (triangles), uvrB (diamonds), and wwrC (squares). (E
to G) NER mutants derived from KMBL1001. Shown are data for the wt (filled circles) and the uvrC (squares), uvrD (triangles), cho (diamonds),
and cho urC (inverted triangles) mutants. (H to J) Transcription-related mutants. Shown are data for MG1655 (wt) (filled circles) and the mfd
(squares), gred (triangles), and dksA (diamonds) mutants. Standard deviations are indicated with error bars to show the statistically significant
sensitivity diflerences between mulants shown in panels A, C, and E. Also, data points showing statistically significant differences (P < 0.05)
between the wt and the mutant are indicated with asterisks in panels F and H. Data in panels D, G, and J are based on one or two experiments.

replication arrest of plasmid pBR322 at the canonical methyl-
ation site in E. coli cells grown in the presence of azaC (38).
Overproduction of Dem from a plasmid dramatically increased
the azaC sensitivity of cells that were insensitive (wt and recF)
or moderately sensitive (recG) to azaC without a plasmid (Fig.
2A, F, and D). Similarly, overproduction of Dcm slightly in-
creased the azaC sensitivity of recA, recB, and ruv4 mutants
that were hypersensitive to azaC without a plasmid (Fig. 2B, C,
and E). We infer that the HR of recA, recB, and ruv4 mutants
was severely impaired so that Dem-DPCs produced from en-
dogenous Dem were sufficient to kill the mutants. Thus, over-
production of Dem-DPCs in the mutants did not result in a
dramatic increase in cell killing.

RecQ, but not Rec], is slightly sensitive to FA. The RecQ
helicase and Rec] exonuclease are the components of the
RecFOR recombination machinery (39). The rec/ mutant was
sensitive to neither FA nor azaC (Fig. 2G and H). The recQ
mutant displayed no sensitivity to azaC (Fig. 2H) but was
slightly sensitive to FA (Fig. 2G). Although the FA sensitivity
of the recQ mutant was significant, the phenotype to FA was by
far milder than that of the recB mutant (see Fig. S2A in the
supplemental material and reference 51). Accordingly, this is
consistent with our previous observation that DPCs are pro-
cessed exclusively by RecBCD-dependent HR and not Rec-
FOR-dependent HR (51). In addition to its role in the Rec-
FOR pathway, RecQ is suggested to be involved in SOS DNA
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mutant. (E and F) Topoisomerase mutants. Shown are data for RFM443 (wt) (filled circles) and the gyB (squares), and gyB fopA (triangles)
mutants. Data points showing statistically significant differences (P < 0.05) between the wt and the mutant are indicated with asterisks.

damage signaling in response to replication fork stalling (26).
However, it is not clear whether the weak FA sensitivity of the
recQ mutant is related to SOS damage signaling. ‘

TLS provides no alternative damage tolerance pathway to
DPCs. The presence of a lesion in template DNA often causes
the replicative DNA polymerase to stall at the lesion. E. coli
cells possess TLS DNA polymerases (Pol), including Pol II
(polB), Pol 1V (dinB), and Pol V (umuDC), that can transiently
take over from the replicative polymerase to continue synthesis
across the lesion, allowing replication to resume (55). With
UV-induced lesions, there are conflicting reports on the role of
Pol II in RR. Pol II was originally implicated in RR (57), but
this possibility was ruled out by a subsequent study (11). In-
terestingly, Pol V becomes essential for RR in the absence of
RecJ and RecQ, although the role of Pol V in RR is modest in
wt cells (12). To ask whether TLS polymerases play any sig-
nificant role in the resumption of replication, and hence con-
tribute to damage tolerance to DPCs, the FA and azaC sensi-
tivities of TLS polymerase mutants (po/B, dinB, and umuDC)
were assayed. The single mutants exhibited no sensitivity to FA
or azaC (Fig. 3A and C). Moreover, the double (dinB umuDC)
and triple (polB dinB wnuDC) mutants were not sensitive to
FA and azaC at all (Fig. 3B and D). These results clearly
indicate that neither direct TLS nor indirect TLS involving
template switching (23, 25) provides an alternative damage
tolerance pathway to DPCs with respect to cell survival. In

contrast, the pol4 mutants deficient in Pol I (YG2238 and
YG6344) were hypersensitive to both FA and azaC (Fig, 3A to
D). These results demonstrate the essential role of Pol I as a
repair polymerase both in NER and HR.

NER mutants exhibit various degrees of FA and azaC sen-
sitivity. We have previously shown that the uvr4 mutant is
sensitive to FA but not azaC, demonstrating that NER partly
contributes to the repair of FA-induced DPCs. Here we as-
sessed the roles of a series of NER genes, including uvrA4, uvrB,
uvrC, uvrD, cho, and mfd (73), and those of repair-related
transcription factors, including dksA and gre4 (72), in the pro-
cessing of DPCs. We confirmed the moderate UV sensitivity of
the mfd mutant (Fig. 4]) (66) and the lack thereof of the cho
mutant (Fig. 4G) (48). The mutants were treated with FA and
azaC, and their sensitivities were determined.

For analysis of NER genes, we used two sets of mutants
derived from AB1157 and KMBL1001. With AB1157 deriva-
tives, the mutants involved in damage recognition (uvrA and
uvrB) and the dual incision of DNA (uwrC) were sensitive to
FA, but their sensitivities differed significantly from each other
(uvrB > uvrA > uvrC) (Fig. 4A). The mutants were also sen-
sitive to UV and MMC (Fig. 4C and D), and shared a common
order of sensitivity to FA, UV, and MMC (uwrB > uwrd >
uvrC). However, the uvrC mutant exhibited a uniquely weak
sensitivity to FA but not UV and MMC. The uniquely weak FA
sensitivity characteristic of the uvrC mutant was confirmed
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using another set of strains derived from KMBL1001 (Fig. 4E).
Conversely, the cho mutant exhibited a moderate sensitivity to
FA (Fig. 4E), suggesting its in vivo role as an alternative nu-
clease in the NER of DPCs (see Discussion). To our knowl-
edge, this is the first report of the phenotype of the cho single
mutant to DNA-damaging agents. The cho uvrC double mu-
tant exhibited an FA sensitivity comparable to that of the cho
single mutant (Fig. 4E). Consistent with its role in NER, the
uvrD mutant was sensitive to FA (Fig. 4E), indicating that the
UvrD helicase can unwind the duplex containing DPC and
dissociate the DPC-containing fragment from its complemen-
tary strand. Unlike uvrd, uvrB, uvrC, and cho mutants that
were not sensitive to azaC (Fig. 4B and F), the uvrD mutant
displayed a slight but statistically significant sensitivity to azaC
as well (Fig. 4F), suggesting a role of UvrD outside NER (see
Discussion). Mfd is a transcription-coupled repair (TCR) fac-
tor that translocates RNA polymerase stalled at the lesion,
recruiting UvrA to the site (66, 73). However, the mfd mutant
exhibited no sensitivity to FA and azaC (Fig. 4H and I), indi-
cating that unlike the pyrimidine photodimers that are re-
paired through both global genome repair and TCR pathways,
DPCs are eliminated from the genome by global genome re-
pair-NER exclusively.

In E. coli, it has been shown that the backed-up arrays of
stalled transcription complexes which are impediments to rep-
lication are kept under surveillance of the stringent response
regulators ppGpp and DksA or the GreA and Mfd proteins,
which revive or dislodge stalled transcription complexes (72).
Thus, it would be interesting to determine whether transcrip-
tion complexes stalled by DPCs are under such a surveillance
system. To clarify this, the sensitivities of the dks4 and gre4
mutants to FA and azaC were analyzed. Unlike the mfd mu-
tant, the dksA and gre4A mutants exhibited no UV sensitivity
(Fig. 4J). The gre4 mutant was not sensitive to FA (Fig. 4H).
However, the dks4 mutant exhibited a slight but significant
sensitivity to FA (Fig. 4H), implying a certain effect of DksA
on the stability of transcription elongation complexes trapped
by DPCs. The gre4 and dksA mutants were not sensitive to
azaC (Fig. 41).

BER mutants are slightly sensitive to FA, and DNA glyco-
sylases alleviate azaC toxicity to cells. In BER, aberrant bases
with minor modifications are removed by DNA glycosylases,
and the resulting abasic sites (or nicked abasic sites) are pro-
cessed by apurinic/apyrimidinic (AP) endonucleases. In E. coli,
endonucleases III (nth) and VIII (nei) and formamidopyrimi-
dine glycosylase (fpg) account for the major DNA glycosylase
activity for oxidized or fragmented pyrimidines (nth and nei)
and purines (fpg) (77). Exonuclease III (xth) and endonuclease
IV (nfo) account for the major AP endonuclease activity (16).
To clarify whether BER contributes to the repair of DPCs, the
sensitivities of glycosylase and AP endonuclease mutants to FA
and azaC were assayed. With FA treatment, the nei nth fpg
triple mutant and the xth nfo double mutant exhibited a slight
but significant FA sensitivity (Fig. 5A and C). The fpg and nei
nth mutants were virtually insensitive to FA (Fig. 5A). Thus,
elimination of three major DNA glycosylases (or AP lyase
activity associated with DNA glycosylases) or two major AP
endonucleases confers some FA sensitivity on cells. It remains
to be seen whether these BER enzymes are involved in the
repair of the cryptic base damage induced by FA (i.e., minor
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base modifications) or FA-induced DPCs per se, although the
latter seems unlikely. However, the relative weak sensitivities
of the nei nth fpg triple mutant and the xth nfo double mutant
indicate that BER plays at most a minor role in cell survival
following FA treatment. Surprisingly, the nei nth fpg triple
mutant exhibited unexpected strong sensitivity to azaC (Fig.
5B). However, the azaC sensitivity of the triple mutant was not
as high as that of the hypersensitive rec4 mutant. The fpg single
and nei nth double mutants were virtually insensitive to azaC.
Also, the xth nfo double mutant was not sensitive to azaC (Fig.
5D). These results imply that Nei/Nth and Fpg glycosylases
complement each other in vivo and remove lethal or poten-
tially lethal DNA damage and that Xth and Nfo that generally
act following glycosylases in BER are dispensable in mitigating
azaC toxicity to cells (see Discussion).

topA mutants are slightly sensitive to FA. Not much is
known about whether DNA topoisomerases participate in
DNA repair in E. coli (39, 69). E. coli has two type I topoisom-
erases (Topo I and III) and two type II topoisomerases (gyrase
and Topo 1V), and only Topo III is dispensable for cell growth
(9). To obtain insight into the role of topoisomerases in the
repair/tolerance of DPCs, we used two Topo mutants (Table
1). RFM445 contains mutations (gyrB22] and gyrB203) in the
gyrB gene encoding the gyrase subunit B. The mutations confer
coumermycin resistance (Cou") (gyrB227) and cause tempera-
ture sensitivity (gyrB203) (17, 45). The gyrase comprising GyrA
(wt) and mutant GyrB (gyrB203) has an activity less than 1% of
the normal enzyme at 42°C (45). Thus, the gyzB203 mutation
causes partial inactivation of gyrase at 37°C, which was sub-
stantiated by the slow-growing phenotype of REM445 relative
to the wt at 37°C (see Fig. S1A in the supplemental material).
RFMA475 contains the deletion of the topA4 gene encoding Topo
I, together with the mutations gyrB221 and gyrB203. The
gyrB203 mutation compensates for the lack of DNA relaxing
activity associated with the top4 mutation (15, 56). Although
the gyrB203 allele retains minimum activity to allow cell growth
at 37°C, it regains gyrase activity at 30°C and is no longer
sufficient as a compensatory mutation, rendering the gyrB203
topA mutant cold sensitive (17). This phenotype was confirmed
in the present study (see Fig. S1B in the supplemental mate-
rial). Keeping in mind the phenotypes described above, we
assessed the sensitivity of RFM445 [gyrB(Ts)] and RFM475
[gyrB(Ts) topA] to FA and azaC at 37°C. The gyrB(Ts) mutant
was sensitive to neither FA nor azaC (Fig. 5SE and F). How-
ever, the gyrB(Ts) topA mutant was slightly sensitive to FA
(Fig. 5E), suggesting a role of Topo I in the processing of
FA-induced DPCs. The gyrB(Ts) topA mutant was not sensitive
to azaC (Fig. S5F).

General characteristics of genes that alleviate the detrimen-
tal effect of DPCs. Figure 6 shows the summary of the sensi-
tivities to the DPC-inducing agents (FA and azaC) displayed
by the mutants, including those deficient in damage tolerance
(HR, RR, and TLS), excision repair (NER and BER), and
miscellaneous aspects of DNA transactions. The data were
derived from those shown in Fig. 1 to 5 and Fig. S2 in the
supplemental material. The fold increases in the sensitivities of
mutants relative to the corresponding wt were calculated at the
FA and azaC concentrations indicated in Fig. 6. With hyper-
sensitive mutants, the survival data at lower concentrations
were used for calculation (Fig. 6). Although the data in Fig. 6
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FIG. 6. Comparison of sensitivities of mutants to FA and azaC. White bars, FA sensitivity; black bars, azaC sensitivity. The fold increase in the
sensitivity of a mutant relative to the corresponding wt was calculated at the indicated concentrations of FA and azaC. Note that with hypersensitive
mutants, the survival data at lower concentrations were used for calculation, since survival data at standard FA and azaC concentrations were not
available. The survival data were derived from those shown in Fig. 1 to 5 and Fig. S2 in the supplemental material. The mutants which exhibited
more than twofold-greater sensitivities (indicated with an arrow) are indicated by plus signs, and those which did not are indicated by minus signs
below the graph. Genes are categorized according to damage tolerance (HR, RR, and TLS), excision repair (NER and BER), and miscellaneous
(Misc.) mechanisms. The data under the protease are for the mutant deficient in all cytosolic ATP-dependent proteases (lon, clpAP, clpXP, and
hslVU with a suld background) that was shown not to be involved in DPC processing prior to NER (51).

allow only semiquantitative analysis, they reveal general as-
pects of genes that alleviate the detrimental effect of DPCs
(tentative threshold for significance set as a twofold increase in
sensitivity). First of all, the damage tolerance mechanism in-
volving HR and subsequent RR provides the most effective
means for cell survival against DPCs. TLS does not serve as an
alternative damage tolerance mechanism for DPCs so far as
cell survival is concerned. Elimination of DPCs from the ge-
nome relies primarily on NER, which provides a second and
moderately effective means for cell survival against DPCs. In-
terestingly, Cho rather than UvrC seems to be an effective
nuclease for the NER of DPCs. The role of DNA polymerase
I (pol4) in both HR and NER has been confirmed. Together
with the genes responsible for HR, RR, and NER, the muta-
tion of genes involved in several aspects of DNA repair or
transactions (i.e., recQ, nei nth fpg, xth nfo, dksA, and topA)
rendered cell sensitivities to FA to increase by twofold or
slightly more. Except for the nei nth fpg triple mutant, this was

characteristic of FA but not azaC, probably reflecting the
unique complexity of DPCs induced by FA or other FA-in-
duced cryptic base modifications. UvrD may have a role out-
side NER, since the uvrD mutation conferred a threefold in-
crease in azaC sensitivity on cells. The triple mutant of DNA
glycosylases (nei nth fpg) exhibited weak and moderate sensi-
tivities to FA and azaC, respectively. The moderate azaC sen-
sitivity of the mutant may be related to the removal of azaC
incorporated into DNA or related degradation products.

We measured the doubling time of strains used in this study
to see whether their growth properties had something to do
with FA and azaC sensitivities. Among the strains used, the
following strains grew poorly and had more than 1.2-fold-
greater doubling time than the wt: prid, recB, nei nth, nei nth
fpg, polA, polA dinB polB umuDC, gyrB(Ts), and gyrB(Ts) topA
(see Table S1 in the supplemental material). The poorly grow-
ing strains exhibited various degrees of FA and azaC sensitiv-
ities (see Table S1 in the supplemental material). The mutants
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such as prid, recB, and pold mutants that grow poorly and
exhibit low viability under normal conditions may be sensitive
to DNA damage for indirect as well as direct reasons.

DISCUSSION

In the present study, we examined the FA and azaC sensitivities
of a panel of E. coli repair mutants to extend our understanding
of the repair and tolerance mechanisms of DPCs. The present
results have confirmed that HR-dependent damage tolerance and
NER-dependent damage repair mechanisms play pivotal roles in
cell survival when the genome becomes burdened with DPCs,
with the former making a more significant and crucial contribu-
tion. The RR following the HR of DPCs relies on the PriA-
dependent mechanisms, where the PriA-PriB pathway likely con-
tributes to RR more than the PriA-PriC pathway does, although
the two pathways can compensate for each other to a significant
degree when one is compromised. Neither TLS nor TCR, a sub-
pathway of NER, is involved in the damage tolerance and repair
mechanisms of DPCs.

Recently, the DNA damage response to FA was assessed
using chicken DT40 cells with targeted mutations in various
DNA repair genes (59). The DT40 cells deficient in HR and
TLS were hypersensitive to FA, and those deficient in NER
and BER were moderately to slightly sensitive. Thus, the roles
of HR, NER, and BER in DPC tolerance and repair are
essentially parallel in E. coli and DT40 cells, but there is a
sharp contrast between the involvement of TLS in E. coli and
DT40 cells in terms of DPC tolerance. The TLS mutants of
DT40 examined for FA sensitivity were REV1, REV3, and
RAD18 (59). REV3 is the catalytic subunit of Pol {, and REV1
has dCMP transferase activity and may serve as a scaffolding
protein which associates with TLS polymerases. RADI8, to-
gether with RADS6, forms an E2-E3 complex that monoubig-
uitinates PCNA, likely assisting the switch from replicative to
bypass polymerases at the lesion (22). We suspect it is very
unlikely that prokaryotic and eukaryotic TLS polymerases di-
rectly bypass DPCs in view of the enormous steric hindrance
conferred by DPCs, raising the possibility that TLS poly-
merases have a role outside the direct bypass of DPCs. Fur-
thermore, direct damage bypass is not relevant when DPCs
impede the progression of the replicative helicase working
ahead of polymerase. It has been suggested that E. coli TLS
polymerases are involved in RR (12) or template switching
after regression of the stalled fork (23), allowing indirect dam-
age bypass. However, inactivation of all of the TLS poly-
merases (encoded by polB, dinB, and umuDC) in E. coli had no
impact on cell survival to FA and azaC (Fig. 3B and D), ruling
out this possibility. Functions of TLS polymerases in eukary-
otic cells have been suggested to be not only in TLS but also in
HR (reviewed in reference 22). Thus, the FA sensitivities of
DT40 REV1 and REV3 mutants may be related to HR. It will
be interesting to elucidate whether TLS mutants of other eu-
karyotic cells, such as yeast and mammalian cells, share a
similar sensitivity to DPC-inducing agents, as observed in
DTA40 cells.

In this study, it was suggested that Cho, rather than UvrC, is
an effective nuclease for the NER of DPCs, although both cho
and uvrC single mutants were less FA sensitive than the uvi4,
uvrB, and uvrD mutants (Fig. 4A and E). Cho has been impli-
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cated in NER and has unique properties, as follows (48). Cho
shares significant homology with the N-terminal half of UvrC,
which is responsible for incisions at the 3’ side of the lesion.
The cho mutation does not confer UV sensitivity on cells, but
it does slightly increase the sensitivity of the uwrC mutant,
although we did not observe such an increase in this study (Fig.
4G). Some synthetic bulky lesions that are poorly incised by
UvrC are efficiently incised by Cho in vitro. Cho produces only
3’ incisions, and the incision site is four nucleotides further
away from the lesion than that of UvrC. Thus, unusually bulky
lesions might sterically hinder access by UvrC, but not Cho, to
produce the 3' incision (48, 74). Accordingly, Cho may be able
to incise DNA on the 3’ side of DPCs containing proteins of up
to a certain size. The 5’ side of DPC would be incised by the
C-terminal half of UvrC, which is sufficient to produce the
second incision. Interestingly, the additional uvrC mutation in
the cho mutant did not enhance the FA sensitivity (Fig. 4E). A
possible interpretation of this result is that UvrC and Cho
collaborate with each other in vivo and expand the capacity of
NER for DPCs. However, the present result argues against this
mechanism, since the cho single mutation conferred greater
FA sensitivity on cells than the uvrC single mutation did, sug-
gesting that the single 3’ incision of DPCs by Cho, but not the
3’ and 5' dual incisions by UvrC or the combination of Cho and
UvrC, is the dominant repair pathway of DPCs. Further bio-
chemical and in vivo studies are necessary to clarify whether
this is the case.

Together with mutations in the genes responsible for HR,
RR, and NER, we found that those involved in several aspects
of DNA repair or transactions conferred cells’ slight but sig-
nificant sensitivity to FA and/or azaC. UvrD is a highly con-
served 3' to 5' helicase involved in NER and mismatch repair
(43, 73). The uwrD mutant was sensitive to FA (Fig. 4E), in
keeping with our previous result that FA-induced DPCs con-
taining small cross-linked proteins were repaired by NER in
vivo (51). In addition, the uwD mutant showed a slight but
significant sensitivity to azaC compared to wt and other uvr
mutant cells (Fig. 4E and F). In view of the size limit of
cross-linked proteins amenable to NER (12 to 14 kDa), the
DPC containing 53-kDa Dcm induced by azaC should be pro-
cessed by HR. It has been proposed that UvrD prevents the
unnecessary recombination by dismantling the RecA-DNA
complex, which may be lethal (18, 75). Accordingly, the UvrD
helicase may prevent a deleterious recombination at the rep-
lication fork arrested by DPC and thereby mitigate the lethal
effect of DPC. However, the contribution of this mechanism to
cell survival seems to be moderate, as judged from the mild
sensitivity of the uvrD mutant to azaC.

In E. coli, the supercoiling of chromosomes is regulated by
DNA topoisomerases. DNA gyrase (gyr4 and gyrB) introduces
negative supercoils, whereas Topo I (top4) and Topo IV (parC
and parE) remove excess negative supercoils (9). The top4
mutant is sensitive to UV light and methanesulfonate (69).
Furthermore, topoisomerases are implicated in the HR of
DNA damage (39). The gyrB(Ts) mutant partially defective in
DNA gyrase was sensitive to neither FA nor azaC (Fig. 5E and
F). However, the mutation in the fop4 gene encoding Topo I
rendered cells slightly sensitive to FA but not azaC (Fig. 5E
and F). The top4 mutant used here carried an additional
gB(Ts) mutation as an inevitable compensatory mutation, but
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the gyrB(Ts) mutation alone had no impact on cell survival
following FA treatment (Fig. SE). The FA sensitivity of the
gyrB(Ts) topA mutant is not due to redundant activity, since
Topo I (topA) and DNA gyrase (gyrB) introduce opposite po-
larities of supercoils. In the previous study, we demonstrated
that FA induces two types of DPCs. One contains proteins
covalently trapped on the DNA strand. The other contains
proteins covalently bridging two duplex DNA strands. The
former is common for FA- and azaC-induced DPCs, but the
latter is characteristic of FA-induced DPCs. FA also induces
direct interstrand cross-links between DNA bases within a
duplex (31). Although similar interstrand cross-links mediated
by protein have not been identified so far in FA-treated cells,
such cross-links may also be formed by FA. Thus, it is tempting
to speculate that the direct or protein-mediated DNA-DNA
cross-links may hamper the topological changes of DNA cat-
alyzed by Topo I in HR or NER. The mutants that exhibited
damage sensitivity similar to that of fopA (i.e., recQ, xth nfo,
and dksA mutants) may also be defective in the processing of
such DNA-DNA cross-links.

Finally, we found that the nei nth fpg triple mutant, but not
the fpg single and nei nth double mutants, was moderately
sensitive to azaC (Fig. 5B). Curiously, xth and nfo that act
following glycosylases in BER were dispensable in mitigating
azaC toxicity (Fig. 5D). These results at least point to the fact
that Nei/Nth and Fpg glycosylases complement each other in
vivo and remove lethal or potentially lethal DNA damage,
although it is not clear why Xth and Nfo are not involved in the
subsequent step of BER. In view of the restricted space of the
active site pocket of DNA glycosylases that accommodate only
minor base modifications (28), it is very unlikely that Nei, Nth,
and Fpg recognize extremely large DPCs as damage and excise
them from DNA. There seem to be three mechanisms that
might account for the azaC sensitivity of the nei nth fpg triple
mutant. First, Nei/Nth and Fpg recognize 5-azacytosine (base
moiety of azaC) as damage and excise it from DNA. If true,
S-azacytosine left unrepaired in the triple mutant will covalently
trap Dcm and thereby increase the azaC sensitivity of the cell.
Second, Nei/Nth and Fpg are involved in the repair of the deg-
radation products of 5-azacytosine, since 5-azacytosine is fairy
unstable and slowly hydrolyzes to ring fragmentation products
(42). Like other ring fragmentation products of DNA bases (32,
33), those of 5-azacytosine left unrepaired in the triple mutant will
arrest DNA replication and thereby increase the azaC sensitivity
of the cell. Third, in the triple mutant, the AP Iyase of Nei, Nth,
and Fpg is also inactivated, pointing to a mechanism associated
with the reduced AP lyase activity of cells. Analyses of the for-
mation and repair of 5-azacytosine, degradation products, and
Dcm-DPCs in vivo, together with those of the activity of Nei, Nth,
and Fpg to S-azacytosine and degradation products in vitro, will
shed light on the molecular mechanism of azaC toxicity associated
with the defect in DNA glycosylases.
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Translesional DNA Synthesis through a C8-Guanyl Adduct of
2-Amino-1-methyl-6-phenylimidazo[4,5-blpyridine (PhIP)

in Vitro

REV1INSERTS dC OPPOSITE THE LESION, AND DNA POLYMERASE « POTENTIALLY
CATALYZES EXTENSION REACTION FROM THE 3'-dC TERMINUS™
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2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)
is the most abundant heterocyclic amine in cooked foods, and is
both mutagenic and carcinogenic. It has been suspected that the
carcinogenicity of PhIP is derived from its ability to form DNA
adducts, principally dG-C8-PhIP. To shed further light on the
molecular mechanisms underlying the induction of mutations
by PhIP, in vitro DNA synthesis analyses were carried out using
a dG-C8-PhIP-modified oligonucleotide template. In this tem-
plate, the dG-C8-PhIP adduct was introduced into the second G
of the TCC GGG AAC sequence located in the 5’ region. This
represents one of the mutation hot spots in the rat Apc gene that
is targeted by PhIP, Guanine deletions at this site in the Apc gene
have been found to be preferentially induced by PhIP in rat
colon tumors. DNA synthesis with A- or B-family DNA poly-
merases, such as Escherichia coli polymerase (pol) I and human
pol 8, was completely blocked at the adducted guanine base.
Translesional synthesis polymerases of the Y-family, pol n, pol ¢,
pol k, and REV1, were also used for in vitro DNA synthesis anal-
yses with the same templates. REV1, pol 13, and pol k were able to
insert dCTP opposite dG-C8-PhIP, although the efficiencies for
pol 7 and pol k were low. pol k was also able to catalyze the
extension reaction from the dC opposite dG-C8-PhIP, during
which it often skipped over one dG of the triple dG sequence on
the template. This slippage probably leads to the single dG base
deletion in colon tumors.

Heterocyclic amines (HCAs)? are naturally occurring geno-
toxic carcinogens produced from cooking meat (1). The initial
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carcinogenic event induced by HCAs is metabolic activation
and subsequent covalent bond formation with DNA (1, 2). 2-
Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) is the
most abundant heterocyclic amine in cooked foods, and was
isolated from fried ground beef (3, 4). PhIP possesses both
mutagenic and carcinogenic properties (5—8). Epidemiological
studies have revealed that a positive correlation exists between
PhIP exposure and mammary cancer incidence (9). PhIP
induces colon and prostate cancers in male rats and breast can-
cer in female rats (8, 10).

The incidences of colon, prostate, and breast cancers are
steadily increasing in Japan and other countries and this has
been found to correlate with a more Westernized lifestyle. Elu-
cidating the molecular mechanisms underlying PhIP-induced
mutations is therefore of considerable interest. It is suspected

that the carcinogenicity of PhiP is derived from the formation .

of DNA adducts, principally dG-C8-PhIP (11-14) (see Fig. 1).
Studies of the mutation spectrum of PhIP in mammalian cul-
tured cells and transgenic animals have revealed that G to T
transversions are predominant and that guanine deletions from
G stretches, especially from the 5'-GGGA-3' sequence, are sig-
nificant (15-20). Five mutations in the Apc gene were detected
in four of eight PhIP-induced rat colon tumors, and all of these
mutations involved a single base deletion of guanine from
5'-GGGA-3' (21). These mutation spectra are thought to be
influenced by various factors, including the primary structure
of the target gene itself, the capacity of translesional DNA po-
lymerases, and the activity level of repair enzymes (1). However,
the molecular mechanisms underlying the formation of PhIP-
induced mutations are largely unknown.

To shed further light on the molecular processes that under-
pin the mutations induced by PhIP, we performed in vitro DNA
synthesis analyses using a dG-C8-PhIP-modified oligonucleo-
tide template. We have recently reported the successful synthe-
sis of oligonucleotides harboring a site-specific PhIP adduct

dithiothreitol; PCNA, proliferating cell nuclear antigen; PIPES, 1,4-pipera-
zinediethanesulfonic acid.
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FIGURE 1. Structure of the dG-C8-PhIP adduct.

(22). In our current study, we used this synthesis method to
construct a 32-mer oligonucleotide template containing a
5'-TTCGGGAAC-3' sequence with different site-specific PhIP
adducts. We then utilized the resulting constructs in DNA syn-
thesis analyses to reconstitute the PhIP-induced mutagenesis of
the rat APC gene. DNA synthesis reactions with A- or B-family
DNA polymerases, such as Escherichia coli pol 1 and human pol
8, or translesional synthesis (TLS) polymerases of the Y-family,
pol m, pol +, pol k, and REV1, were carried out. Kinetic analyses
of pol k and REV1, for which TLS activities at the PhIP adduct
were detected, were also performed.

EXPERIMENTAL PROCEDURES

Enzymes and Materials—T4 polynucleotide kinase and T4
DNA ligase were purchased from Toyobo Biochem (Osaka,
Japan) and Takara Biotech {Tokyo Japan), respectively. Other
materials were obtained from Sigma or Wako (Osaka, Japan).

DNA Polymerases and PCNA—Human recombinant DNA
polymerases, pol 8, pol 7, pol k, and REV1, and PCNA were
expressed and purified as described previously (23—27). Human
DNA polymerase a and DNA polymerase ¢ were purchased
from Chimerx. E. coli DNA polymerases I {Takara Biotech) and
Klenow Fragment (Takara Biotech), and thermophilic bacterial
DNA polymerases, rTag (Toyobo Biochem) and Tth (Toyobo
Biochem) were used.

Oligonucleotides—The method used to chemically synthe-
size three 9-mer oligonucleotides, 5'-TCCGGGAAC-3', con-
taining a PhIP adduct on either the first, second, or third G
(p9B, p9C, and p9D, respectively) has been described previously
(22). All other synthetic oligonucleotides were synthesized and
purified using a reverse-phase cartridge (Operon Biotech Japan
(Tokyo, Japan). The 23-mer oligonucleotides: p23a, 5'-TGAC-
TCGTCGTGACTGGGAAAAC-3', and p23b, 5'-GTCACGA-
CGAGTCAGTTCCCGGA-3', were used for constructing the
template oligonucleotides as described below. A 32-mer oligo-
nucleotide without the PhIP adduct, p32A, was used as a con-
trol template (see Table 1). Its 3’ complementary 29-, 28-, 27-,
26-, 22-, and 17-mer sequences (p29, p28, p27, p26, p22, and
pl7) were used as extension primers (see Table 1).

Construction of Template-Primer Complexes Containing the
PhIP Adduct—A 32-mer template oligonucleotide p32C (see
Table 1) was constructed by ligation of p9C with p23a as fol-
lows. The 5'-end of p23a was phosphorylated by T4 polynucle-
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otide kinase and ATP. A mixture of p9C, p23a, and p23b (3
nmol each) in 250 wl of a buffer containing 5 mm Tris-HCl, 0.5
mum EDTA, 50 mm NaCl, pH 8.0, was denatured for 5 min at
95 °C, incubated for 10 min at 60 °C, and then cooled slowly to
form the partial duplex structure of these three oligonucleo-
tides (supplemental Fig. S1). The sample of the duplex oligonu-
cleotide was mixed with 190 pl of Milli-Q water and 50 ul of
%10 ligation buffer (500 mm Tris-HCl (pH 7.5), 100 mm MgCl,,
100 mmM DTT, 10 mm ATP). Ligation was initiated by adding 10
wl of T4 DNA ligase (4,000 units), and the mixture was then
incubated for 20 h at 16 °C. An additional incubation at 37 °C
for 60 min was carried out after the addition of 1 ul of T4 DNA
ligase, and the reaction was stopped by further incubation at
68 °C for 10 min. The p32C was separated by 18% PAGE con-
taining 8 M urea, and excised and eluted as described previously
(28). p32B and p32D were constructed using a similar method
as for p9B and p9D, respectively (see Table 1). The purities of
these oligonucleotides, p32B, p32C, and p32D, were deter-
mined by denatured PAGE after 5'-end labeling and UV
absorbance at 260 and 370 nm.

Primer oligonucleotides were labeled with **P at the 5'-end
as described previously (29), and then purified by MicroSpin™
G-25 or G-50 columns (GE Healthcare) as recommended by the
supplier. The mixture of template and labeled primer (50 pmol
each) in 400 pl of a buffer containing 8 mm Tris-HCI, 0.8 mm
EDTA, 150 mm KCI (pH 8.0) was heated at 70 °C for 7 min, and
then cooled slowly to room temperature. In the case of the
substrates for TLS polymerases, pol m, pol i, pol k, and REV1,
the final concentrations of template-primer and the constitu-
ents of the annealing buffers were changed to 500 nMmand 10 mm
Tris-HCl, 1 mm EDTA, and 50 mm NaCl (pH 8.0), respectively.

In Vitro DNA Synthesis Assay—A primer extension reaction
was performed as described previously (30) with some modifi-
cations. Briefly, an aliquot of 0.75 ul of this primer-annealed
template (final concentration, 12.5 nM) was mixed with 0.75 ul
of X10 Klenow buffer (100 mm Tris-HCl (pH 7.5), 70 mm
MgCl,, 1 mm DTT), 0.5 ul of 500 mm KCI, 0.5 ul of dNTP
mixture (50 uM each), and 4.5 ul of Milli-Q water. After addi-
tion of 0.5 ul of Klenow fragment, the mixture was incubated at
37 °C for 10 min. The reaction was terminated by adding 1.5 ul
of stop solution (160 mm EDTA, 0.7% SDS, 6 mg/ml proteinase
K), and the samples were incubated at 37 °C for 30 min. Subse-
quently, 5.5 ul of the gel loading solution (30 mm EDTA, 0.05%
bromophenol blue, 0.05% xylene cyanol, 97% formamide) was
added to the samples. For pol §, a X10 reaction buffer contain-
ing 200 mm PIPES (pH 6.8), 20 mm MgCl,, 10 mM 2-mercap-
tethanol, 200 ug/ml bovine serum albumin, and 50% glycerol
was used instead of the buffer described above, and the reaction
was carried out at 37 °C for 10 min. For other DNA polymer-
ases, pol «, pol I, rTag, and Tth, the constituent of each X10
reaction buffer was altered as recommended by the suppliers.

The reaction using pol « was performed as described above
with some modifications. Briefly, an aliquot of 0.5 ul of this
primer-annealed template (final 50 nM) was mixed with 0.5 ul
of 10 X TLS buffer (250 mM Tris-HCl (pH 7.0), 50 mm MgCl,,
50 mm DTT, 1 mg/ml bovine serum albumin), 0.5 ul of ANTP
solution, and 3.0 wul of Milli-Q water. After addition of 0.5 ul of
pol k, the mixture was incubated at 30 °C for 20 min. The reac-
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tion was terminated by adding 8.8 ul of the gel loading solution
and a further incubation at 95 °C for 3 min. The reaction of
REV1 was performed in the same manner as the reaction of pol
k with the exception that the standard reaction time was 5 min.
For pol m, a X10 reaction buffer containing 400 mm Tris-HCl
{(pH 8.0), 10 mm MgCl,, 100 mm DTT, 1 mg/ml bovine serum
albumin, and 450 mm KCl was used instead of the X10 TLS
buffer. The **P-labeled fragments were denatured and electro-
phoresed in a 9.5% polyacrylamide gel containing 8 M urea. The
radioactivity of the fragments was determined using a Bio-Im-
aging Analyzer (BAS2500, Fuji Photo Film, Kanagawa, Japan).
Kinetic parameters were determined by steady-state gel kinetic
- assays under similar conditions as described above. The incu-
bation time for pol k was changed to 10 min. K,,, and &, were
evaluated from the plot of the initial velocity versus the dCTP or
dGTP concentration using a hyperbolic curve-fitting program
in SigmaPlot 11 (Systat Software, Inc.). Data from two or three
independent experiments were plotted together.

RESULTS

Construction of Template Oligonucleotides Containing a
PhIP Adduct—We designed oligonucleotides containing a
dG-C8-PhIP adduct at specific sites for use as templates in in
vitro DNA synthesis analyses. For this purpose, we selected the
5'-TCCGGGAAC-3’ sequence as: 1) it corresponds to codon
868 — 870 of the rat Apc gene, one of three mutation hot spots (a
single base deletion of G) in PhIP-induced colon tumors (21),
and could thus be used as a model template that would recon-
stitute mutations of this gene; 2) two other mutation hot spots
in the rat Apc gene and many mutated sites induced by PhIP in
cultured cells and animal models contain 5'-GGGA-3' asa core
sequence (17-20). We thus speculated that the 5'-TCCGG-
GAAC-3' sequence could be used as a model sequence for these
GGGA to GGA mutations to some extent; and 3) some muta-
genic compounds forming dG adducts, including PhIP, are
expected to react preferentially with the 5'-G of a GG dinucle-
otide site when compared with a single G residue (31). We thus
selected a sequence containing GGG as a template for our ini-
tial analysis.

We have recently synthesized three 9-mer oligonucleotides
separately harboring a PhIP adduct on each G within the
sequence 5'-TCC GGG AAC-3’ (22). Three 32-mer template
oligonucleotides, p32B, p32C, and p32D, were constructed in
our present study by ligation of these 9-mer oligonucleotides
containing the dG-PhIP adduct with a 23-mer oligonucleotide,
p23a, (Table 1 and supplemental Fig, S1). The purities of these
oligonucleotides were tested after resolution by electrophore-
sis. In our present study, we principally describe the results of
our in vitro DNA synthesis analysis using p32C as the template
to avoid complexity.

In Vitro DNA Synthesis by A- and B-family DNA Polymerase—
Many of the chemical compounds that can form DNA adducts
in vivo and that show mutagenicity have been reported to
impede the progress of DNA synthesis to different extents. The
molecular size of PhIP is greater than most other mutagenic
chemicals that form adducts. Hence, dG-PhIP was expected to
block DNA synthesis to a considerable extent. To examine the
effects of the dG-C8-PhIP adduct upon DNA synthesis, primer

SEPTEMBER 18, 2009+ VOLUME 284-NUMBER 38

TABLE 1
Oligonucleotide templates and primers
Oligonucleotide Sequence”

p32A §'-TCC GGG AAC TGACTCGTC GTGACTGGG AAAAC-3’
p32B 5'-TCC GGG AAC TGACTCGTC GTGACTGGG AARAC-3'
p32C 5'-TCC GGG AAC TGACTCGTC GTGACTGGG AAAAC-3'
p32D 5'-TCC GGG AAC TGACTCGTC GTGACTGGG AAAAC-3'
p29 5'-GTT TTC CCA GTCACGACG AGTCAGTTC CC-3’
p28 5'-GTT TTC CCA GTCACGACG AGTCAGTTC C-3’
p27 5'-GTT TTC CCA GTCACGACG AGTCAGTTC-3'
p26 5'-GPT TTC CCA GTCACGACG AGTCAGTT-3'
p22 5'-GTT TTC CCA GTCACGACG AGTC-3'
p17 5'-GTT TTC CCA GTCACGAC-3’

“The bold G indicates the site of the PhIP-C8-dG adduct. Underlined sequences
correspond to codon 868 —870 at nucleotides 2602-2610 of the rat APC gene.

A B c D
APIT() . B-p17(+) C-p17 (+) D-p17 (+)
1234 1234 | 1234 | 1234
pol . mestll| ool | wentll | | el
Full-length m
”4 - - StOP
Primer ”»- o o -

FIGURE 2.In vitro DNA synthesis using Klenow fragment. Gel electrophore-
sis indicating the primer extensions obtained using the 32-mer oligonucleo-
tide templates, p32A (A), p32B (B), p32C(C), and p32D (D), which have no PhiP
adduct, and a PhIP adduct on the first, second, and third G within the triple G
sequence, respectively. The 3’ complementary 17-mer sequence, p17, was
used as the extension primer. The final concentration of each template-
primer complexwas 12.5 nm. Concentrations of Klenow fragment were 0 (lane
1), 7.8 (lane 2), 23 (lane 3), and 78 units/ml (lane 4).

extension experiments using p32B, p32C, and p32D as tem-
plates were carried out (see Table 1). The length of each pro-
duced fragment was precisely determined using ladders of oli-
gonucleotide fragments as markers (data not shown). The
Klenow fragment of E. coli DNA polymerase I, a member of
the A-family DNA polymerases, was first used in this analysis.
The production of a 28-, 27-, and 26-mer from these primer
extension reactions using B-pl7, C-pl7, and D-pl17, respec-
tively, using a template-primer complex, and lack of longer
fragments indicated that the Klenow fragment stalled just
before the dG-C8-PhiIP adduct (Fig. 2). On the other hand, con-
trol experiments using p32A without the adduct as a template
produced a 32-mer fragment (Fig. 24). Similar results were
obtained with E. coli DNA polymerase I (exo™) and B-family
DNA polymerases, such as the thermopbhilic bacterial DNA po-
lymerases, rTaq and Tth, and human DNA polymerase « (data
not shown) (supplemental Fig. $2), suggesting that stalling at
the dG-C8-PhIP adduct occurs for all replicative DNA poly-
merases. Stalling of rTag and Tth at the PhIP adduct was
observed at 65 °C, as well as at 37 °C, indicating that this is the
result of a physical hindrance of the adduct itself and not from
secondary DNA structures. Moreover, there was no difference
found between the stalling of E. coli DNA polymerase I (exo™)
and that of the Klenow fragment (exo™). This indicates that the
physical blocking of DNA polymerases at the dG-C8-PhIP
adduct does not depend upon their proofreading function.
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Finally, DNA synthesis analyses with human DNA polymerase
& (pol §), a member of the B-family DNA polymerases and a
truly replicative polymerase, were carried out. In the case of

A-p22 C-p22
123456

A-p17  C-p17
7 8 9101112

—
€
Sant-——> <—32nt

- e
27nt—> ¥ <—27nt

22nt——> &

FIGURE 3.In vitro DNA synthesis using pol & in the presence or absence of
PCNA. Gel electrophoresis indicating the primer extensions obtained using
the 32-mer oligonucleotide templates, p32A (4), and p32C (C), which have no
PhIP adduct, and a PhIP adduct on the second G within the triple G sequence,
respectively. The 3 complementary 22- and 17-mer sequences, p22 and p17,
were used as the extension primer, The final concentration of each template-
primer complex was 12.5 nm. Concentrations of pol were 0 (lanes 1,4, 7, and
10) and 16 nm (lanes 2, 3, 5, 6, 8, 9, 11, and 12). Concentrations of PCNA as a
trimer were O (lanes 1,2, 4, 5,7, 8, 10,and 11) and 20 nm (lanes 3, 6,9, and 12).
Large arrows indicate the positions of primers (17- or 22-mer), full-length
products (32-mer), and the products pausing just before the PhiP adduct
(27-mer). Small arrows indicate the minor products that incorporated an addi-
tional 1 nucleotide {nt) to a full-length product or the pausing product.

using p32C and p17 (C-p17) as a template-primer complex, the
production of 27-mer fragments indicated the stalling of pol &
just before the PhIP adduct (Fig. 3, lane 11). From a control
reaction using A-pl17, a template-primer complex without the
PhIP adduct, a full-length product of 32-mer was generated
(Fig. 3, lane 8). In addition to these major products, minor prod-
ucts extended one nucleotide further (28- and 33-mer) and lad-
ders of bands indicating degradation of primer (<17-mer) were
observed (Fig. 3), corresponding with previous results reporting
terminal dA transferase and exonuclease activities of pol & (32).
PCNA, an accessory protein acting as a sliding clamp for pol §,
was previously reported to promote DNA synthesis by pol &
past several template lesions, including abasic sites, 8-oxo0-dG,
and aminofluorene-dG (32). In the case of dG-C8-PhIP, how-
ever, PCNA was unable to promote the bypass synthesis of pol 8
beyond the lesion (Fig. 3, lane 12). Extension reaction from the
longer 22-mer primer, p22, also paused completely just before the
PhIP adduct in the presence or absence of PCNA (Fig. 3, lanes 5
and 6). These results strongly suggest that the dG-C8-PhIP adduct
on genome DNA in the living cells induces the complete block of
replication forks including pol 6, PCNA, and pol «.

Translesional DNA Synthesis by Y-family DNA Polymerases—
Translesional DNA synthesis at the dG-C8-PhIP adduct by
the Y-family DNA polymerases, pol 0, pol k, pol , and REV1
was next examined. Two substrates, C-p27 and C-p28, and
their counterparts without a PhIP adduct, A-p27 and A-p28,
were used in these experiments (Fig. 4). Substrate C-p27 was
prepared by annealing the p32C template (see Table 1) to its
3'-complimentary 27-mer sequence, p27, and was used to iden-

tify the nucleotides that are inserted

C-p27 C-p28 opposite the dG-C8-PhIP adduct
Phip PhIP (Fig. 4). Similarly, substrate C-p28

5 -TCCGGGAAC 3' 5’-7CCGGGAAC 3’ was used to analyze the extension
CTTG * CCTTG * reaction from the 3'-end of the dC

bases opposite the dG-C8-PhIP

A-p27  A-p28 adduct (Fig. 4). We found that
recombinant human DNA polym-

5'-TCCGGGAAC 3’ 5'-PCCGGGAAC 3’ erase m (pol m) could insert a dC
CTTG * CCTTG %  opposite the dG-C8-PhIP adduct,

FIGURE 4. Template-primer complexes. Substrates C-p27 and C-p28 (series-C) have a PhiP adduct on the
second dG within a GGG sequence. Substrates A-p27 and A-p28 (series-A) are control substrates withouta PhiP
adduct. The corresponding 3’ complimentary 27- and 28-mer sequences, p27 and p28, were used as extension
primers. The template-primer complexes, C-p27 and C-p28, were used to monitor the nucleotide insertions
into the site opposite dG-C8-PhIP and the extension reactions from the 3'-dC opposite dG-C8-PhiP,
respectively.

A
A-p27 (~PhiP)
=-A T GC -

C-p27 (+PhIP)
ATGGC -

A-p28 (-PhIP)
GATC/| -

C-p28 (+PhiP)
G AT C

4

FIGURE 5. Translesional DNA synthesis by po! 7 using substrates C-p27 and C-p28. Control reactions were
performed using substrates without the PhIP adduct, A-p27 (A) and A-p28 (C). An insertion reaction was
performed with substrate C-p27 (B) and an extension reaction with substrate C-p28 (D). A single dNTP (G, A, T,
C) was added into the reaction mixture as indicated by G, A, T, and C above each lane. The lanes indicated by —
are controls without any nucleotides. Concentrations of pol n and each dNTP were 1.9 nm and 100 uMm,
respectively.
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although atlow efficiency compared
with control experiments without
the PhIP adduct (Fig. 5, A and B).
Extension reactions catalyzed by pol
7 from the 3'-end of dC opposite
the adduct were barely detectable
(Fig. 5D), although an excessive
amount of pol n produced byprod-
ucts that incorporated a mismatch
nucleotide, dG, dA, or dT (supple-
mental Fig, S4). In the case of dG,
incorporation of one to three dG
nucleotides was observed (supple-
mental Fig. $4). In control experi-
ments without the PhIP adduct,
minor products were produced that
incorporated mismatch nucleo-
tides, in addition to a major product
that incorporated a dC (Fig. 5C).
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Translesional Synthesis through the dG-C8-PhIP Adduct

A pp27 (-PhiP) B c-p27 (+PhIP)

- GATC |- GATOC -

FIGURE 6, Translesional DNA synthesis by pol ic using substrates C-p27 and C-p28. Control reactions were
performed using substrates without the PhiIP adduct, A-p27 (4) and A-p28 (C). An insertion reaction was
performed with substrate C-p27 (B) and an extension reaction with substrate C-p28 (D). A single dNTP (G, A, T,
() was added into the reaction mixture as indicated by G, A, T, and C above each lane. The lanes indicated by —
are controls without any nucleotides. The concentrations of pol x were 250 (A and C), 500 (B), and 1000 nm (D),

respectively. The concentration of each dNTP was 100 um,

A B Cc D
A-p27 (-PhiP) C-p27 (+PhIP)

=G AT CN

~-GATCN|C -

FIGURE 7. Translesional DNA synthesis by REV1 using substrates C-p27 and C-p28. Control reactions were
performed using substrates without the PhIP adduct, A-p27 (A) and A-p28 (D). Insertion reactions were per-
formed with substrate C-p27 (B and C) and an extension reaction with substrate C-p28 (). A single dNTP (G, A,
T, and C) or a mixture of each was added into the reaction mixture as indicated by G, A, T, C, and N above each
lane. The lanes indicated by — are controls without any nucleotides. The concentrations of REV1 were 5.2 (A
and D) and 26 nm (B, C, and E), respectively. The concentrations of each dNTP were 100 um (A, B, D, and E) and
320 um (Q), respectively. The N mixture contained each dNTP at a concentration of 25 uM.

We next examined translesional DNA synthesis beyond the
PhIP adduct using a truncated form of human DNA polymerase
k containing the N-terminal 559 amino acids. One or two dCs
were inserted opposite the dG-C8-PhIP adduct by this poly-
merase, and misinsertions of three other nucleotides were also
observed to a certain extent (Fig, 6B). pol k incorporated two
dCs and misincorporated dG, dA, and dT into the A-p27 sub-
strate without the PhIP adduct at a low efficiency (Fig. 64).
Misincorporations of dG, dA, and dT into the A-p28 substrate
without the adduct were also observed (Fig. 6C). In the case of
the extension reaction from 3'-dC opposite the dG-PhIP
adduct, pol x also incorporated dC and misincorporated dT
into the C-p28 substrate at low efficiency (Fig. 6D). Interest-
ingly, one- and two-base incorporations of dG into the sub-
strate C-p28 by pol k dominated the incorporation of a dC (Fig.
6D). In the extension reaction with pol « in the presence of all
four dNTPs, fragments of 29 and 30 nucleotides were observed
as major products, and a small amount of the 31-nucleotide
fragment was observed (see supplemental Fig. S5, lane 6). Full-
length products of 32 nucleotides were observed only when an
excess amount of pol k was present (data not shown). This poor
extension activity of pol « after adding two nucleotides was
probably caused by the shortness (~4 nucleotides) of the 5'
region to the lesion in the template oligonucleotide. Extension
with pol k, pol 1, and pol & from the mismatched primers,
where the 3'-terminal nucleotide of the p28 primer, dC, was
substituted with another nucleotide, could not be observed
(data not shown). REV1 inserted a dC opposite the PhIP adduct

ACEVEN
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C A-p28 (-PhiP)
GATC]|-

C-p27 (+) A-p28 (-PhIP)
-GATCN

at a higher efficiency compared with
pol k and pol n (Fig. 7, B and C).
REV1 was, however, unable to cata-
lyze the extension reaction from the
dC opposite the PhIP adduct in
C-p28 (Fig. 7E and supplemental
Fig. S5, lane 5). REV1 incorporated
only dC nucleotides into A-p27 and
A-p28 substrates without the
adduct (Fig. 7, A and D). Neither
nucleotide insertion nor extension
reactions for the templates contain-
ing the PhIP adduct were detected
using human pol 1 (data not shown).

Kinetic Analyses of Translesional

D c.p2s (+PhIP)
GATC

E DNA Synthesis by pol k and REVI1—
C-p28 (+PhiP) To evaluate translesional DNA syn-
- GATCN thesis beyond the dG-C8-PhIP

adduct in further detail, additional
quantitative analyses for pol k and
REV1 were performed. Insertion
reactions catalyzed by pol « for dC
(Fig. 8, B, lanes 2-5, and C, closed
diamonds) and dG (Fig. 8, B, lanes
6-9, and C, closed triangles) into
substrate C-p28 were analyzed in
the same way. Kinetic parameters
for pol k were determined using
steady-state kinetic assays (Table 2).
The catalytic efficiency (k,,/K,,,) of
dC insertion into C-p28 (0.039 min~* mM™?) was found to be
4-fold greater than that into C-p27 (0.011 min~" mm™?). These
results indicate that pol k catalyzes the extension reaction from
the 3'-terminal of dC opposite the dG-C8-PhIP with a higher
efficiency than the insertion reaction opposite the adduct. The
k.../K,, values of the dC insertion opposite the adduct were
roughly 4 orders of magnitude less than those into counterparts
without the adduct (see Table 2). The k_,/K,, value of the dG
incorporation into C-p28 was slightly higher than that of dC,
and more than 8-fold higher than that of dG into C-p27 (see
Table 2). This result indicates that pol  skipped over the dG
site just 5’ of dG-C8-PhIP on the template and incorporated dG
opposite dC on the template strand of substrate C-p28 with a
high efficiency. The k_,./K,, values of the dC incorporation into
D-p27 (0.19 min~! mMm™ ') were over 4-fold greater than into
C-p28 (0.039 min™! mm ™) and over 8-fold higher than that of
dG into B-p29 (0.023) (see supplemental Table $1). These
data indicate that the efficiencies of the extension reaction
by pol k are the highest for template p32D containing the
PhIP adduct in the third G of the triple G run, next for tem-
plate p32C containing the PhIP/adduct in the second G, and
lowest for template p32B containing the PhIP adduct in the
first G.

Even at higher concentrations of dNTPs, extension reactions
catalyzed by REV1 for substrate C-p28 could not be monitored
(Table 3, Fig. 7E). The k_,/K,,, value of the dC incorporation by
REV1 into substrate C-p27 was more than 2,000 times greater
than that by pol k, and 1/44 of the values for counterparts with-
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Translesional Synthesis through the dG-C8-PhIP Adduct

A  C-p27 (+PhiIP) B
12 3 4567 89

C-p28 (+PhiP)
123 456789

reaction catalyzed by REV1 among
the three templates was the most
efficient for template p32D contain-
ing the PhIP adduct at the third G,
similar to the extension reaction by
pol k.

DISCUSSION

In Vitro TLS Analysis Reconstitut-
ing PhiP-induced Mutations—HCAs
are food-borne carcinogens pro-
duced when cooking meat (1, 9,

C 100

80 |

60 |

40

33). The most significant aspect of
these molecules is that they exist
normally in cooked food and are
. thus ubiquitous carcinogens (32).
The mutagenicity and carcinoge-
nicity of HCAs are mainly attrib-
uted to C8- and N2-dG adducts
(9). Both excision repair and trans-
lesional DNA synthesis play criti-

20 t

Nucleotide Incorporation (%)

cal roles in the mutagenesis steps
induced by HCAs. However,

0 2 20 5
dNTP (uM)

FIGURE 8, Translesional DNA synthesis by pol . Nucleotide incorporation by pol « for substrates C-p27 (A)
and C-p28 (B). Either dCTP (lanes 2-5) or dGTP (lanes 6-9) was added into the reaction mixture. Lane 1 indicates
a control without any nucleotides. The concentration of pol k was 910 nM. The concentrations of dCTP or dGTP,
respectively, were 25 {lanes 2 and 6), 12.5 (lanes 3 and 7), 6.25 (lanes 4 and 8), and 3.13 pm (lanes 5 and 9).
¢, incorporation efficiencies of dCTP and dGTP into substrate C-p27 and C-p28. incorporations of dCTP into
C-p27,dGTP into C-p27, dCTP into C-p28, and dGTP into C-p28 are indicated by open diamonds, open triangles,
closed diamonds, and closed triangles, respectively. Each data point represents the mean of two separate exper-

iments. The error bars represent residuals,

TABLE 2
k.,/K., values for pol i
Substrate K, Keat ke K,y
M X 1078 min™! min~t ma™?
C-p27
dCTP 70 0.76 0.011
dGTP 47 0.24 0.0050
C-p28
dCTP 8.0 0.32 0.039
dGTP 1 0.48 0.042
A-p27
dCTP 0.035 44 130
dGTP 0.26 1.3 5.0
A-p28
dCTP 0.027 3.7 140
dGTP 2.1 8.8 4.1
TABLE 3
k.../K,, values for dCTP-insertion by REV1
Substrate K, Kea ke K,y
M x107% min™? min™ ma!
C-p27 12 320 27
C-p28 ND~ ND ND
A-p27 0.36 390 1100

% ND, not detectable.

out the adduct (Table 3). The k_,/K,,, values of the dC insertion
by REV1 into three substrates, B-p28, C-p27 and D-p26, were

39, 27, and 73 min~' mm™?, respectively. Thus, the insertion
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despite the importance of HCAs as
common environmental muta-
gens, there have been very few pre-
vious reports regarding the stall-
ing of DNA polymerases and TLS
caused by the DNA adducts they
form. This is mainly because of
the difficulty in preparing tem-
plate DNA with introduced HCA
adducts at specific sites. Choi et al.
(34) have recently undertaken a biochemical study of TLS at
adducts of the HCA 2-amino-3-methylimidazo[4,5-flquino-
line (IQ) using purified human polymerases. In our current
study of TLS, we describe our findings for adducts of PhIP, the
most abundant HCA in cooked foods (4).

A rat colon cancer model induced by PhIP shows profiles
of cancer development similar to the multistep model of
colon carcinogenesis in humans (35). In this rat model, p53
and K-ras mutations are rarely observed, whereas mutations
in Apc and its downstream gene B-catenin have been fre-
quently observed (21, 36-38). Hence, mutations in Apc or
B-catenin have been speculated to play a critical role in PhIP-
induced colon carcinogenesis. Five mutations in the Apc
gene were previously detected in four of eight PhIP-induced
rat colon tumors, and all of these mutations involved a single
guanine deletion in the 5'-GGGA-3' sequence (21). This
characteristic mutation induced by PhIP, 5'-GGGA-3’ to
5'-GGA-3', was also observed in other in vivo mutation anal-
yses using transgenic animals harboring introduced reporter
genes, such as lacI (18 -20). Hence, the 5'-TCCGGGAAC-3’

“sequence corresponding to a mutation hot spot within the

rat Apc gene, which we utilized to introduce the PhIP adduct
and employed as the template for in vitro DNA synthesis
analyses, could be a suitable model for revealing the molec-
ular mechanisms associated with PhIP-induced mutations.

ACEVEN

VOLUME 284+NUMBER 38-SEPTEMBER 18, 2009

ALAT ‘a1 LAIRIAL HA ‘*anlIAING TRaL] 10 mMnsU! IrUoNEN 12 B10 0al: mmm Wol DaDeoIiumor



Supplemental Material can be found at:
bitp://www jbc.org/content/suppi/2009/07/22/M109.037259.DC1.htmt

Translesional Synthesis through the dG-C8-PhIP Adduct

As discussed later, our results indicate a possible molecular
mechanism for the 5'-GGGA-3' to 5'-GGA-3' mutation
induced by PhIP.

DNA Polymerases Involved in TLS through the dG-PhIP
Adduct—TLS through many DNA lesions requires the action
of two different polymerases, an “inserter” and an “extender,”
the former to perform nucleotide insertions opposite the lesion
site and the latter for subsequent extensions (39). The catalytic
efficiency of the dCTP-insertion reaction opposite the dG-PhIP
adduct by REV1 was found to be more than 2,000-fold greater
than that by pol k (see Tables 2 and 3). This result strongly
suggests that REV1 functions in vivo as an inserter polymerase
for TLS through the dG-PhIP adduct. This insertion step by
REV1 is also error free. REV1 has been reported previously to
insert dCTP opposite abasic sites and various N2-dG adducts
(26,39 —41). However, our current study is the first to show that
REV1 inserts dCTP opposite a large size C8-dG adduct. We
used a shorter (C-terminal deleted) form of pol k in our current
experiments and an intact pol k may be more effective for this
insertion reaction. As for pol 7, a detailed kinetic analysis was
not performed. Hence, the possibility cannot be excluded that
pol k and pol 7 also function as inserter polymerases.

In addition to the Y-family DNA polymerases, DNA poly-
merase { (pol {), belonging to the B-family DNA polymerases, is
considered to be involved in TLS through various lesions as an
extender DNA polymerase (39, 42, 43). We have not carried out
a primer extension assay with pol { and thus the possibility
cannot be completely excluded by our current data that pol {
functions in vivo as an extender polymerase for TLS through
the dG-PhIP adduct. In our present study, we provide evidence
that pol k can extend from dC opposite the dG-C8-PhIP adduct
in vitro. It is, therefore, possible that pol «, at least partially,
functions as an extender polymerase in vivo for TLS through
the dG-PhIP adduct. Further study about cooperation between
two or more DNA polymerases, including pol £, is necessary to
verify which DNA polymerases are involved in the bypass syn-
thesis through the PhIP lesion.

The catalytic efficiency of pol k for a dGTP insertion into
substrate C-p28 was a little higher than that for dCTP inser-
tions (see Table 2 and Fig. 6D). The former generates a single
guanine deletion, and the latter is an error-free extension. Con-
sequently, our data suggest that the extension reaction with pol
« from the nucleotide opposite the dG-C8-PhIP adduct causes
frequent single-guanine deletions from the GGG stretch. It has
been reported that one characteristic feature of pol x homologs,
from bacteria to humans, is their propensity to generate single-
base deletions (44-47). The crystal structure of Dpo4, a ther-
mophilic archaea homolog of pol , in ternary complexes with
DNA and an incoming nucleotide supports the model that a
single base deletion by pol k is generated through a misaligned
intermediate complex where the template dG forms an extra-
helical looped out structure and the incoming dGTP skips this
extrahelical base and pairs with the next template base dC (48)
(see supplemental Fig. 56). It is reasonable to speculate there-
fore that, in the case of TLS through dG-C8-PhIP, mammalian
pol k generates the single guanine deletion via a similar inter-
mediate where the PhIP-adducted dG is looped out and tem-
plate-primer slippage occurs. However, further analyses for
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determining whether the one-base skipping of pol x beyond the
lesion observed by us is dependent on the nucleotide placed 5’
to the lesion or not, are necessary to clarify the detailed molec-
ular mechanism underlying one base skipping of pol «.

Molecular Mechanisms Underlying Mutation Induction by
PhIP—We have demonstrated herein by in vitro DNA synthesis
analyses using oligonucleotide templates containing dG-PhIP
that: 1) replicative DNA polymerases stall at the PhIP adduct
and cannot perform translesional DNA synthesis beyond this
point; 2) REV1 inserts a dC opposite the dG-PhIP with a much
higher efficiency than other TLS polymerases, including pol
and pol 7; and 3) pol k has a potential ability to catalyze an
extension reaction from the 5'-dC opposite the adduct and
often skips over one dG in the template during this extension
step. A working model for the induction of mutations at the
PhIP adducts based on the results shown in the present study is
illustrated in supplemental Fig. S6. This model could be
adopted for other sequences containing a G repeat stretch lon-
ger than GGG.
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