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The � clamp is an essential replication sliding clamp required for processive DNA synthesis. The � clamp
is also critical for several additional aspects of DNA metabolism, including DNA mismatch repair (MMR). The
dnaN5 allele of Bacillus subtilis encodes a mutant form of � clamp containing the G73R substitution. Cells with
the dnaN5 allele are temperature sensitive for growth due to a defect in DNA replication at 49°C, and they show
an increase in mutation frequency caused by a partial defect in MMR at permissive temperatures. We selected
for intragenic suppressors of dnaN5 that rescued viability at 49°C to determine if the DNA replication defect
could be separated from the MMR defect. We isolated three intragenic suppressors of dnaN5 that restored
growth at the nonpermissive temperature while maintaining an increase in mutation frequency. All three dnaN
alleles encoded the G73R substitution along with one of three novel missense mutations. The missense
mutations isolated were S22P, S181G, and E346K. Of these, S181G and E346K are located near the hydro-
phobic cleft of the � clamp, a common site occupied by proteins that bind the � clamp. Using several methods,
we show that the increase in mutation frequency resulting from each dnaN allele is linked to a defect in MMR.
Moreover, we found that S181G and E346K allowed growth at elevated temperatures and did not have an
appreciable effect on mutation frequency when separated from G73R. Thus, we found that specific residue
changes in the B. subtilis � clamp separate the role of the � clamp in DNA replication from its role in MMR.

Replication sliding clamps are essential cellular proteins im-
parting a spectacular degree of processivity to DNA poly-
merases during genome replication (24, 39–41). Encoded by
the dnaN gene, the � clamp is a highly conserved bacterial
sliding clamp found in virtually all eubacterial species (re-
viewed in reference 7). The � clamp is a head-to-tail, ring-
shaped homodimer that encircles double-stranded DNA (1,
39). In eukaryotes and archaea, the analog of the � clamp is
proliferating cell nuclear antigen (PCNA) (15, 28, 40, 41).
Eukaryotic PCNA is a ring-shaped homotrimer that also acts
to encircle DNA, increasing the processivity of the replicative
DNA polymerases (40, 41). Although the primary structures of
the � clamp and PCNA are not conserved, the tertiary struc-
tures of these proteins are very similar, demonstrating struc-
tural conservation among bacterial, archaeal, and eukaryotic
replication sliding clamps (28, 39–41; reviewed in reference 6).

The function of the � clamp is not limited to its well-defined
role in genome replication. The Escherichia coli � clamp binds
Hda, which also binds the replication initiation protein DnaA,
regulating the active form of DnaA complexed with ATP (19,
37, 43). This allows the � clamp to regulate replication initia-
tion through the amount of available DnaA-ATP. In Bacillus
subtilis, the � clamp binds YabA, a negative regulator of DNA
replication initiation (12, 29, 52). It has also been suggested
that the B. subtilis � clamp sequesters DnaA from the replica-
tion origin during the cell cycle through the binding of DnaA

to YabA and the binding of YabA to the � clamp (70). Thus,
it is hypothesized that in E. coli and B. subtilis, the � clamp
influences the frequency of replication initiation through in-
teractions with Hda and YabA, respectively.

The E. coli and B. subtilis � clamp has an important role in
translesion DNA synthesis during the replicative bypass of
noncoding bases by specialized DNA polymerases belonging to
the Y family (20, 33). The roles of the E. coli � clamp in
translesion synthesis are well established (5, 8, 30, 31). Binding
sites on the E. coli � clamp that accommodate translesion
polymerases pol IV (DinB) and pol V (UmuD2�C) have been
identified, and the consequence of disrupting their association
with the � clamp has illustrated the critical importance of the
� clamp to the activity of both of these polymerases (4, 5, 8, 26,
30, 31, 48, 49).

In addition to the involvement of the � clamp in replication
initiation, DNA replication, and translesion synthesis, the E.
coli and B. subtilis � clamp also functions in DNA mismatch
repair (MMR) (45, 46, 64). The MMR pathway recognizes and
repairs DNA polymerase errors, contributing to the overall
fidelity of the DNA replication pathway (reviewed in refer-
ences 42 and 60). In both E. coli and B. subtilis, deletion of the
genes mutS and mutL increases the spontaneous mutation
frequency several hundredfold (13, 25, 63). In E. coli, MutS
recognizes and binds mismatches, while MutL functions as a
“matchmaker,” coordinating the actions of other proteins in
the MMR pathway, allowing the removal of the mismatch and
resynthesis of the resulting gap (reviewed in references 42 and
60). MutS and MutL of E. coli and B. subtilis physically interact
with the � clamp (45, 46, 51, 64). Interaction between the B.
subtilis � clamp and MutS is important for efficient MMR and
organization of MutS-green fluorescent protein (GFP) into
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foci in response to replication errors, while the function of
MutL binding to the � clamp is unknown (64).

These studies show that the � clamp is critical for several
aspects of DNA metabolism in E. coli and B. subtilis. In E. coli,
many dnaN alleles have been examined and used to define the
mechanistic roles of the � clamp in vivo (5, 18, 24, 30, 31, 48,
49, 73). A limitation in studying the mechanistic roles of the B.
subtilis � clamp is that only two dnaN alleles (� clamp) are
available, dnaN5 and dnaN34 (36) (www.bgsc.org/), and both
of these alleles do not support growth at temperatures above
49°C, suggesting that they may cause similar defects (36) (www
.bgsc.org/). Of these two dnaN alleles, only dnaN5 has been
investigated in any detail (36, 53, 64). The mutant � clamp en-
coded by dnaN5 contains a G73R substitution [dnaN5(G73R)] in
a surface-exposed residue located on the outside rim of the �
clamp (53, 64). Our previous studies with this allele showed
that dnaN5(G73R) confers an increase in mutation frequency
at 30°C and 37°C (64). Further characterization of dnaN5
(G73R) showed that the increased mutation frequency is
caused by a partial defect in MMR (64). Additionally, dnaN5
(G73R)-containing cells have a reduced ability to support
MutS-GFP focus formation in response to mismatches (64).
These results support the hypothesis that G73R in the � clamp
causes a defect in DNA replication at 49°C (36) and impaired
MMR manifested by a defect in establishing the assembly of
MutS-GFP foci in response to replication errors (64).

To understand the roles of the B. subtilis � clamp in MMR
and DNA replication, we examined the dnaN5 and dnaN34
alleles. We found that the nucleotide sequences of dnaN5 and
dnaN34 and the phenotypes they produce were identical, both
producing the G73R missense mutation. We analyzed in vivo �
clampG73R protein levels and found that the � clampG73R

protein accumulated to wild-type levels at elevated tempera-
tures. To identify amino acid residues that would restore DNA
replication at elevated temperatures, we isolated three intra-
genic suppressors of dnaN5(G73R) that conferred growth of B.
subtilis cells at 49°C. Epistasis analysis and determination of
the mutation spectrum showed that each dnaN allele isolated
in this study caused an MMR-dependent increase in mutation
frequency. Additionally, we found that the � clamp binding
protein YabA can reduce the efficiency of MMR in vivo when
yabA expression is induced. Thus, we have identified residues
in the � clamp that are critical for DNA replication and MMR
in B. subtilis. We also found that a � clamp binding protein,
YabA, can reduce the efficiency of MMR in vivo.

MATERIALS AND METHODS

Bacteriological methods. The B. subtilis strains used in this study are described
in Table 1. Strains were grown in LB medium with the following final antibiotic
concentrations as previously described (64–67, 69): erythromycin, 0.5 �g/ml;
lincomycin, 12.5 �g/ml; spectinomycin, 100 �g/ml; rifampin, 100 �g/ml; chlor-
amphenicol, 5 �g/ml.

Spontaneous mutation frequency. Relative mutation frequencies were deter-
mined as described previously (64, 69). The mutation frequency of each strain
was normalized to the mutation frequency of the wild-type control (PY79),
except for Table 4, where the observed values are reported. The observed
mutation frequency for PY79 averaged 3.4 � 10�9 � 2.9 � 10�9 in all experi-
ments.

Isolation of dnaN5 suppressors. Over 30 independent cultures with the
dnaN5(G73R) allele were grown at 37°C in LB, followed by dilution and plating
on LB agar plates and incubation at 49°C overnight. Temperature-resistant
colonies that formed were colony purified and reexamined for growth at 49°C.

Each isolate that retained the ability to grow at 49°C following colony purifica-
tion was then grown at 37°C and diluted with a portion plated on LB agar to
determine the viable count, while the remaining cells were plated on 100 �g/ml
rifampin to determine the spontaneous mutation frequency. Isolates that
showed a mutation frequency of �10-fold relative to the wild-type control
were pursued. Chromosomal DNA was prepared from these isolates, and the
dnaN gene from each isolate was PCR amplified, followed by sequence
analysis using an Illumina Genome Analyzer (University of Michigan DNA
sequencing core, http://seqcore.brcf.med.umich.edu). Primers for PCR am-
plification of dnaN are as follows: forward, 5�-GGAATTCCATATGAAATT
CACGATTCAAAAAGATCGTCTTGTT; reverse, 5�-CGCGGATCCTTAA
TAGGTTCTGACAGGAAGGATAAG. For sequence analysis of the dnaN
gene, we used primers 5�-TTCAATCTGCGGCAAGTGCGGATA, 5�-TGG
ATAATTCCCGTCCAGAAGCCGTGA, 5�-GTCGTGATTCCGGGAAAA
AGTTTA, 5�-ATGAAATTCACGATTCAAAAA, 5�-ATTTTGGACTTCAA
TTTCTAC, 5�-ATGGCAACTGTAGAAATTGAA, 5�-ATCTTGACAGGT
GTAAACTGG, 5�-CTTGTAGATATCGTCATCACA, 5�-AAACTGTCCGC
AAAACCGGCT, and 5�-AGTCCAAAATATATGCTGGATGCA.

To determine if the mutations identified in the dnaN gene were responsible for
growth at 49°C and an elevated mutation frequency, we integrated a selectable
marker (Kanr) by double crossover into the spoIIIJ gene located at 359.9o on the
chromosomal linkage map (2, 3). The dnaN gene is located nearby at 1.9o (54)
(http://genolist.pasteur.fr/SubtiList/), allowing the cotransformation of each
novel dnaN allele with the spoIIIJ::kan allele. We found that the spoIIIJ::kan
allele is cotransformed with the dnaN5(G73R) allele at a frequency of �71% (by
examining 102 colonies; data not shown). We transformed the wild type (PY79)
with genomic DNA from each isolate, selecting for the spoIIIJ::kan allele, fol-
lowed by screening for temperature-resistant growth at 49°C and an increase in
mutation frequency, as determined by rifampin resistance, of at least 10-fold
relative to the wild-type control. We found that an increase in mutation fre-
quency cotransformed with growth at 49°C in 100% of the colonies examined for

TABLE 1. Strains used in this study

Strain Relevant genotype Reference
or sourcea

PY79 SP�o prototroph 76
LAS4 yqjW::kan 72
LAS5 yqjH::tet 72
LAS160 amyE::Pspac mutL (cat) dnaN5(G73R)

spoIIIJ::kan mutS-gfp (spc)
64

LAS169 dnaN5(G73R); Tn917::mls 64
LAS360 amyE::Pspank (hy) yabA (spc) 27
LAS361 yabA::cat 27
LAS393 �mutL::spc 69
IA24 dnaN34 ilvA1 metB5 BGSC
NMD18 spoIIIJ::kan This work
NMD11 dnaN5(G73R) spoIIIJ::kan This work
NMD22 dnaN(S22P, G73R) spoIIIJ::kan This work
NMD14 dnaN(G73R, S181G) spoIIIJ::kan This work
NMD17 dnaN(G73R, E346K) spoIIIJ::kan This work
NMD32 dnaN(G73R, S181G) spoIIIJ::kan mutSL::spc This work
NMD33 dnaN(G73R, E346K) spoIIIJ::kan mutSL::spc This work
NMD34 dnaN(S22P, G73R) spoIIIJ::kan mutSL::spc This work
NMD35 yqjW::kan dnaN5(G73R); Tn917::mls This work
NMD36 yqjH::tet dnaN5(G73R) Tn917::mls This work
NMD38 dnaN5 mutSL::spc This work
NMD39 amyE::Pspac mutL mutSL::spc This work
NMD45 dnaN34(G73R) spoIIIJ::kan This work
NMD46 amyE::Pspac mutL (cat) dnaN(G73R, S181G)

spoIIIJ::kan mutS-gfp (spc)
This work

NMD47 amyE::Pspac mutL (cat) dnaN(G73R, E346K)
spoIIIJ::kan mutS-gfp (spc)

This work

NMD49 amyE::Pspank(hy)yabA (spc) mutSL::kan This work
BWW51 dnaN::Pspac dnaN(G73R) (cat) This work
BWW52 dnaN::Pspac dnaN(S181G) (cat) This work
BWW53 dnaN::Pspac dnaN(E346K) (cat) This work
BWW54 dnaN::Pspac dnaN	 (cat) This work

a All of the strains used in this study are derivatives of PY79, except for IA24,
which was obtained from the Bacillus Genetic Stock Center (BGSC).
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each intragenic suppressor isolated (data not shown). The dnaN allele from each
newly constructed strain was then PCR amplified and sequenced to verify that
each dnaN allele was indeed present in the strain cotransformed with the
spoIIIJ::kan marker. After confirmation of the presence of each novel dnaN
allele, the strain generated from each cross was used in all subsequent
experiments. All of the strains used in this study are described in Table 1, and
the missense mutations of intragenic suppressors of dnaN5(G73R) are de-
scribed in Table 2.

Plasmids. pBW57 (PspacdnaN�) was constructed by placing the 5� 501 bp of
dnaN into plasmid pDH88 by ligation following digestion with HindIII and SphI.
The primers used to PCR amplify the 5� region of dnaN are as follows: forward,
5�-CGCCCCAAGCTTAAGGAGGTATACATATGAAATTCACGATTCAA
AAAGATCGTCTT; reverse, 5�-ACATGCATGCCCAGTTTACACCTGTCA
AGATAGGGCGTG. Integration of pBW57 into strain NMD11 bearing the
dnaN5 allele replaced the G73R missense mutation with the wild-type coding
sequence in 95% of the colonies (40/42) examined.

Homology modeling. Homology modeling was done as previously described
(64), except that the structure of the � clamp from Streptococcus pneumoniae was
used as a template (Protein Data Bank [PDB] accession number 2awa; http:
//www.rcsb.org). Each of the amino acid residues examined in this work was
highlighted on the homology model of the B. subtilis � clamp by using PyMol
(http://pymol.sourceforge.net/).

Mutation spectrum in rpoB. Independent cultures of each strain indicated
were grown in LB medium with appropriate antibiotics until late exponential
phase (optical density at 600 nm of 1.0) and then plated on LB agar plates
containing 100 �g/ml rifampin. A single colony was removed from each plate and
colony purified on LB agar plates containing rifampin; this was followed by DNA
purification using either standard phenol-chloroform extraction or the DNeasy
DNA isolation kit (Qiagen). A 359-bp PCR product representing cluster 1 of the
rpoB gene was amplified, using forward primer 5�-CGTATCGGTTTAAGCCG
TATG and reverse primer 5�-AAAACGGTTTACTTTTGCATA, from bp 1261
to bp 1620. The PCR products were purified (Qiagen) and then sequenced
(University of Michigan DNA sequencing core; http://seqcore.brcf.med.umich

.edu) using forward primer 5�-TTCTTTGGAAGCTCA and reverse primer 5�-
TCCGGCACGCTCACG. Sequence data were analyzed using software (Se-
quencher) to determine the nucleotide substitutions.

Immunoblotting. Immunodetection of the � clamp was performed as de-
scribed previously (64, 67, 68). Briefly, 50-ml cultures of the strains indicated
were grown in LB to the early exponential phase, an optical density at 600 nm of
0.2 at 30°C. Ten-milliliter volumes of cells were removed prior to the tempera-
ture shift as the zero time point. Cells were then shifted to 49°C, followed by the
removal of 10 ml of culture at each time point indicated in Fig. 1. Cells were
resuspended in lysis buffer as described previously (56), separated by 13% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to ni-
trocellulose as described previously (68). For the immunoblot shown in Fig. 2,
each strain was grown to the late exponential phase, an optical density at 600 nm
of 0.7 to 1.0, in LB medium for each of the different mutant � clamp proteins
shown. For all of the immunoblots, a 1:5,000 dilution of the primary antibody
against the � clamp (kindly provided by Alan Grossman, Massachusetts Institute
of Technology) and a 1:1,000 dilution of the horseradish peroxidase-conjugated
goat anti-rabbit secondary antibody (Pierce) were used.

Live-cell microscopy. Cells were prepared for live imaging essentially as de-
scribed previously (38, 65, 66). Briefly, 300-�l aliquots of cultures grown at 30°C
in S750 medium were incubated with the vital membrane stain FM4-64 (1 �g/ml
in phosphate-buffered saline; Molecular Probes) (65, 66). Following incubation,
cells were allowed to settle on microscope slides containing 1% agarose pads

FIG. 1. The � clampG73R protein accumulates in vivo. (A) Growth
of wild-type PY79 and isogenic strains with the dnaN5, dnaN34, and
dnaB134 alleles. Tenfold serial dilutions of each strain were plated and
grown at the indicated temperatures. Pictures were captured following
14 h of growth. Representative plates from several experiments are
shown. (B) Relative mutation frequencies (n-fold increases above the
wild-type level) of strains carrying the dnaB134, dnaN5(G73R), and
dnaN34 alleles determined at 37°C. The histogram represents the
mean � the standard error of the mean from at least four independent
experiments. (C) Representative immunoblot assay of the � clampG73R

mutant and wild-type � clamp proteins at 30°C and following a tem-
perature shift to 49°C for the times indicated. The total loaded sample
was normalized to cell number based on the optical density of each
culture. (D) Ribbon model of the B. subtilis � clamp. One protomer is
cyan, and the second protomer is green. The predicated location of the
G73R mutation is shown as red spheres.

TABLE 2. Nucleotide sequence changes in dnaN alleles

Allele and nucleotide
change(s)a

Amino acid
substitution(s)b

No. of
occurrences

dnaN5
217GGA3217AGA G73R NAc

741GGG3741GGA (silent)

dnaN34
217GGA3217AGA G73R NA
741GGG3741GGA (silent)

dnaN(S22P, G73R)
64TCA364CCA S22P, G73R 1
217GGA3217AGA
741GGG3741GGA (silent)

dnaN(G73R, S181G)
217GGA3217AGA G73R, S181G 1
541AGC3541GGC
741GGG3741GGA (silent)

dnaN(G73R, E346K)
217GGA3217AGA G73R, E346K 1
1036GAA31036AAA
741GGG3741GGA (silent)

a The 5� region of the dnaN5 allele was sequenced previously, showing the
same missense mutation that we observed, 217GGA3217AGA (G73R) (53). In
addition, we found a 741GGG3741GGA silent mutation in the dnaN5 allele. This
region of the gene was not sequenced in the previous study (53). The silent
mutation is not present in the wild-type dnaN gene that we sequenced from
PY79. In addition to sequencing dnaN5, we also sequenced the dnaN34 allele
from our lab stock and the dnaN34 allele from strain 1A24 obtained from the
Bacillus Genetic Stock Center (www.bgsc.org/).

b The amino acid substitutions listed were deduced from the nucleotide se-
quences.

c NA, not available.
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prepared with 1� Spizizen salts (65, 66). Cells were imaged using an Olympus
BX61 microscope equipped with a Hamamatsu ORCAR2 cooled charge-coupled
device camera and a Lumen 200 arc metal light source (Prior). An Olympus
100� oil immersion 1.45 numerical aperture TIRFM objective lens was used. For
detection of GFP and FM4-64, the filter sets used were for fluorescein isothio-
cyanate excitation at 460 to 500 nm and emission at 510 to 560 nm and tetra-
methyl rhodamine isocyanate excitation at 510 to 560 nm and emission at 572 to
648 nm. Images were captured and processed using SlideBook 4.2 (Advanced
Imaging Software). Cells were scored using Photoshop (Adobe) or the publically
available software ImageJ (http://rsbweb.nih.gov/ij/). Images were assembled into
figures using Illustrator (Adobe).

RESULTS

dnaN5(G73R) and dnaN34 are identical. Two dnaN alleles
have been isolated in B. subtilis: dnaN5(G73R) and dnaN34
(36) (www.bgsc.org/). We moved the dnaN5(G73R) and dnaN34
alleles into a clean genetic background (PY79) to examine the
phenotypes they produce. We found that both dnaN5(G73R)
and dnaN34 produced the same level of survival when plated at
elevated temperatures (Fig. 1A). The level of survival observed
for dnaN5(G73R)- and dnaN34-containing strains was nearly
identical to what we observed for the dnaB134(Ts) tempera-
ture-sensitive growth allele-carrying strain defective in replica-
tion initiation at temperatures of 
45°C (9).

We have previously shown that dnaN5(G73R) conferred an
increase in mutation frequency (64). We examined the spon-
taneous mutation frequencies of strains bearing dnaN5(G73R)
and dnaN34 with dnaB134 as a negative control. We found that
dnaN5(G73R) and dnaN34 conferred nearly identical mutation
frequencies at 37°C (Fig. 1B). In contrast, the mutation fre-
quency conferred by dnaB134 was very low (Fig. 1B). Because
the phenotypes caused by both dnaN5(G73R) and dnaN34
were so similar, we sequenced both alleles from our lab stocks
(Table 2). We found that the dnaN5 and dnaN34 alleles en-
code a G73R missense mutation at nucleotide 217 (Table 2)
(53). The previous study that identified the G73R missense
mutation encoded by dnaN5 did not sequence the entire dnaN
gene (53). To our knowledge, the dnaN34 allele has not pre-
viously been sequenced. Our sequencing of the entire coding
region revealed that dnaN5 and dnaN34 also contained a silent
mutation of 741GGG to 741GGA (Table 2), and this silent

mutation was present in all of the dnaN5 and dnaN34 mutant
isolates that we possess. Sequencing of the dnaN34 allele from
a strain obtained from the Bacillus Genetic Stock Center (www
.bgsc.org) also showed the G73R missense mutation at nucle-
otide 217, as well as the 741GGG-to-741GGA silent mutation
(Table 2). Based on the phenotypes and sequencing of all of
the dnaN5 and dnaN34 isolates we possess, we conclude that
these alleles are identical (see Discussion).

The � clampG73R protein accumulates in vivo. As men-
tioned above, B. subtilis cells harboring the dnaN5(G73R)
allele are temperature sensitive for growth at 49°C (Fig. 1A and
Table 3). One explanation for the dnaN5(G73R) phenotype is
that G73R in the � clamp causes instability, resulting in protein
unfolding and proteolytic degradation at elevated temperatures.
To address this, we performed immunoblotting of the wild-type �
clamp and � clampG73R proteins in whole-cell extracts at 30°C
and following a temperature shift to 49°C in 1-h increments over
a 3-h time course (see Materials and Methods). We found that
the wild-type � clamp and � clampG73R proteins accumulated to
similar levels at 30°C. When cells were shifted to 49°C, the �
clamp	 and � clampG73R levels showed similar levels of abun-
dance in vivo (Fig. 1C). Thus, the � clampG73R protein accumu-
lates at 49°C. We interpret these results to mean that the �
clampG73R protein is stable in vivo.

The predicted location of G73R is shown on a homology
model of the B. subtilis � clamp (Fig. 1D). The position of this
amino acid is in a surface-exposed loop. This position is more
consistent with a role in protein-protein interaction than with
a role in protein stability. It should be noted that the model of
the B. subtilis � clamp is elliptical and is not circular like the
crystal structures of the E. coli � clamp (24, 31, 39). This is
because our B. subtilis � clamp model is based upon the ellip-
tical Gram-positive S. pneumoniae � clamp structure (www
.rcdb.org; PDB accession no. 2awa). In addition, the crystal
structure of the � clamp from a second Gram-positive bacte-
rium, S. pyogenes, is also elliptical (1). Therefore, although
many of the structural characteristics of the � clamp are con-
served, differences in domain placement and domain linkers
contribute to the elliptical shape of the � clamp from Gram-
positive bacteria (1) (www.rcdb.org; PDB accession no. 2awa).

FIG. 2. Disruption of Y family DNA polymerases does not alter
the mutagenesis caused by dnaN5(G73R). The mean relative mutation
frequencies of strains with the indicated alleles are shown in the his-
togram. Error bars show the standard error of the mean for 8 to 17
independent experiments. The mutation frequency of each strain was
normalized to the mutation frequency of the wild-type control strain
PY79.

TABLE 3. Suppression of the temperature-sensitive growth
phenotype caused by dnaN5(G73R)a

Strain (relevant allele)
Amino acid

substitution in
� clamp

Plating efficiency

PY79 (dnaN	) None (wild type) 1.2 � 0.03
LAS393 (�mutL) None (wild type) 1.1 � 0.1
NMD11 (dnaN5) G73R 9.3 � 10�5 � 4.2 � 10�5

NMD34 �dnaN(S22P,
G73R)�

S22P, G73R 0.9 � 0.1

NMD32 �dnaN(G73R,
S181G)�

G73R, S181G 0.8 � 0.1

NMD33 �dnaN(G73R,
E346K)�

G73R, E346K 0.9 � 0.1

a Cells were grown to mid-exponential phase (optical density at 600 nm of 0.5),
diluted, and plated on LB agar plates at the indicated temperatures. The plating
efficiency reflects the number of observed colonies at 49°C divided by the number
of observed colonies at 30°C. The means and standard deviations from at least
four independent experiments are shown.
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Translesion DNA polymerases do not contribute to the mu-
tagenesis caused by dnaN5(G73R). In E. coli, mutation of the
� clamp at residue G66 effects utilization of the translesion DNA
polymerase pol IV (48, 73). Since B. subtilis dnaN5(G73R) is
altered at residue G73, which corresponds to E. coli � clamp
residue G66, we investigated the contribution of translesion
DNA polymerases to the mutagenesis observed with dnaN5
(G73R) (Fig. 2). The B. subtilis homolog of pol IV is polY1
(yqjH), and the homolog of the UmuC component of pol V in
B. subtilis is polY2 (yqjW) (17, 72). B. subtilis is not known to
have a homolog or analog of E. coli UmuD (17, 72). We
combined null alleles of yqjH::tet (polY1) and yqjW::kan
(polY2) with dnaN5(G73R) to determine if disruption of either
Y family DNA polymerase lowers the mutation frequency of
dnaN5(G73R). If so, it would suggest that one or both of the Y
family DNA polymerases contributes to the increase in mu-
tagenesis associated with dnaN5(G73R). To the contrary, we
found that the mutation frequency of dnaN5(G73R) was un-
affected when either polY1 (yqjH) or polY2 (yqjW) was dis-
rupted (Fig. 2). These results show that B. subtilis polY1 and
polY2 do not contribute to the mutagenesis conferred by the
dnaN5(G73R) allele.

dnaN5(G73R) has a slight effect on replication initiation.
Given that the B. subtilis � clamp binds the YabA protein,
which negatively regulates DNA replication initiation (12, 27,
29, 52), we tested whether dnaN5(G73R) alters replication
initiation. We examined the number of origins per cell in the
dnaN5(G73R) genetic background to determine if the G73R

missense mutation has any pleiotropic effects on DNA repli-
cation initiation. To determine the number of replication ori-
gins per cell, we used Spo0J-GFP as a marker for oriC, because
it binds to sequences that flank oriC and Spo0J-GFP foci are a
well-established marker for determining origin number per cell
(44, 67). We found that the percentage of cells with one origin
marked by a Spo0J-GFP focus was lower in a dnaN5(G73R)
strain and the percentage of cells with four or more Spo0J-
GFP foci was elevated in a dnaN5(G73R)-bearing strain com-
pared with that in the wild-type control (Fig. 3A, B, and C).
This result suggests that dnaN5(G73R) causes a mild overini-
tiation phenotype that is revealed when origins are scored in
live cells at 30°C. As a positive control for overinitiation, we
scored Spo0J-GFP foci in a yabA::cat mutant strain and found
that the percentage of cells with more than four origins per cell
was increased over 20-fold and the percentage of cells with
one, two, three, and four origins was decreased substantially
(Fig. 3D and E) at 30°C. Thus, we find that dnaN5(G73R)
causes a slight increase in the percentage of cells with four or
more origins, but this allele does not cause an overinitiation
phenotype of a magnitude anywhere near that observed in
yabA-deficient cells.

We considered the possibility that the lethality caused by
dnaN5(G73R) was due to unregulated replication initiation at
49°C. We performed a time course experiment at 49°C and
found no difference in origin copy number as judged by Spo0J-
GFP foci after a shift to 49°C for 30 min (data not shown) and
1 h (Fig. 3C and E). Based on these data, we conclude that

FIG. 3. dnaN5(G73R) causes slight overinitiation of DNA replication. For all of the images, Spo0J-GFP is green and FM4-64 vital membrane
staining is red. Cells were imaged during exponential growth (optical density at 600 nm of �0.5) according to Materials and Methods. Panels: A,
wild-type dnaN	; B, dnaN5(G73R) at 30°C; C, dnaN5(G73R) at 49°C; D, yabA::cat; E, scoring of the percentage of cells with n Spo0J-GFP foci
in the indicated genetic backgrounds and temperatures as shown. The number of cells scored is also indicated. Bar, 3 �m.
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dnaN5(G73R) does not cause an increase in replication initi-
ation at 49°C above that observed at 30°C (Fig. 3).

Isolation of intragenic suppressors of dnaN5. The dnaN5
(G73R) allele was isolated and shown to have defects in DNA
replication at the nonpermissive temperature of 49°C (36). We
have previously shown that the dnaN5(G73R) allele confers an
increase in spontaneous mutation frequency that is MMR de-
pendent at the permissive temperatures of 30°C and 37°C (64).
As part of our effort to understand the role of the � clamp in
MMR, we sought to isolate intragenic suppressors of dnaN5
(G73R) that would restore DNA replication at 49°C yet retain
an elevated mutation frequency. In doing so, mutant � clamp
proteins of this type would cause an MMR deficiency, but
unlike dnaN5(G73R), such dnaN alleles would be proficient in
DNA replication.

To this end, we selected for, mapped, and sequenced (see
Materials and Methods) 30 independent isolates of a dnaN5
(G73R)-bearing strain that grew at 49°C. Most of the tempera-
ture-resistant isolates acquired mutations that did not map
near the dnaN gene, indicating that they were extragenic (data
not shown). Of those that did map near the dnaN gene, we
identified five isolates that harbored nucleotide changes in
dnaN5(G73R). Two were wild-type revertants which changed
the arginine of dnaN5(G73R) back to a glycine (data not shown).
Three other isolates had a single missense mutation in addition to
the G73R missense mutation that is part of dnaN5 (Table 2). We
isolated dnaN(S22P, G73R), dnaN(G73R, S181G), and dnaN
(G73R, E346K), which suppressed the growth defect of the
dnaN5(G73R) mutant at 49°C (Table 2 and 3).

Quantitative plating efficiencies of strains containing each
dnaN allele showed that each allele supported the growth of B.
subtilis cells to nearly wild-type levels (Table 3). Each dnaN
allele was able to support growth at 80% to 90% of the level of
the wild type, conferring a plating efficiency of 0.8 to 0.9 when
CFU counts were determined for growth at 49°C compared to
the CFU counts determined for growth at 30°C (Table 3).
Thus, the intragenic suppressors rescued the G73R growth
defect by 
8,000-fold. Upon serial dilution and plating of
strains which contain each dnaN allele, we found that even
though the colony size was slightly smaller than that of the wild
type, the overall growth and colony morphology returned to
nearly wild-type levels, indicating very good suppression of the
temperature-sensitive growth phenotype (Fig. 4).

The G73R mutation is located on the outside rim of the �

clamp ring (Fig. 1D) in a region of the � clamp to which many
proteins are hypothesized to bind, including the clamp loader
proteins 
 and 
� (34, 35). The � clamp has an N-terminal face
and a C-terminal face, and most current models predict that
proteins that bind the � clamp do so on the C-terminal face.
The C-terminal face contains the hydrophobic cleft, which
serves as a critical binding site for many proteins (5, 8, 14, 18,
30, 31, 48, 49, 62, 73).

All three missense mutations isolated as intragenic suppres-
sors of the temperature sensitivity caused by dnaN5(G73R) are
predicted to change amino acid residues located on the surface
of the � clamp, and two suppressors are located near the
hydrophobic cleft (Fig. 5A). E346K is predicted to be located
at the beginning of a � strand on the N-terminal face of the �
clamp directly behind the hydrophobic cleft. S181G is located
adjacent to the hydrophobic cleft on the C-terminal face of the
� clamp (Fig. 5A). S22P is in a loop located in the inner ring
near sites important for DNA interaction at a site distant from
the hydrophobic cleft (Fig. 5A). With these data, we speculate
that E346K and S181G might be important for interaction
between the � clamp and other proteins, while S22P may effect
interaction of the � clamp with DNA. We examined the levels
of these proteins in vivo and found that each DnaN (� clamp)
protein accumulated to wild-type levels (Fig. 5B). Upon align-
ing the primary structures of the B. subtilis and E. coli � clamp,
we found a distinct correlation between the � clamp residues
examined in this study and those altered in the E. coli dnaN159
allele (48) (Fig. 5C; see Discussion).

S22P, S181G, and E346K alter the level of spontaneous
mutagenesis compared to the G73R missense mutation. Since
the G73R change encoded by dnaN5 affected both DNA rep-
lication and MMR, the selection was designed to find suppres-
sors of dnaN(G73R) that would restore growth and, hypothet-

FIG. 4. Intragenic suppressors restore growth of B. subtilis at 49°C.
Shown is the growth of the wild-type and isogenic strains with the
indicated alleles [dnaN(G73R) and suppressors] at 30°C and 49°C
following 10-fold serial dilution and plating on LB agar plates. Pictures
were taken following 14 h of growth. Representative plates from sev-
eral experiments are shown.

FIG. 5. Locations of intragenic suppressors of dnaN5(G73R).
(A) Ribbon diagram of the B. subtilis � clamp homology model. One
protomer is cyan, and the other is green. The predicted positions of
S22P, G73R, S181G, and E346K are shown in red, and the amino acids
comprising the hydrophobic cleft are white. (B) Representative immu-
noblot assay of each � clamp protein indicated from cultures grown at
30°C. The loaded sample was normalized to cell number. (C) Com-
parison of the amino acid substitutions examined in this study and the
corresponding E. coli � clamp residue based on alignment of the
primary structures. The mutation-bearing allele, if it is known, is in
parentheses.
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ically, rescue DNA replication. We also asked if the intragenic
suppressors of dnaN5(G73R) alter the MMR pathway. When
bacteria are grown at 37°C, the relative mutation frequency
conferred by dnaN5(G73R) is enhanced by �60-fold relative to
that of our wild-type control, strain PY79 (Fig. 6A). All three
of the dnaN alleles isolated retained an increase in the
spontaneous mutation frequency of 20- to 40-fold above that
of the wild-type control (Fig. 6A). The dnaN(S22P, G73R)
allele was the lowest, showing a 20-fold increase, and dnaN
(G73R, E346K) was the highest at �40-fold. We found that
dnaN(G73R, S181G) conferred an increase in mutation fre-
quency between those obtained with dnaN(S22P, G73R) and
dnaN(G73R, E346K). For comparison, we examined the mu-
tation frequency caused by a five-alanine substitution of the �
clamp binding motif in MutS (mutS5A) and found that this
mutS allele conferred a mutation frequency of �40-fold, which
is within the error of the dnaN alleles isolated here (Fig. 6A).
We speculate that, like the mutS5A allele, each dnaN allele
containing the G73R mutation is reduced but not completely
defective for interaction with MutS (64).

S181G and E346K are similar to dnaN� for growth at 49°C
and mutation frequency. Because S181G and E346K are lo-
cated near the hydrophobic cleft in the � clamp, these sup-
pressor mutations are the most likely to have roles in protein-
protein interactions that have suppressed the replication defect
caused by G73R. To examine the roles of S181G and E346K in
DNA replication and MMR, we separated these missense mu-
tations from G73R. In order to separate the suppressor muta-
tions, we replaced the 5� region of the DNA of the alleles
dnaN(G73R, S181G) and dnaN(G73R, E346K) with the wild-
type dnaN coding sequence, removing the G73R missense mu-
tation and placing the resultant alleles [dnaN(S181G) and
dnaN(E346K)] under the control of an isopropyl �-D-thioga-
lactopyranoside (IPTG)-inducible promoter, Pspac, at their
normal chromosomal locations (see Materials and Methods).
The proper nucleotide sequence of each allele was then
confirmed by PCR amplification and DNA sequence analy-

sis (see Materials and Methods). We also placed dnaN	 and
dnaN5(G73R) under Pspac control for comparison (Table 4).
We found that the dnaN5(G73R) mutant was temperature
sensitive for growth at 49°C and showed an increase in its
mutation frequency (Table 4). The temperature-sensitive
growth phenotype produced by dnaN5(G73R) is retained but
less severe under Pspac control than when dnaN5(G73R) is
under native transcriptional control (Fig. 7 and Table 4). We
tested dnaN(S181G) and dnaN(E346K) and found that both
alleles conferred growth at elevated temperatures (Fig. 7 and
Table 4) and produce mutation frequencies very similar to that
produced by wild-type dnaN	 (Table 4). We conclude that
missense mutations S181G and E346K restore DNA replica-
tion at 49°C and have very little effect on MMR when sepa-
rated from G73R.

The mutation spectrum resulting from dnaN(G73R, S181G)
and dnaN(G73R, E346K) is consistent with an MMR defect.
The antibiotic rifampin impairs transcription by directly bind-
ing the � subunit of RNA polymerase encoded by the rpoB
gene (21, 61). Mutations in the rpoB gene confer rifampin

FIG. 6. Intragenic suppressors of dnaN5(G73R) maintain an MMR-dependent increase in mutation frequency. (A) The mean relative mutation
frequencies of strains with the indicated alleles are presented. The mutation frequency of each strain was normalized to the mutation frequency
of wild-type control strain PY79. (B) Relative mutation frequency of each strain indicated after the introduction of an MMR-defective allele
(mutSL::spc) in combination with each dnaN allele. For comparison, we show these relative to the mild dominant negative effect of mutL with the
A17T missense mutation expressed from the amyE locus under Pspac control. (C) Relative mutation frequencies of the dnaN5(G73R) mutant, the
mutS5A mutant, and the double mutant. The bars in the histograms represent the mean � the standard error of the mean for 6 to 20 independent
experiments.

TABLE 4. Missense mutations S181G and E346K show wild-type
phenotype for growth at 49oC and mutation frequency

Allele
dnaN-encoded

missense
mutation

Frequency of
Rifr mutants,

10�9 (fold
increase)a

Plating
efficiencyb

dnaN::Pspac dnaN	 None 3.0 � 0.5 (1) 0.9 � 0.075
dnaN::Pspac dnaN(G73R) G73R 183.7 � 62 (61) 0.005 � 0.0005
dnaN::Pspac dnaN(S181G) S181G 8.4 � 6.3 (2.8) 1.0 � 0.05
dnaN::Pspac dnaN(E346K) E346K 9.7 � 6.2 (3.3) 0.9 � 0.07

a Relative mutation frequency was determined as described in Materials and
Methods, except that LB agar plates and plates containing rifampin were sup-
plemented with 25 �M IPTG. The means and standard errors of the means from
at least six independent experiments are shown.

b Plating efficiency was determined by scoring the number of CFU following
serial dilution and incubation at the indicated temperatures. Plates were supple-
mented with 5 �g/ml chloramphenicol and 25 �M IPTG. The means and stan-
dard errors of the means from at least three independent experiments are shown.
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resistance (Rifr) (22), and in B. subtilis, �96% of the rpoB
mutations resulting in Rifr are located in a 50-bp region of
cluster I. The majority of these mutations alter codons for two
amino acids, Q469 and H482 (47, 50). The mutation spectrum
of Rifr mutations in rpoB has been widely used as a diagnostic
tool to understand the pathway that has caused the Rifr mu-
tagenesis based on the nature of the base pair substitution (10,
22). For example, most of the mutations resulting from defects
in MMR are transition mutations. In contrast, SOS mutagen-
esis generates a higher occurrence of transversion mutations
(10, 22).

We selected for and colony purified at least 20 independent
Rifr colonies of strains bearing the dnaN5(G73R) allele, an
MMR-defective strain (mutSL::spc), and strains with each
dnaN allele isolated in this study. We found that strains with
either the dnaN5(G73R) or the mutSL::spc allele had a muta-
tion spectrum of primarily AT3GC transition mutations (Ta-
ble 5), which is indicative of an MMR defect (22, 59). Likewise,
we determined the mutation spectrum of each dnaN allele
isolated here, and in a pattern similar to that of dnaN5(G73R)
and the mutSL-deficient strains, the novel dnaN alleles mostly
showed transition mutations with a bias for AT3GC transi-
tions (Table 5). As a control, we determined the mutation
spectrum for Rifr colonies from wild-type PY79 and found that
�20% were transversion mutations (Table 5), suggesting an
MMR-independent mechanism. Furthermore, we challenged
PY79 with the alkylating agent mitomycin C and also isolated
a much higher percentage of transversion mutations relative to
the MMR-defective strain or the mutation spectrum conferred
by each dnaN allele examined in this study (Table 5). It should
be noted that dnaN(S22P, G73R) and dnaN(G73R, S181G)
each yielded one transversion mutation out of 20 colonies
examined (Table 5), but this frequency of transversion muta-
tions (�5%) is much lower than the frequency of transversion
mutations isolated from untreated wild-type PY79 or PY79
treated with mitomycin C. We conclude that the mutation
spectrum in the rpoB gene from each dnaN allele suggests a
deficiency in MMR.

dnaN alleles maintain partial defects in MMR. The rpoB
mutation spectrum resulting from all four dnaN alleles
[dnaN5(G73R), dnaN(S22P, G73R), dnaN(G73R, S181G), and
dnaN(G73R, E346K)] suggests a deficiency in MMR. To de-
termine more directly if the increase in mutation frequency
caused by each dnaN allele is MMR dependent, we performed
an epistasis analysis. If the increase in mutation frequency
observed for each dnaN allele is through the MMR pathway,

then the mutation frequency caused by an allele conferring a
complete loss of MMR (mutSL::spc) would be epistatic to each
dnaN allele. In contrast, if the mutation frequency resulting
from each dnaN allele is additive or synergistic with the
mutSL::spc allele, then the mutagenesis caused by each dnaN
allele would be through a different pathway.

To distinguish between these possibilities, we combined the
mutSL::spc allele with each of the dnaN alleles we isolated and
determined the mutation frequency relative to that of a strain
harboring the mutSL::spc allele alone (Fig. 6B). We found that
the mutation frequency conferred by each dnaN allele in com-
bination with an MMR defect did not produce an increase in
mutation frequency above the level conferred by the mutSL::
spc allele alone (Fig. 6B). Additive or synergistic effects on the
frequency of mutagenesis can be detected using this assay (11,
32). Furthermore, we combined the dnaN5(G73R) allele with
the mutS5A allele and determined the mutation frequency.
Because dnaN5(G73R) and mutS5A each confer partial defects

TABLE 5. Mutation spectrum in cluster I of the rpoB genea

Strain, relevant allele, and
rpoB nucleotide change

Deduced amino
acid change

No. of
occurrences

NMD11, dnaN5(G73R)
1406 AT3GC Q469R 2
1444 CG3TA H482Y 1
1445 AT3GC H482R 17

NMD22, dnaN(S22P, G73R)
1406 AT3GC Q469R 13
1444 AT3GC H482R 2
1444 CG3GC H482Db 1
1445 AT3GC H482R 5

NMD14, dnaN(G73R, S181G)
1405 CG3AT Q469Kb 1
1406 AT3GC Q469R 2
1444 CG3TA H482Y 2
1445 AT3GC H482R 15

NMD17, dnaN(G73R, E346K)
1444 CG3TA H482Y 2
1445 AT3GC H482R 18

LAS392, mutSL::spc
1406 AT3GC Q469R 11
1444 CG3TA H482Y 2
1445 AT3GC H482R 7

PY79 (untreated), wild type
1405 CG3AT Q469Kb 3
1406 AT3GC Q469R 6
1444 CG3TA H482Y 1
1445 AT3GC H482R 7
1444 CG3GC H482Db 1

PY79 (MMC), wild type
1406 AT3GC Q469R 12
1445 AT3GC H482R 3
1444 CG3TA H482Y 2
1405 CG3AT Q469Kb 3

a For mitomycin C treatment, PY79 cells were grown to the mid-exponential
phase (optical density at 600 nm of 0.5) and then challenged with 0.2 �g/ml
mitomycin C for 1 h, whereupon cells were plated on 100 �g/ml rifampin to
obtain Rifr colonies. Colonies were then analyzed as described in Materials and
Methods.

b Transversion mutation.

FIG. 7. Missense mutations S181G and E346K restore growth of B.
subtilis at 49°C. Shown is the growth of each strain with the dnaN allele
indicated under Pspac control at the native locus following 10-fold serial
dilutions and at the temperatures indicated. Representative plates
from several experiments are shown.
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in the MMR pathway, we expected that the combination of
these alleles would increase the level of mutagenesis above
that conferred by the individual alleles. Indeed, we found that
the sum of two partial defects in the MMR pathway was
greater than the defects on their own, further confirming that
we can detect an increase in mutagenesis with this assay (Fig.
6C). These results show that a complete loss of MMR is epi-
static to each dnaN allele, and we conclude that the mutagen-
esis observed is caused by an MMR deficiency.

In addition to these experiments, we measured the sensitiv-
ity of the wild-type control PY79 and stains carrying each of
the dnaN alleles to nalidixic acid and mitomycin C. Nalidixic
acid inhibits DNA gyrase, causing double-strand breaks (55,
71). Mitomycin C primarily generates bulky N2 adducts on
guanine (reviewed in reference 16). We found no difference in
sensitivity between strains bearing each dnaN allele and the
wild-type control (data not shown). We conclude that dnaN5
(G73R) and the dnaN alleles isolated in this study do not cause
general defects in DNA repair, as judged by sensitivity to two
different DNA-damaging agents.

dnaN alleles restore MutS-GFP focus formation. We have
previously shown that MutS-GFP focus formation is reduced
�3-fold in a dnaN5(G73R)-bearing strain (64). We analyzed
MutS-GFP for localization as a focus in response to a 2-amino-
purine (2-AP) challenge in the wild-type control dnaN	,
dnaN5(G73R), and dnaN(G73R, E346K) backgrounds (Fig. 8).
We found that MutS-GFP was reduced for localization as a focus
in the dnaN5(G73R) mutant strain, as we previously reported (64)
(Fig. 8D). We also found that in the dnaN5(G73R) mutant strain,

MutS-GFP fluorescence was more diffuse and cytoplasmic than
in the dnaN	 control (compare Fig. 8B to D). Imaging of
MutS-GFP foci in the strain bearing dnaN(G73R, E346K)
showed qualitatively that repair complex formation was mostly
restored (compare Fig. 8D to F). In addition, the dnaN(G73R,
S181G) allele, which conferred an increase in mutation fre-
quency that was MMR dependent (Fig. 6), again qualitatively
restored MutS-GFP focus formation in a manner similar to
focus formation in a strain bearing the dnaN(G73R, E346K)
allele (data not shown). Thus, we show that the intragenic
suppressor mutations isolated in dnaN5(G73R) support focus
formation of MutS-GFP; however, the repair complexes
formed in these genetic backgrounds do not function as effi-
ciently in MMR as those formed in the presence of dnaN	. We
were not surprised that MutS-GFP focus formation was re-
stored by the presence of the secondary mutations in
dnaN5(G73R) because each caused a decrease in mutation
frequency compared with the G73R missense mutation alone
(Fig. 6A).

Overexpression of YabA causes a mild increase in mutation
frequency. The � clamp is responsible for coordinating many
activities at the replication fork. Also, the � clamp interacts
with YabA, a negative regulator of replication initiation in B.
subtilis (12, 27, 29, 52). Overexpression of the YabA protein
causes a decrease in replication initiation, and deletion of yabA
increases replication initiation (12, 29, 52) (Fig. 3). It has been
shown that mutations in YabA that block interaction with
the � clamp cause an increase in replication initiation and
mutant GFP-YabA fails to localize with the replisome in live
cells (52).

One model predicts that many proteins that bind the �
clamp do so at sites that partially overlap. Therefore, we hy-
pothesized that the YabA binding site on the � clamp might
overlap with the binding site for MutS or MutL, thus changing
MMR efficiency. To address this, we asked if the presence or
absence of yabA influences mutation frequency in B. subtilis.
We found that overexpression of yabA caused a mild but re-
producible increase in mutation frequency of �11-fold (Fig.
6A). We found that cells deficient for yabA exhibited a hypo-
mutation frequency as the yabA::cat allele conferred a lower
mutation frequency than the wild-type control (data not
shown). Moreover, we found that combining yabA overexpres-
sion with an MMR defect (mutSL) was not additive or syner-
gistic, suggesting that the elevated mutation frequency caused
by yabA was MMR dependent (Fig. 6B). Thus, we speculate
that yabA levels can alter the efficiency of MMR, most likely by
limiting the access of MutS or MutL to the � clamp in vivo (see
Discussion).

DISCUSSION

In this work, we investigated the defects in DNA replication
and repair caused by B. subtilis dnaN5 and dnaN34. Strikingly,
we found that dnaN5 and dnaN34 were identical as determined
by phenotype and nucleotide sequence (Fig. 1A and B and
Table 2). It is not clear if these alleles were isolated inde-
pendently, although our results show that, in addition to
encoding the G73R missense mutation, both dnaN5(G73R)
and dnaN34(G73R) encode the same silent mutation, sug-
gesting that their isolation may not have been independent.

FIG. 8. dnaN alleles are restored for support of MutS-GFP focus
formation. Panels A, C, and E are differential interference contrast
images showing cell boundaries. Images B, D, and F are MutS-GFP
foci following treatment with 2-AP at 600 �g/ml for 1 h. Panels: A and
B, MutS-GFP, dnaN	, 2-AP; C and D, MutS-GFP, dnaN5(G73R),
2-AP; E and F, MutS-GFP, dnaN(G73R, E346K), 2-AP. Bar, 3 �m.
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We certainly cannot exclude the possibility that the original
alleles isolated were different and at some point since their
isolation, the dnaN5 and dnaN34 alleles have been cataloged
incorrectly. Since dnaN5(G73R) and dnaN34(G73R) are cur-
rently used and widely available, it should be noted that the
nucleotide sequences are the same for the strains we have
obtained.

The DNA replication defect caused by dnaN5(G73R) at
elevated temperatures is unknown. In order to understand the
role of amino acid residue G73 in DNA replication and MMR,
we selected for suppressors of the temperature-sensitive growth
phenotype produced by dnaN5(G73R). We isolated three intra-
genic suppressors with the missense mutations S22P, S181G,
and E346K. S22P is located in a loop in the inner ring of the �
clamp near an area of importance for � clamp interaction with
DNA (31). Although the corresponding residue in the E. coli �
clamp, G22, does not contact DNA in the crystal structure (24,
31), this does not necessarily indicate that G22 does not have
a role in DNA interaction in vivo. The S181G missense muta-
tion is located on the edge of the hydrophobic cleft. The hy-
drophobic cleft is a common interaction site for many proteins
that bind the � clamp. The very isolation of S181G as a mis-
sense mutation to suppress the temperature-sensitive growth
of dnaN5(G73R) strongly suggests that the defect caused by
G73R is in protein-protein interaction. It is not known if the
G73R missense mutation effects interaction with just a single
DNA replication protein or many, but since this location on
the � clamp is important for function of the MMR pathway, we
suggest that G73 is located in a region of the � clamp where
binding sites for several proteins may overlap. In support of
this notion, it has been shown that the corresponding residue
in the E. coli � clamp, G66, is critical for DNA polymerase
switching in vivo and in vitro (48).

The isolation of E346K to suppress G73R is of interest.
Most models suggest that the � clamp binding proteins com-
pete for one face of the � clamp. Residue E346 is located on
the N-terminal face of the � clamp directly behind the hydro-
phobic cleft. One explanation is that E346K causes a local
alteration in protein structure that changes the C-terminal face
of the � clamp in the hydrophobic cleft, altering the way in
which proteins bind this region. Another possibility is that the
E346K mutation reveals a binding site for proteins on the
N-terminal face of the � clamp. Taken together, our findings
show that two of the three intragenic suppressor mutations of
dnaN5(G73R) reside near the hydrophobic cleft of the � clamp
with S181G adjacent to the cleft.

The DNA replication defect caused by the � clampG73R

mutation is unknown. Since the location of the G73R substi-
tution in the B. subtilis protein is near a site identified as critical
for the loading of the E. coli � clamp, we sequenced the yqeN
(holA) and holB genes coding for 
 and 
�, respectively. We
sequenced the holA (
) and holB (
�) genes from many of the
strains we classified as containing extragenic suppressors. We
did not identify mutations in either of these genes, suggesting
that the defect caused by G73R is not suppressed by mutations
in 
 or 
� (data not shown). This does not exclude a defect in
clamp loading as contributing to or causing the temperature-
sensitive growth of the strain with � clampG73R.

However, since we were unable to find mutations in these
genes, we suggest that most of the extragenic suppressors are

likely to be informational. Informational suppressors are often
obtained as extragenic suppressors of B. subtilis replication
initiation alleles, altering either the anticodon of the tRNA
(57) or possibly the translation machinery, allowing misreading
at a frequency high enough to produce a level of the wild-type
protein sufficient to suppress the temperature sensitivity
caused by dnaN5(G73R) (23, 58).

The B. subtilis dnaN5(G73R) and E. coli dnaN159 alleles
influence different aspects of DNA metabolism. The E. coli
dnaN159 allele encodes two missense mutations, G66E and
G174A (73). The dnaN159 allele confers an interesting phe-
notype characterized by temperature-sensitive growth, chronic
SOS induction, and altered DNA polymerase usage (48, 49,
73–75). The temperature sensitivity of the E. coli dnaN159
mutant requires both G66E and G174A, and loss of either
suppresses the temperature-sensitive growth phenotype (48). Bio-
chemical analysis of the E. coli � clampG66E and � clampG174A

proteins shows that these residues effect replication by pol IV,
while G174A affects the replicative DNA polymerase pol III
and is required for chronic SOS induction (48). The E. coli G66
and G174 residues that are altered in the dnaN159 mutant
correspond to B. subtilis � clamp residues G73 and S181, re-
spectively, and both of these residues are changed in the sup-
pressor allele dnaN(G73R, S181G).

In B. subtilis, mutation of G73 (analogous to E. coli G66) is
all that is required for lethality at elevated temperatures, and
interestingly, G73R in combination with S181 suppresses the
temperature sensitivity caused by G73R. Thus, the dnaN
(G73R, S181G) allele isolated in this study is altered at the
corresponding residues mutated in E. coli dnaN159, yet the al-
tered � clamp in B. subtilis does not behave in a manner similar to
that of the E. coli allele. Furthermore, we examined dnaN5
(G73R) for altered usage of Y family polymerases PolY1 (YqjW)
and PolY2 (YqjH) and were unable to find an alteration in the
mutagenesis caused by dnaN5(G73R) to be linked to either
translesion polymerase (Fig. 2). Also, the E. coli dnaN159
allele was shown to be proficient in MMR (10). Thus, critical
amino acid residues in the E. coli and B. subtilis � clamp appear
to have overlapping functions with respect to causing temper-
ature-sensitive growth; however, these residues impart differ-
ent deficiencies with respect to MMR and translesion DNA
synthesis.

Role of YabA in regulating MMR. YabA negatively regu-
lates replication initiation through its interactions with the �
clamp and DnaA (12, 29, 52). Mutations in YabA have been
constructed that alter both interaction with DnaA and the �
clamp (12, 29, 52); however, the site on the � clamp that YabA
binds is unknown. In this work, we found that overexpression
of YabA led to an increase in mutagenesis, which is MMR
dependent (Fig. 6B). We speculate that the overexpression of
YabA may interfere with MutS or MutL binding to the �
clamp, leading to an increase in mutation frequency. Consis-
tent with this hypothesis, we found that the yabA::cat mutant
strain had a lower mutation frequency than the wild-type con-
trol. Therefore, we speculate that the binding site of YabA on
the � clamp may at least partially overlap one of the MMR
proteins, either MutS or MutL, as both have been shown to
interact with the � clamp in B. subtilis (51, 66).
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