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José A. C. Lemos and Robert A. Burne*
Department of Oral Biology, College of Dentistry, University of Florida, Gainesville, Florida 32610

Received 22 April 2002/Accepted 10 June 2002

Tolerance of environmental stress, especially low pH, by Streptococcus mutans is central to the virulence of
this organism. The Clp ATPases are implicated in the tolerance of, and regulation of the response to, stresses
by virtue of their protein reactivation and remodeling activities and their capacity to target misfolded proteins
for degradation by the ClpP peptidase. The purpose of this study was to dissect the role of selected clp genes
in the stress responses of S. mutans, with a particular focus on acid tolerance and adaptation. Homologues of
the clpB, clpC, clpE, clpL, clpX, and clpP genes were identified in the S. mutans genome. The expression of clpC
and clpP, which were chosen as the focus of this study, was induced at low pH and at growth above 40°C.
Inactivation of ctsR, the first of two genes in the clpC operon, demonstrated that CtsR acts as a repressor of
clp and groES-EL gene expression. Strains lacking ClpP, but not strains lacking ClpC, were impaired in their
ability to grow under stress-inducing conditions, formed long chains, aggregated in culture, had reduced
genetic transformation efficiencies, and had a reduced capacity to form biofilms. Comparison of two-dimen-
sional protein gels from wild-type cells and the ctsR and clpP mutants revealed many changes in the protein
expression patterns. In particular, in the clpP mutant, there was an increased production of GroESL and
DnaK, suggesting that cells were stressed, probably due to the accumulation of denatured proteins.

In order to survive adverse environmental conditions, bac-
teria undergo a complex program of differential gene expres-
sion that leads to the transient induction of a subset of proteins
that protect the cell from damage caused by the accumulation
of unfolded and misfolded proteins (22). Most of these
polypeptides, also known as heat shock proteins (HSPs), are
molecular chaperones or proteases that play crucial roles in
promoting protein folding, assembly, and degradation during
normal growth and, in particular, under stress-inducing condi-
tions (5, 13). The HSP100/Clp ATPases constitute a large
family of closely related proteins that perform important
housekeeping functions, including protein reactivation and re-
modeling activities typical of molecular chaperones, and target
specific proteins for degradation by the ClpP peptidase (35,
40). The number of identified members of the Clp family has
significantly increased in the past few years (33). These highly
conserved and ubiquitously distributed proteins are classified
on the basis of the presence of one or two ATP-binding do-
mains and the occurrence of specific signature sequences (33).
The class 1 Clp proteins, such as ClpA, ClpB, and ClpC, have
two ATP-binding domains and are distinguished by the length
of the spacer regions separating the ATP-binding domains,
whereas the class 2 Clp proteins (such as ClpX and ClpY)
display a single domain. Although designated a Clp protein,
for caseinolytic protease, ClpP itself is unrelated to the Clp
ATPase family and has only peptidase activity. However, when
ClpP associates with members of the Clp ATPase family, it acts
as a serine protease and prevents the accumulation of altered

proteins that might be toxic for the bacteria under stress-
inducing conditions (25).

Despite their ubiquity and high degree of conservation,
mechanisms for the regulation of heat shock genes in bacteria
are fairly diverse. In Escherichia coli, transcription of the heat
shock regulon requires either the �32 subunit of RNA poly-
merase or the minor sigma factor �E (4). It was demonstrated
that the DnaK, DnaJ, and GrpE chaperones play a central role
in the control of the general stress response by targeting �32 for
degradation by the FtsH protease. In Bacillus subtilis, at least
four classes of stress-regulated genes have been identified (10,
16). Genes coding for the ClpP protease and for the ClpC and
ClpE ATPases of B. subtilis are designated as part of the class
3 stress regulon (10, 11, 20). Class 3 stress genes are negatively
controlled by CtsR, which is the product of the first gene of the
clpC operon and which binds to a directly repeated heptad that
usually overlaps with the transcriptional initiation site or the
�35 and �10 sequences of the ctsR, clpE, and clpP genes. This
target sequence and the CtsR repressor were also shown to be
present in the regulatory region of clp genes from several
gram-positive bacteria, including some Streptococcus species
(10).

Streptococcus mutans is recognized as one of the major eti-
ological agents of human dental caries (23). In the oral cavity,
S. mutans colonizes the teeth and is able to withstand substan-
tial environmental insults, including pH fluctuations, severe
carbohydrate restriction, and oxidative stresses. Among the
environmental stresses encountered in dental biofilms, rapid
and significant acidification may be the most extreme chal-
lenge. S. mutans is intrinsically more acid resistant than many
oral bacteria and can mount an acid tolerance response
(ATR), which allows the organisms to adapt to growth at a low
pH. The ATR of S. mutans is characterized thus far by en-
hanced glycolytic capacities, increased activity of the proton-
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translocating F-ATPases, enhanced DNA repair capacity, and
acquisition of cross-protection against other stresses (2, 14, 15,
31). The scope of the ATR appears significant as assessed by
two-dimensional (2-D) gel electrophoresis (36), but few of the
gene products that appear to be necessary for acid tolerance in
S. mutans have been identified and essentially nothing is
known about genetic control of the expression of the ATR.

Our laboratory is primarily interested in dissecting the role
of stress genes in acid tolerance and the regulation of adapta-
tion to acidic conditions. Previously, it was demonstrated that
the major molecular chaperones, DnaK and GroEL, are con-
trolled by the HrcA repressor and are intimately involved in
responses to environmental acidification (18, 21). In addition,
we have shown that DnaK is essential for cell survival and that
reduction in the levels of this chaperone leads to an acid-
sensitive phenotype (21). Here, we identified and analyzed the
transcriptional regulation of the genes coding for the Clp pro-
tease machinery in S. mutans. The expression and functional
significance of the S. mutans ClpC and ClpP proteins in stress
tolerance, competence development, and biofilm formation
were also investigated.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strain DH10B was grown in
Luria broth, and S. mutans strain UA159 was grown in brain heart infusion
(BHI) broth. When needed, kanamycin (40 �g ml�1 for E. coli or 500 �g ml�1

for S. mutans) or ampicillin (100 �g ml�1) was added to the media. For heat
shock of S. mutans, cells were grown in BHI at 37°C to mid-exponential phase
(optical density at 600 nm [OD600] � 0.5) and aliquots of the cultures were then
transferred to a water bath at 42°C for various periods of time. For studies
involving acid shock and acid adaptation, S. mutans was grown in continuous
chemostat culture at pH 7.0 or 5.0 as previously described (18). To evaluate the
impact of the loss of the clpP, clpC, or ctsR gene on stress resistance, the
wild-type and mutant strains were grown overnight in BHI, diluted 50-fold into
BHI, and incubated at 37°C (control) or at high temperatures (40, 42, or 43°C),
at a low pH (pH 5.0, 37°C), or at 37°C in the presence of streptomycin (25 �g
ml�1). The ability to form stable biofilms was assessed by growing the cells in a
96-well (flat-bottom) cell culture cluster (Costar 3595; Corning, Inc., Corning,
N.Y.) containing biofilm medium as originally described by Loo et al. (24), with
minor modifications for S. mutans developed by Bhagwat et al. (3).

DNA methods. Chromosomal DNA was prepared from S. mutans as previously
described (6). Plasmid DNA was isolated from E. coli by using QIAgen columns
(Qiagen, Chatsworth, Calif.), and restriction and DNA-modifying enzymes were
obtained from Life Technologies, Inc. (Gaithersburg, Md.), New England Bio-
labs (Beverly, Mass.), or MBI Fermentas (Amherst, N.Y.). PCRs were carried
out with 100 ng of S. mutans chromosomal DNA by using Taq DNA polymerase,
and PCR products were purified using the QIAquick kit (Qiagen). DNA was
introduced into S. mutans by natural transformation (30) and into E. coli by
electroporation (32). Southern blot analyses were carried out under high-strin-
gency conditions as detailed by Sambrook et al. (32).

Strain construction. The strains used in this study are listed in Table 1. To
construct insertion mutations in ctsR, clpC, and clpP, DNA fragments, each
approximately 1.7 kb in length, containing the genes of interest were amplified by
PCR and cloned onto pGEM5 (Promega, Madison, Wis.) as SphI-SpeI frag-
ments. The resulting plasmids were used to insert a kanamycin resistance gene
(Kanr) that is flanked by strong transcription and translation terminators (�Kan)
(29) into the ctsR, clpC, and clpP genes. A second clpP mutant was generated by
the insertion of a nonpolar Kanr marker (19) to exclude the possibility that the
phenotype observed for the clpP polar insertion was due to polar effects on
downstream genes. To inactivate ctsR in a way that would allow for the expres-
sion of clpC, which is located immediately downstream of ctsR, a nonpolar
construct with the �Kan element followed by the Streptococcus salivarius urease
promoter (PureI) (8) was used. This approach was successfully used to generate
a nonpolar insertion in the S. mutans hrcA gene that allowed for expression of the
genes downstream of hrcA in the dnaK operon (21). Plasmids containing the
Kanr gene marker were then isolated and used to transform S. mutans. Trans-

formants were selected on BHI agar with kanamycin, and Southern blot analysis
was used to confirm that the gene inactivation desired had occurred as planned.

Assay of genetic competence. Transformation efficiencies of S. mutans UA159
and its derivatives were determined by preparing competent cells as previously
described and transforming them with plasmid-borne copies of the luxS or brpA
(for biofilm regulatory protein A) genes of S. mutans into which erythromycin
antibiotic resistance (Ermr) markers had been inserted (41). Transformants were
enumerated by plating cells on BHI agar containing erythromycin (5 �g ml�1).

2-D polyacrylamide gel electrophoresis. 2-D electrophoresis was performed at
Kendrick Labs, Inc. (Madison, Wis.) by following the protocol described by
O’Farrell (28) but using conditions described elsewhere (21). The protein con-
centration of the samples was determined by a bicinchoninic acid assay (Sigma,
St. Louis, Mo.). Gels containing equal amounts of protein were silver stained and
dried between sheets of cellophane.

RNA methods. Total RNA was extracted from chemostat-grown cultures of S.
mutans or from mid-exponential phase batch cultures by following a protocol
described by Chen et al. (8). Total RNA was separated on a 1.0% formaldehyde
gel as described elsewhere (1). RNAs were UV cross-linked to the membranes,
and filter membranes were probed with internal fragments of the S. mutans clpC,
clpE, clpP, ctsR, or groEL gene labeled with [�-32P]dATP (NEN Life Science,
Boston, Mass.). All hybridizations and washes were carried out under high-
stringency conditions. Signals obtained on autoradiographs were quantified using
an IS1000 digital imaging system (Alpha Innotech Co., San Leandro, Calif.).
Primer extensions were carried out with the oligonucleotide designated
EXTCTSR (5�-CTGACTGGGAACAACAC-3�) by a protocol described previ-
ously (1), with primer annealing and reverse transcription performed at 42°C.

RESULTS

Identification of clp genes in S. mutans. The highly conserved
amino acid sequence of the Clp proteins of E. coli, B. subtilis,
Streptococcus pneumoniae, and Lactococcus lactis were used to
identify putative clp genes in the S. mutans genome by using
resources available at the University of Oklahoma’s Advanced
Center for Genome Technology. A total of five open reading
frames (ORFs) were identified within the S. mutans genome.
BLAST search analysis of the deduced amino acid sequences
of the five ORFs indicated high degrees of similarity to ClpB,
ClpC, ClpE, ClpL, and ClpX from other organisms and, there-
fore, the genes were designated clpB, clpC, clpE, clpL, and
clpX. The structural organization and location of the clpB,
clpE, clpL, and clpX genes in the chromosome are shown in
Fig. 1, and the clpC operon organization is shown in Fig. 2. We
also took advantage of the complete sequence of the S. mutans
genome to identify the clpP gene and the gene coding for the
putative repressor of clp gene expression in gram-positive bac-
teria, ctsR. In order to begin investigating the CtsR regulon in
S. mutans, we began a more detailed analysis of the ctsR, clpC,
and clpP genes. The clpC gene (2,373 bp in length), which is
located at nucleotides 1899196 to 1901634 in the S. mutans
genome, encoded a polypeptide with a predicted molecular
mass of 87.8 kDa that shared the highest levels of similarity
with a putative S. pyogenes ClpC (73% identity). Immediately
upstream, and overlapping by 1 nucleotide with the clpC start
codon, was another ORF of 463 bp. The 17.5-kDa product
encoded by this ORF showed 47% identity (65% similarity)
with the class 3 heat shock gene repressor CtsR from B. subtilis.
Finally, elsewhere in the chromosome (positions 1587548 to
1588136), a clpP homologue coding for a predicted 21.6-kDa
protein that shared 86% identity with a putative S. pyogenes
ClpP and high levels of homology to other known ClpP pro-
teins was identified.

Transcriptional analysis of the clpC operon. The clpC and
ctsR genes were found to be part of a bicistronic operon. An
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ORF coding for a protein highly similar to a putative elonga-
tion factor (Tsf) from S. pyogenes was found 5� to ctsR, and a
levansucrase precursor from S. mutans GS-5 (ftf [34]) was
identified 3� to clpC (Fig. 2A). A promoter was mapped by
primer extension (data not shown) 42 bases upstream of the
ctsR start codon with a �10 sequence identical to �A-type
promoters and a partially conserved �35 sequence (TTCCAA
versus TTGACA of �A-type promoters) located 16 bp up-
stream of the �10 sequence.

Northern analyses with RNA isolated from the wild-type
strain by using ctsR or clpC internal fragments as probes re-
vealed a transcript of approximately 2.9 kb, indicating that ctsR
and clpC are cotranscribed from the �A-type promoter located
upstream of ctsR (Fig. 2B). Curiously, a smaller transcript of

approximately 2 kb in size was detected with the ctsR and clpC
probes, but the size of this transcript does not correlate well
with the known sizes of ctsR and clpC. However, both tran-
scripts were equally induced after heat and acid stresses (two-
fold when cells were subjected to heat shock at 42°C for 15 min
and fourfold after 30 min following acid shock at pH 5.0). No
significant differences in the clpC mRNA levels in steady-state
cells grown at a pH of either 7.0 or 5.0 were observed (Fig. 2B).

Transcriptional analysis and stress induction profile of
clpP. Recently, a �A-type promoter was identified upstream of
the clpP gene in S. pneumoniae (7). Analysis of the sequence of
the region upstream of the S. mutans clpP gene revealed a
putative �A-type promoter identical in sequence to the one
that was mapped in S. pneumoniae (TTGACC-N17-TATAAT).

FIG. 1. Schematic diagram of the clpB, clpE, clpL, and clpX loci and flanking regions. ORF1 and ORF3 in the clpB locus encode putative
phosphosugar mutase and dihydrolipoamide dehydrogenase proteins, respectively. ORF1 in the clpE locus encodes a putative transposase, and
mutT codes for a MutT/nudix family protein. The rplJ and pdxK genes in the clpL locus encode putative 50S ribosomal L10 and pyridoxal kinase
proteins, respectively. The dfr gene in the clpX locus is predicted to encode a dihydrofolate reductase protein, and ORF4 encodes a putative
GTP-binding protein. ORF2 and ORF4 in the clpE locus, ORF3 in the clpL locus, and ORF2 in the clpX locus code for hypothetical proteins. See
the text for more details. Arrows represent the orientation of the genes. The molecular mass, isoelectric points, and nucleotide positions (nt.) in
the chromosome of the putative Clp proteins are shown underneath the genes.
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Upstream from clpP and separated by 535 bp, an ORF that
coded for a protein that shares 93% identity with an S. saliva-
rius uracil phosphoribosyltransferase (upp) was identified (Fig.
3A). Analysis of the region 3� to the clpP stop codon revealed

two ORFs with the highest degree of similarity to those coding
for the B. subtilis ylbF and ylbG gene products (35 and 43%
identities, respectively). Recently, it was demonstrated that, in
B. subtilis, YlbF and perhaps YlbG are involved in sporulation

FIG. 2. (A) Genetic organization of the S. mutans ctsR/clpC operon and flanking regions. The tsf gene is predicted to encode an elongation
factor, and ftf encodes a levansucrase precursor. Arrows indicate the direction of transcription. The estimated molecular masses from deduced
amino acid sequences are shown below the genes, and the numbers above the schematic indicate the size of the intergenic regions in base pairs.
(B) Northern blot analysis of S. mutans UA159 clpC. RNA was isolated from batch- or chemostat-grown cells that were subjected to heat shock
(42°C) or acid shock (pH 5.0) (ss [steady state]). Total RNA (10 �g per lane) was separated in a 1.0% gel, transferred to a nylon membrane, and
hybridized to a clpC-specific probe.

FIG. 3. (A) Schematic representation of the S. mutans clpP gene and flanking regions. The upp gene is predicted to encode a uracil
phosphoribosyltransferase, and ylbF and ylbG have been implicated in competence development and sporulation in B. subtilis. Arrows indicate the
direction of transcription. The estimated molecular masses from deduced amino acid sequences are shown below the genes, and the numbers above
the schematic indicate the size of the intergenic regions in base pairs. (B) Northern blot analysis of S. mutans UA159 clpP. RNA was isolated from
batch- or chemostat-grown cells that were subjected to heat shock (42°C) or acid shock (pH 5.0) (ss [steady state]). Total RNA (10 �g per lane)
was separated in a 1.0% gel, transferred to a nylon membrane, and hybridized to a clpP-specific probe.
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and in competence development by increasing the stability or
synthesis of the competence factor ComK at the posttranscrip-
tional level (37).

Northern blot analysis with RNA isolated from the wild-type
strain was used to demonstrate a stress-inducible transcript of
0.58 kb, which corresponds to the length of clpP, as well as two
larger transcripts that were not stress inducible but neverthe-
less corresponded in size to the 16S and 23S ribosomal RNAs
(Fig. 3B). It has been demonstrated in other organisms that
ClpP is an HSP whose synthesis can be induced by a variety of
stresses. Densitometric analysis of Northern blots of RNAs
from batch- or chemostat-grown cells revealed that the levels
of clpP mRNA were increased threefold when cells were sub-
jected to heat shock at 42°C for 30 min or fourfold after 30 min
following acid shock at pH 5.0 (Fig. 3B). Comparisons of the
clpP mRNA levels from steady-state cultures at pH 7.0 or 5.0
showed a 1.5-fold induction at low pH, similar to what has been
observed for the dnaK gene (18).

Effects of the inactivation of ctsR, clpC, and clpP on growth
under stress-inducing conditions. The clpC, clpP, and ctsR
genes were inactivated by inserting the �Kan cassette in the 5�
portion of the genes to give the strains listed in Table 1.
Although there was strong evidence from Northern analyses
that clpP is a monocistronic transcript, a second clpP mutant
strain (JL-NPclpP) was constructed using a nonpolar kanamy-
cin cassette to eliminate the possibility that the phenotype
observed in the clpP mutant strain could be due to polar effects
on the downstream genes. Similarly, a second CtsR-deficient
strain (JL-NPctsR) was constructed with a nonpolar element
that allowed for clpC transcription. Cell morphology, compe-
tence development, and stress sensitivities of the polar and
nonpolar ctsR and clpP mutants were examined, but no differ-
ences were observed. Therefore, because we had already con-
ducted a detailed characterization of the nonpolar ctsR mutant
(JL-NPctsR) and the polar clpP mutant strain (JL-clpP), these
two strains were used throughout the studies.

Under standard growth conditions, i.e., 37°C in a 5% CO2

atmosphere, the JL-NPctsR and JL-clpC mutant strains grew as
well as the wild-type strain (Fig. 4A). At temperatures above
37°C, the wild-type, JL-NPctsR, and JL-clpC strains were able
to grow at temperatures of up to 43°C. However, at tempera-
tures above 40°C, growth rates of the strains were reduced and
the cells tended to clump and adhere to the sides of the glass
culture tubes. We also tested the ability of the strains to grow
at pH 5.0 or in the presence of streptomycin (25 �g ml�1), an
antibiotic known to increase mistranslation. Under all those
conditions, the JL-NPctsR and JL-clpC strains displayed
growth rates comparable to those for the wild type (Fig. 4B, C,
and D).

Under standard growth conditions, the clpP mutant grew
more slowly than the wild-type strain but was able to reach a
similar OD600 before entering stationary phase (Fig. 4A). Al-
though the ClpP-deficient strain was able to grow at temper-
atures of up to 40°C, growth of JL-clpP was impaired at 42°C
(Fig. 4B) and completely inhibited at 43°C (data not shown).
When grown at 42°C at pH 5.0 or in the presence of strepto-
mycin (25 �g ml�1), the lag phase and early log phase of the
clpP mutant were comparable to those of the wild-type strain.
However, under every stress-inducing condition tested, the cell
yields achieved by the clpP mutant strain were significantly
lower than those achieved by the wild-type strain (Fig. 4B, C,
and D). These results clearly indicated a stress-sensitive phe-
notype for the clpP mutant strain.

Inactivation of CtsR leads to high-level expression of clpC,
clpE, clpP, and groEL. Northern blot analysis with RNA iso-
lated from mid-exponential-phase cultures of CtsR-deficient
(JL-NPctsR) and wild-type strains of S. mutans demonstrated
that groEL, clpE, and clpP mRNAs were present in greater
amounts in the mutant strain (two-, six-, and sixfold increases,
respectively) (Fig. 5). It was not possible to determine the
effect of ctsR inactivation on clpC expression, since the tran-
scription from the cognate promoter of clpC in the ctsR mutant
was disrupted by a polar Kanr marker and clpC was driven by
the S. salivarius urease promoter. The levels of expression of
groEL, clpC, clpE, and clpP mRNA were also compared in the
wild-type strain and the clpC and clpP mutants. In the JL-clpC
strain, the levels of clpE and clpP mRNA were comparable to
what was found for the wild-type strain whereas the level of
groEL mRNA was increased about fourfold (Fig. 5). This find-
ing suggests that ClpC may have a regulatory effect on groEL
expression or that the levels of groEL mRNA were elevated
due to the accumulation of damaged proteins that were once
targeted by ClpC to the protease machinery. Northern analyses
with RNA isolated from the clpP mutant strain grown to mid-
log phase under normal conditions revealed that levels of
groEL, clpC, and clpE mRNA were induced nine-, three-, and
sixfold, respectively (Fig. 5). Thus, lack of ClpP also causes an
effective induction of these stress genes.

Protein expression patterns of clp and ctsR mutants. A 2-D
gel approach was used to determine whether there were de-
tectable changes in the synthesis of the proteome of S. mutans
due to the loss of ClpP (JL-clpP) or CtsR (JL-NPctsR). In the
clpP mutant strain, the levels of the molecular chaperones
DnaK and GroEL-ES were elevated at least twofold, indicat-
ing that cells were perceiving a stress-inducing condition, prob-
ably due to the accumulation of denatured proteins that are
normally degraded by ClpP. Although the twofold increase of
GroEL levels in the clpP mutant strain does not correlate very
well with the mRNA levels (ninefold increase), it has been
observed that large increases in the amount of groEL mRNA
are needed to effect significant changes in the absolute quantity
of this protein in the cells (21). Additionally, the levels of at
least 25 other proteins were altered (10 up-regulated, 15 down-
regulated) in the clpP mutant compared to those in the wild-
type strain growing under the same conditions (Fig. 6B). When
compared to the wild-type 2-D pattern, at least 13 proteins
were up-regulated in the JL-NPctsR strain whereas 17 proteins
showed reduced synthesis (Fig. 6C). Two protein spots, ap-
proximately 22 kDa each, were strongly expressed in the JL-

TABLE 1. S. mutans strains used in this study

Strains Relevant genotype Source or reference

UA159 Wild-type Laboratory stock
JL-ctsR ctsR::�Kan This study
JL-NPctsR NP-ctsR::�Kan with S. salivarius

urease promoter
This study

JL-clpC clpC::�Kan This study
JL-NPclpP clpP::nonpolar Kan This study
JL-clpP clpP::�Kan This study
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NPctsR strain and absent in the JL-clpP strain. The predicted
molecular mass of the S. mutans ClpP protein is 21 kDa, so
perhaps one or both of the two spots is the ClpP protein.

Role of ClpC and ClpP in competence development. To
assess the role of the S. mutans ClpC and ClpP proteins in
competence, the efficiency of transformation of the ctsR, clpC,
and clpP mutants was evaluated by transforming the strains
with constructs containing an Ermr marker as detailed in Ma-
terials and Methods. Similar results were obtained regardless
of the transforming DNA. As shown in Table 2, the JL-clpC
strain showed a modest although not statistically significant
increase in transformation efficiency whereas the inactivation
of ctsR had no effect. When compared to the parental strain,
the clpP mutant showed a fourfold reduction in the number of
transformants (Table 2).

Role of clp genes in biofilm formation. The capacity of the
JL-NPctsR, JL-clpC, and JL-clpP strains to form biofilms in the
wells of 96-well microtiter plates was evaluated. The data ob-

tained after 24 h of growth indicated that the inactivation of
clpC and ctsR led to a slight, albeit consistent, increase in
biofilm formation (�9 and �19%, respectively) compared to
that in the wild-type strain. Inactivation of clpP resulted in a
fivefold reduction in biofilm formation (Fig. 7). To exclude the
possibility that the differences observed were due to variations
in the growth capacity of the strains, the final OD600 of the
cultures in microtiter plates was assessed. All the strains grew
equally well over a 24-h period (data not shown), but the clpP
strain showed a consistent four- to fivefold reduction in stable
biofilm formation after 24, 48, and 72 h.

DISCUSSION

It is recognized that protein degradation is a critical process
that ensures the optimal functioning of the cell by preventing
the accumulation of denatured proteins or by regulating the
stability of regulatory proteins. The Clp protein complex,

FIG. 4. Growth curves of S. mutans wild-type (�), JL-clpC ({), JL-NPctsR (E), and JL-clpP (‚) strains grown at 37°C (A), at 42°C (B), in the
presence of streptomycin (25 �g ml�1) (C), and at pH 5.0 (D). A typical result representative of three independent experiments is shown.
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which possesses both proteolytic and chaperone activities, has
been implicated in stress survival in many organisms. In B.
subtilis, mutations in the clpC, clpP, and clpX genes were shown
to affect competence development, motility, growth at high
temperatures, degradative enzyme synthesis, and sporulation
(26, 38, 39). In L. lactis, clpE mutants formed smaller colonies
on agar media containing puromycin although growth of this
mutant as well as of the 	clpB and 	clpC strains did not seem
to be affected by heat or high concentrations of salt (17). It was
also shown that inactivation of the L. lactis clpP gene results in
a stress-sensitive phenotype (12). Finally, in S. pneumoniae, it
was shown that ClpP and ClpE are required for thermotoler-
ance but that ClpC is dispensable for growth at a high tem-
perature (7).

In this study, we have identified and characterized the clpC
and clpP genes of S. mutans. Additional members of the Clp
ATPase family, namely, clpB, clpE, clpL, and clpX, were also

identified in the S. mutans genome, but the roles of these genes
in homeostasis and stress tolerance remain to be elucidated.
Similar to what has been observed in other gram-positive or-
ganisms, loss of ClpP in S. mutans resulted in a stress-sensitive
phenotype. The clpP mutant grew more slowly than the wild-
type strain, formed long chains, aggregated, and had an 80%
reduction in biofilm formation. Moreover, the levels of the
chaperones DnaK, GroEL, ClpC, and ClpE were elevated in
the ClpP-deficient strain, indicating that ClpP deficiency in-
duced a stress response in the cells, probably as a result of the
accumulation of denatured proteins that are normally targeted
to the ClpP protease. It has been observed that clp genes play
a role in cell division. In B. subtilis, ClpC- and ClpP-deficient
strains produce elongated cells and form long chains, espe-
cially under stress-inducing conditions. The longer chains ob-
served in the S. mutans clpP mutant clearly suggest an impair-
ment in cell septation and/or autolysis. However, the precise

FIG. 5. Northern blot analysis of UA159 (WT) and its derivatives. Cells were grown in BHI at 37°C to mid-exponential phase. RNA (10 �g
per lane) was isolated from cells and separated in a 1.0% gel, transferred to a nylon membrane, and hybridized to groEL-, clpC-, clpE-, and
clpP-specific probes.
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role of ClpP in cell division and autolysis remains to be inves-
tigated. In contrast to the ClpP-deficient strains, the ClpC-
deficient strain was able to grow as well as the wild-type strain
and, under certain stress-inducing conditions, the clpC mutant
grew slightly faster and reached a higher yield than the paren-
tal strain. Additionally, the clpC mutant did not show alter-
ations in cell morphology, chain length, or biofilm-forming
capabilities. Therefore, unlike what was observed in B. subtilis,

it appears that ClpC does not play a major role in stress
tolerance in S. mutans and possibly in other lactic acid bacteria.

In B. subtilis, the cellular concentration of the competence
factor comK has been shown to be controlled by the ClpP and
ClpC proteolytic machinery, along with the MecA protein,
which acts as an adapter, connecting ComK to ClpC (38, 39).
There has been a report of a MecA-like gene in S. mutans, but
it is not known whether this gene product has a function similar
to that of B. subtilis MecA (9). By searching the S. mutans
databases, we found no evidence of a comK homologue. In S.
pneumoniae, it appears that ClpP is responsible for controlling
the levels of the competence genes comC, comD, and comE
whereas ClpC does not appear to be involved in competence
(7). The efficiency of transformation of the S. mutans clpP,
clpC, and ctsR mutants was determined by the acquisition of an
Ermr marker via homologous recombination. Compared to the
parental strain, the clpP mutant displayed a fourfold reduction
in the number of transformants. In contrast, there was a rela-
tively small increase in the frequency of transformation for the
JL-clpC and JL-NPctsR strains. The reduced competence in
the S. mutans clpP mutant strain differs from the complete
absence of transformation in a B. subtilis clpP mutant (26).
Notably, the clpP gene is located upstream of two ORFs, with
homologies to the products encoded by ylbF and ylbG of B.
subtilis. In B. subtilis, disruption of ylbF leads to a dramatic
decrease in the expression of comK (37). There was no evi-
dence of a comK homologue in the S. mutans databases, and a
nonpolar clpP mutant strain also showed reduced competence
(data not shown). However, we did not analyze the expression
of ylbF and ylbG in the clpP mutant strains and it is possible
that the observed effects on competence in the clpP mutant are

FIG. 6. 2-D protein gels of S. mutans strains UA159 (A), JL-clpP
(B), and JL-NPctsR (C). Cells were grown in BHI to an OD600 of 0.5.
The silver-stained proteins that exhibited more obvious differences in
the clpP and ctsR mutants in comparison to the wild type are indicated.
Proteins with enhanced expression are indicated with arrows and a plus
symbol, and proteins with reduced synthesis are indicated by arrows
only. The DnaK, GroEL, GroES, and putative ClpP proteins are in-
dicated as such. The filled triangle indicates tropomyosin protein (33
kDa, pI 5.2) loaded as an internal control.

TABLE 2. Transformation frequency of S. mutans strains

Strain Competence
frequency (%)a

UA159 ................................................................................... 100
JL-clpC .................................................................................. 140 (
 52.9)
JL-NPctsR.............................................................................. 71 (
 23.8)
JL-clpP ................................................................................... 26 (
 13.1)

a The numbers presented here are the means (and standard deviations) from
three independent experiments.
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due, at least in part, to the altered expression of downstream
genes. In S. pneumoniae, it was shown that ClpP acts as a
negative regulator of comCDE expression under conditions
that do not support competence development (7). In order to
definitively address whether ClpP has a similar regulatory func-
tion in competence development by S. mutans, further studies
to investigate expression of the S. mutans com genes in the clpP
mutant strain are under way.

In gram-positive bacteria, there are at least two different
transcriptional repressors, HrcA and CtsR, that regulate ex-
pression of heat shock genes (27). In many gram-positive or-
ganisms, the levels of ClpC, ClpE, and ClpP are controlled by
the CtsR repressor that binds to a consensus heptad direct-
repeat sequence (A/GGTCAAA-NAN-A/GGTCAAA) lo-
cated in the regulatory regions of these genes (10). More
recently, it was demonstrated in S. pneumoniae that the CtsR
repressor binds to DNA elements in the clpC, clpE, clpP, and
groESL promoter regions that differ in sequence from the
consensus sequence originally suggested for CtsR binding (7).
Comparisons of the regulatory regions of the clpC, clpE, clpP,
and groESL genes from S. pneumoniae and S. mutans disclosed
almost identical target sequences for CtsR binding, strongly
supporting the idea that CtsR negatively controls the expres-
sion of those genes in S. mutans. The role of CtsR in the
regulation of clpP and groES-EL was confirmed in the ctsR
mutant in this study by Northern blotting and 2-D gel electro-
phoresis. Previously, it was shown that HrcA is a major regu-
lator of groESL expression (21), and thus this is the second
report (7) to demonstrate that the groESL operon is under
dual heat shock control by the HrcA and CtsR repressors. In
addition to GroES-EL and the Clp proteins, which have been
shown to be repressed by CtsR, proteomic analysis revealed

that levels of an additional 13 proteins were elevated in the
ctsR mutant strain. It is reasonable to speculate that the up-
regulated proteins in the strain bearing the ctsR mutation may
constitute new members of the CtsR regulon.

It is also interesting to note that the clpP mutant strain
showed a reduced capacity to form biofilms. Although the basis
for this phenotype is unknown, we can speculate that ClpP may
act by controlling the stability or activity of transcriptional
regulators of biofilm maturation. Another possibility, which is
not mutually exclusive, may be that tolerance of nutrient lim-
itation or accumulation of growth-inhibitory metabolites re-
sulting from mass transport limitations in biofilms may require
a functional ClpP for protein turnover. The linkage of stress
tolerance with biofilm formation is currently under investiga-
tion in our laboratory.

In conclusion, this study describes the genetic and transcrip-
tional organization, and begins to shed light on the physiolog-
ical significance, of the clp genes of S. mutans. The data ob-
tained demonstrate that ClpP plays a critical role in the
survival of common environmental stresses, most likely by pre-
venting the accumulation of denatured proteins. In contrast,
ClpC does not appear to be essential, although proteomic
analysis reveals that there is a significant impact of ClpC de-
ficiency on the proteome of S. mutans (data not shown). The
disparity between the changes in expression profiles and the
lack of apparent stress sensitivity may be explained by com-
pensation for ClpC deficiency by other chaperones. In addi-
tion, CtsR and ClpP may be part of complex regulatory net-
works, either through the direct repression of expression or by
the modulation of the stability of other proteins. Work is in
progress to identify the proteins with altered expression in the
ctsR and clpP mutants, with the goals of revealing members of
the CtsR regulon and substrates of the Clp protease and of
shedding light on how these gene products interact to achieve
physiologic homeostasis and stress resistance.
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