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SUMMARY

Previous studies have identified the hdrRM
operon as a novel regulatory system induced by
conditions of high cell density. Little is known
about the genes under the control of this system,
but a variety of important phenotypes are associ-
ated with either hdrR overexpression or mutation
of hdrM. To characterize the regulatory function
of the HdrRM system in Streptococcus mutans
we used a microarray approach to compare the
transcriptional profiles of an hdrR overexpres-
sion strain with an hdrM mutant. Both strains
exhibited almost identical profiles, which
included all of the known late competence genes
as well as a variety of competence-induced bac-
teriocins. Through a combination of real-time
reverse transcription—polymerase chain reaction
(PCR), reporter gene analysis and random ampli-
fication of complementary DNA ends PCR, we
confirmed the role of comX as a central interme-
diate regulator of numerous genes in the hdrBRM
regulon. Through these studies, we also identi-
fied novel comX-regulated genes required for nat-
ural competence. Taken together, our results
suggest that the primary function of the HdrRM
system is to regulate the late competence genes
together with various bacteriocins. This occurs
independently of the ComCDE system, even
though both systems regulate nearly identical
genes. This suggests that S. mutans has multiple
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parallel input sensory systems that control the
same output response: the induction of natural
competence and concurrent production of bacte-
riocins.

INTRODUCTION

Streptococcus mutans is a typical member of the
human oral biofilm and is a major contributor to the
development of dental caries (Bowden, 1990; van
Houte, 1993; Zambon & Kasprzak, 1995; Nobre dos
Santos etal, 2002; Barsamian-Wunsch et al.,
2004; Munson et al., 2004; Thenisch et al., 2006).
S. mutans has several abilities that are thought to
facilitate its ability to promote disease: aciduricity, aci-
dogenicity, biofilm formation, natural competence and
bacteriocin production (Kuramitsu, 2003; Banas,
2004; Napimoga et al., 2005). Several of these abili-
ties were demonstrated to be under the control of the
recently characterized two-gene regulatory system
referred to as the hdrRM operon (Merritt et al.,
2007).

The hdrRM operon was first identified as a result
of its induction under conditions of extremely high cell
density (Merritt et al., 2007). Based upon the predictd
amino acid sequences of both open reading frames,
it was predicted that hdrR encodes a transcription
regulator of the LytTR family (Nikolskaya & Galperin,
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2002) and hdrM encodes a putative membrane pro-
tein. A mutation of hdrM resulted in biofilm structural
deformations, altered bacteriocin production, and
greatly increased natural competence, whereas both
polar and non-polar mutations of hdrR resulted in
wild-type phenotypes (Merritt et al., 2007). Hence, a
single mutation of hdrR was not associated with any
noticeable phenotypes, but a double mutation of hdrR
and hdrM could fully suppress the hdrM phenotypes.
Despite the lack of phenotypes associated with a sin-
gle mutation of hdrR, the data suggested that hdrR is
a crucial mediator of the phenotypes in the hdrM
genetic pathway.

To learn more about the functionality of the HdrRM
regulatory system, we chose to further investigate
the mechanism of the increased competence pheno-
type. This phenotype was also of particular interest
because it was the only example of a defined muta-
tion causing increased competence in S. mutans.
Natural competence in species of Streptococcus has
been shown to occur through the comCDE two-com-
ponent signal transduction system (Cvitkovitch, 2001;
Johnsborg & Havarstein, 2009). The gene product of
the comC gene encodes a small peptide signal that
is recognized by the ComD membrane sensor, which
activates the transcription factor activity of the ComE
response regulator (Havarstein et al., 1996; Pestova
et al., 1996; Cheng et al., 1997; Li et al., 2002). Acti-
vated ComE then induces the expression of a com-
petence-specific sigma factor comX (Luo & Morrison,
2003; Aspiras et al., 2004; Perry et al., 2009), which
directs the transcription of all of the genes required
for the uptake of exogenous DNA from the environ-
ment (Lunsford & London, 1996; Lee & Morrison,
1999; Li etal, 2002). In S. mutans, the comCDE
system is also a central regulator of multiple compe-
tence-induced bacteriocins (Kreth et al., 2005, 20086,
2007). Surprisingly, we found that a mutation of hdrM
abrogated the requirement of the comCDE system to
activate transcription of the competence system and
related bacteriocin genes (Okinaga et al., 2010). A
similar result was also observed in an hdrR overex-
pression strain, which suggested that hdrR was
indeed the likely mediator of the transcriptional
effects seen in the hdrM background. Furthermore,
overexpressing hdrM together with hdrR could sup-
press the hdrR overexpression competence and bac-
teriocin phenotypes. These data all suggested a role
for HdrM as a negative regulator of HdrR activity.
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In this study, we aimed to further our understand-
ing of the regulatory role of the HArRM system in the
cell by examining its regulon. Using a microarray
approach, we compared the transcriptional effects of
hdrR overexpression with that of an hdrM mutation.
We found nearly identical responses from both con-
structs, which suggests that hdrR and hdrM are not
major components of other pathways or regulatory
systems. Further analysis of a subset of the genes
identified by microarray implicates ComX as a major
regulator of numerous genes within the hdrRM
regulon. In addition, we were also able to identify
three previously uncharacterized genes required for
S. mutans natural transformation. Taken together,
our results indicate that the competence system is a
principal output of the HdrRM regulatory system with
ComX as its primary regulator. This suggests that the
major function of HdrRM is highly analogous to that
of the comCDE two-component system.

METHODS

Bacterial strains and culture conditions

All bacterial strains are listed in Table S1. S. mutans
UA140 and its derivatives were grown in brain—heart
infusion broth (BHI, Difco, Franklin Lakes, NJ) and on
agar plates. For the selection of antibiotic-resistant
colonies, BHI plates were supplemented with either
800 ug mi~' kanamycin (Sigma, St Louis, MO),
1000 pg mi~' spectinomycin (Sigma), or 15 pg ml™
tetracycline (Sigma). S. mutans strains were grown
anaerobically (80% N, 10% CO, and 5% H,) at 37°C.
Escherichia coli cells were grown in Luria—Bertani (LB,
Difco) medium with aeration at 37°C. E. coli strains
carrying plasmids were grown in LB medium containing
100 pg mi~" spectinomycin or 100 pug mi~" kanamycin.

Construction of the hdrR overexpression strain
and comX mutant

Construction of the hdrR overexpression plasmid has
been described previously (Okinaga et al., 2010). In
this construct, hdrR has been placed under the con-
trol of the highly expressed constitutive /dh promoter.
The comX mutant was created by insertion duplica-
tion mutagenesis and has been previously described
(Li et al., 2002). The comX mutation was moved into
UA140 by transforming genomic DNA.
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RNA extraction and real-time reverse
transcription—polymerase chain reaction analysis

Overnight cultures of UA140 and its derivatives were
diluted 1:30 in 300 ml BHI + 0.4% weight/volume
bovine serum albumin and harvested when the optical
density at 600 nm ODggo reached 0.3. Cells were
centrifuged at 4°C and then stored at —80°C. RNA
was extracted from cell pellets using a previously
described method (Niu et al., 2008). RNA quality was
then confirmed by the presence of clearly defined
ribosomal RNA bands separated by agarose gel
electrophoresis. Total RNA (300 ng) was used for
complementary DNA (cDNA) synthesis using Strata-
script reverse transcriptase (Stratagene, Cedar Creek,
TX, USA) according to the manufacturer’s protocol.
For real-time reverse transcription—polymerase chain
reaction (RT-PCR), primers were designed using
PriMER ExPress 3.0 software, the reactions were pre-
pared using Bio-Rad iTag SYBR Green Supermix with
ROX reference dye (Bio-Rad, Hercules, CA) and an
Applied Biosystems 7300 was used for detection
(Applied Biosystems, Foster City, CA). Relative
changes in gene expression were calculated using the
AAC+ method described previously (Niu et al., 2008).
Total cDNA abundance between samples was normal-
ized using primers specific to the gyrA gene. All prim-
ers used for real-time RT-PCR are listed in Table S2.

Microarray

The microarray protocol has been previously
described (Ajdic & Pham, 2007). Briefly, RNA extrac-
tion was performed using the Ambion RiboPure™-
Bacteria RNA purification kit (Ambion, Austin, TX)
followed by further purification with the Qiagen
RNeasy MinElute cleanup kit (Qiagen, Valencia,
CA). Then, 15pug of total RNA was used for
cDNA synthesis with SuperScript Il reverse trans-
criptase (Invitrogen, Carlsbad, CA) and fragmented
with Roche DNase | (Roche, Basel, Switzerland).
Hybridization, washing and scanning of the custom
S. mutans GeneChip expression microarrays (Af-
fymetrix, Santa Clara, CA) were performed according
to the procedures described by Affymetrix. Microarray
data processing and analysis employed the GENECHIP
operating software (GCOS) version 1.4. Samples with
a signal detection P-value <0.01 were analysed for
expression differences. Three independent samples
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were analysed for both the hdrM mutant and hdrR
overexpression strains.

Construction of luciferase reporter gene fusions

The upstream promoter region of coiA, SMU.836,
SMU.1055, SMU.1967 were generated by PCR using
Accuprime Pfx (Invitrogen) and the primers SMU.644
F/R, SMU.836 F/R, SMU.1055 F/R, and SMU.1967
F/R (Table S2). The resulting fragments were
digested using BamHI and Xhol and cloned into the
vector pFW5-luc (Podbielski et al., 1996) digested
with the same enzymes. The resulting plasmids were
confirmed with restriction analysis, PCR and
sequencing. To construct cin-box deletion luciferase
reporter gene fusions, each luciferase reporter gene
fusion plasmid was used as a template for inverse
PCR using the following primers previously phosphor-
ylated with T4 polynucleotide kinase (NEB, Ipswich,
MA): SMU.644ip F/R, SMU.836ip F/R, SMU.1055ip
F/R and SMU.1967ip F/R (Table S2). The PCR frag-
ments were then ligated and transformed into E. coli.
The expected deletions were confirmed by sequenc-
ing the resulting plasmids. All reporter plasmids were
transformed into the hdrM mutant strain (ZX-m) and
integrated onto the chromosome via single crossover
homologous recombination. Transformants were
selected on BHI plates containing spectinomycin and
confirmed by PCR.

Luciferase assay

Luciferase assays were performed as described pre-
viously (Loimaranta et al., 1998). Briefly, 25 ul 1 mm
p-luciferin (Sigma) solution was added to 0.1 ml cell
culture. Luciferase activity was measured using a TD
20/20 luminometer (Turner Biosystems, Sunnyvale,
CA). Overnight cultures of three independent reporter
strains were diluted 1:20 and grown to ODggg
0.3-0.4 before measuring luciferase activity.

Determination of transcription start sites

The FirstChoice RLM random amplification of cDNA
ends (RACE) kit (Ambion) was used to determine
transcription start sites according the manufacturer’s
protocol. To summarize, RNA was isolated from an
hdrR overexpression strain of S. mutans grown in
BHI medium to an optical density of ODggo 0.3.
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Ten micrograms of total RNA was treated with calf
intestinal phosphatase in a total volume of 20 pl for
1 h and extracted with pH 4.5 phenol (EMD, Darm-
stadt, Germany) and chloroform (Mallinckrodt, Phil-
lipsburg, NJ) and finally resuspended in 11 pul RNase-
free water. The calf intestinal phosphatase-treated
RNA (5 pl)was further treated with tobacco acid pyro-
phosphatase in a total volume of 10 ul for 1 h. Reac-
tion mixture (2 pl) was used directly in a ligation
reaction containing T4 RNA ligase and the 5 RACE
adaptor in a total volume of 10 pl for 1 h. Ligated
RNA (2 pl) was subjected to reverse transcription
using random decamers and Moloney murine leukemia
virus reverse transcriptase or Affinityscript reverse
transcriptase (Stratagene), followed by nested PCR.
For the first-round PCR, the 5° RACE outer primer
and the gene-specific outer reverse primers (Table
S2) were used with the reverse transcription reaction
products as the template. Products from the first-
round PCR were then subjected to a second-round of
PCR amplification using the 5° RACE inner primer
and the gene-specific inner reverse primers (Table
S2). The resulting PCR products were then cloned
into the pGEM-Teasy vector (Promega, Madison, WI)
and sequenced using M13 primers.

Construction of SMU.431, .507, .539, .769, .836,
.1055, and .1904 mutants

We constructed the SMU.431, .507, .539, .769, .836,
.1055, and .1904 deletion mutants via an overlapping
extension PCR approach. To generate the constructs,
two fragments corresponding to approximately 1 kb of
the upstream and downstream sequences of these
genes was generated by PCR using Accuprime Pfx
(Invitrogen) with the primer pairs SMU.431 Up F/R
and SMU.431 Dn F/R, SMU.507 Up F/R and
SMU.507 Dn F/R, SMU.539 Up F/R and SMU.539 Dn
F/R, SMU.769 Up F/R and SMU.769 Dn F/R,
SMU.836 Up F/R and SMU.836 Dn F/R, SMU.1055
Up F/R and SMU.1055 Dn F/R, and SMU.1904 Up
F/R and SMU.1904 Dn F/R (Table S2). Each of the
Up R and Dn F primers incorporated 18 bases that
are complementary to the erythromycin-resistance
cassette ermAM (Martin et al., 1987). The ermAM
gene was amplified by PCR using the primers ermAM
F/R. All PCR amplicons were purified with the Qiagen
PCR Purification kit and the corresponding upstream
and downstream amplicons were mixed ina 1:1: 1
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ratio with the ermAM PCR product. The amplicon mix-
ture was then used as a template for a second PCR
using the appropriate upstream forward and down-
stream reverse primers. The resulting PCR products
were then transformed into UA140. In addition, the
deletion constructs for SMU.539 and SMU.836 were
also transformed into the hdrR overexpression strain.

Transformation assays

Determination of transformation efficiency was per-
formed using a previously described methodology
(Li et al., 2001; Merritt et al., 2005). UA140 and its
derivatives were diluted 1 : 30 from overnight cultures
and grown to ODggg 0.2—-0.3 in BHI + 0.4% weight/vol-
ume bovine serum albumin before adding transform-
ing genomic DNA containing a tetracycline marker at
a final concentration of 10 ug mi~'. The cultures were
subsequently allowed to grow for an additional 2 h
and then briefly sonicated to disperse cell chains
before plating on tetracycline-containing BHI agar
plates as well as on non-selective BHI plates. Trans-
formation was scored based on the number of colony-
forming units on selective plates and the number of
total viable cells was determined by the number of
colony-forming units on non-selective plates. Transfor-
mation efficiency was calculated by comparing the
ratio of transformants to total viable cells.

RESULTS

Determination of the hdrRM regulon

Our previous studies of the hdrRM operon found bac-
teriocin production, biofilm, and natural competence
phenotypes associated with a mutation of hdrM (Mer-
ritt et al., 2007). Subsequent studies demonstrated
that overexpressing hdrR could induce similar pheno-
types as seen in the hdrM background (Okinaga
et al., 2010). Additionally, several lines of evidence
indicated that HdrR and HdrM function together in
the same regulatory pathways. Given the wide array
of phenotypes associated with the hdrRM operon, we
were curious to determine the genes under the
control of the HArRM system so as to better charac-
terize its regulatory role in the cell. To this end, we
employed a microarray approach to examine the
hdrRM regulon. It was unknown whether HdrR and
HdrM exclusively function together in the same
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pathways or if they also individually participate with
other systems, so we decided to assay the transcript-
omes of both the hdrR overexpression strain and the
hdrM mutant. A portion of these results is listed in
Table 1. In general, we found almost identical
transcriptional responses from both strains, although
the degree of regulation was generally more severe
in the hdrR overexpression strain. This strain has a
greater competence phenotype than the hdrM mutant
(Okinaga et al., 2010). In total, we found 103 genes
that were affected two-fold or greater in one or both
of the microarray data sets, with numerous genes
exhibiting >10-fold expression differences (Table S3).
After comparing the results from the hdrR overex-
pression strain and the hdrM mutant, we only found

Table 1 Selected genes from the microarray data set'

Gene

name/ID hdrR OE hdrM mutant  Functional class

SMU.423 2.71 (0.21) 3.91 (0.15)  Putative bacteriocin

comFA 51.16 (7.59) 22.19 (2.31)  Late competence;
DNA helicase

SMU.505 4.34 (0.83) 1.79 (0.19)  Adenine-specific
DNA methylase

SMU.507 3.18 (0.26) 2.41 (0.1) Transcriptional
regulator

SMU.539¢  56.36 (10.74) 29.75 (7.07)  Putative prepilin
peptidase

comEA 42.29 (2.93) 7.9 (1.35) Late competence;
DNA uptake

COIA 27.5 (4.7) 9.23 (1.14)  Late competence;
DNA recombination

SMU.769 7.18 (1.0) 12.54 (2.22) Conserved
hypothetical protein

SMU.836 20.78 (3.08) 5.18 (0.54)  Hypothetical protein

SMU.925 2.99 (0.45) 3.18 (0.26)  Bacteriocin immunity
protein

dprA 35.94 (1.42) 8.81 (0.95) Late competence;
DNA uptake

radC 27.99 (3.47) 11.37 (1.41) Late competence
protein

SMU.1904 3.49 (0.24) 1.88 (0.26)  Hypothetical protein

SMU.1967¢ 3.25 (0.0) 1.87 (0.13)  Putative single-
stranded binding
protein

comYA 26.7 (2.87) 4.56 (0.99) Late competence;
DNA uptake

comX 24.83 (1.0) 11.31 (0.0) Late competence;
sigma factor

cinA 3.25 (0.23) 1.79 (0.19) Late competence

protein

"Only one gene per operon is listed. Standard deviations are listed
in parentheses.
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eight genes that had opposite responses. Of these,
most were only minimally increased or decreased
in expression. The largest difference was from
SMU.1805, which was >2.5-fold increased in the
hdrR overexpression strain and approximately three-
fold decreased in the hdrM mutant (Table S3). Given
the high degree of similarity between the hdrR over-
expression and hdrM mutant data sets, it seems
likely that under the conditions of our assay both
hdrR and hdrM primarily function together in the
same regulatory pathways and are not major compo-
nents of other regulatory systems. By comparing the
two data sets, it is also evident that the majority of
changes were the result of increased expression.
Of the 103 genes in the two microarray data sets, 31
exhibited lower expression in either or both strains.
Most of these genes had less than three-fold reduced
expression, with the greatest difference being slightly
more than four-fold less expressed (SMU.1806 in the
hdrM mutant) (Table S3). Therefore, unlike the more
highly expressed genes, those with reduced expres-
sion only exhibited minor differences in transcription.
The microarray data for both the hdrR overexpres-
sion strain and the hdrM mutant indicated that there
was little or no change in expression from comC
(SMU.1915), comED (SMU.1916-SMU.1917), or the
putative competence stimulating peptide (CSP) trans-
porter cslIAB (SMU.1897-SMU.1900) (Petersen &
Scheie, 2000; Hale et al., 2005), despite the greatly
increased competence phenotypes of both strains.
However, both strains did exhibit large increases in
expression from the downstream competence regula-
tor comX (SMU.1997c) as well as the late competence
genes, such as the comY operon (SMU.1980c-
SMU.1987c¢), comEA (SMU.625), coiA (SMU.644) and
dprA (SMU.1001). To further confirm the validity of the
microarray data, we extracted RNA from the hdrR
overexpression strain and performed real-time
RT-PCR to assay the expression levels of comYA,
COmMEA, coiA and dprA. As each of these genes has
been demonstrated to be under the control of ComXin
other species, we also tested gene expression in
the hdrR overexpression/comX ™ background to deter-
mine whether the increased expression was comX-
dependent. As shown in Fig. 1, each of these genes
exhibited much higher expression in the hdrR overex-
pression background (30- to 80-fold increased over
wild-type), which was consistent with the microarray
results. In each case, differential regulation in the hdrR

169



HdrRM and comX in Streptococcus mutans

LLEkL

comYA comEA coiA dprA

=
- o

- o o

- o o o

Relative cDNA abundance
o

o
=

Figure 1 Increased late competence gene expression in the hdrR
overexpression strain is comX-dependent. The transcript abun-
dance of comYA, comEA, coiA and dprA is presented relative to
their corresponding wild-type UA140 values, which were arbitrarily
assigned a value of 1 and are not shown in the graph. Bars shaded
in brown are the values from the hdrR overexpression strain, while
the orange bars represent the hdrR overexpression/comX™ strain
and the yellow bars are from the comX single mutant strain. These
data are the average of three independent experiments.

overexpression strain was dependent upon comX,
which suggested that the increased expression of
comYA, comEA, coiA and dprA was likely mediated by
ComX. Data from the comX single mutant strain also
suggested that comYA, comEA and dprA transcription
was heavily reliant upon comX, as their expression
levels were considerably lower than in the wild-type

(Fig. 1).

ComX is a principal output of the hdrRM
regulatory system

In Streptococcus pneumoniae, it has been demon-
strated that genes under the control of ComX have a
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consensus sequence termed the cin-box in their pro-
moters (Campbell et al., 1998), which is recognized
by ComX (Lee & Morrison, 1999). As it appeared that
at least some of the microarray data could be attrib-
uted to increased comX expression, we examined
each of the genes in the microarray data sets for the
presence of potential cin-boxes. Upon closer inspec-
tion of the upstream intergenic regions of these
genes, we found at least 30 sequences that matched
to six of eight bases of the S. pneumoniae consen-
sus (TACGAATA) with the vast majority matching to
seven of eight or having perfect matches. Within this
group of genes, few were more lowly expressed in
the hdrR overexpression or hdrM mutant strains. This
implicated ComX as a potential regulator of a large
portion of the genes identified by microarray. For this
reason, we used real-time RT-PCR to measure gene
expression of a subset of putative cin-box-containing
genes in the hdrR overexpression and hdrR overex-
pression/comX~ backgrounds and compared the
results to the comX single mutant strain. Similar to
what we had observed for comY, comEA, coiA and
dprA, the results all suggested that the increased
expression in the hdrR overexpression background
was dependent upon comX. In the hdrR overexpres-
sion strain, the degree of regulation varied widely
within this group of genes (>7- to >40-fold increased),
but all similarly exhibited substantially lower expres-
sion in the hdrR overexpression/comX~ background
(Fig. 2). It was also apparent that the expression of
SMU.1967 was likely to be competence-specific

Figure 2 Increased expression of putative cin-box-containing genes requires comX in the hdrR overexpression background. The transcript
abundance of SMU.431, .505, .507, .539, .769, .836, .925, .1055, .1904, .1967 and .2086 is presented relative to their corresponding wild-
type UA140 values, which were arbitrarily assigned a value of 1 and are not shown in the graph. Bars shaded in brown are the values from
the hdrR overexpression strain, while the orange bars represent the hdrR overexpression/comX~ strain and the yellow bars are from the
comX single mutant strain. These data are the average of three independent experiments.
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because its expression was critically dependent
upon comX, similar to the results seen with comY,
comEA and dprA. For these genes, ComX may be
their exclusive regulator during competence, whereas
the other genes we tested by real-time RT-PCR
all seemed to be inducible by ComX, but not
solely dependent upon it for expression. Our results
therefore point to two categories of competence-
induced genes: those that are upregulated during
competence and those that are largely competence-
specific.

Cin-box sequences are required for transcription

Our real-time RT-PCR data suggested a major role
for ComX as an intermediate regulator of numerous
genes within the hdrRM regulon, which was consis-
tent with our observation of frequent cin-box-like
sequences in these genes. Although it had yet to be
determined in S. mutans whether the cin-box
functions in gene transcription, in S. pneumoniae the
cin-box has been demonstrated to function as an
alternative — 10 sequence that is crucial for ComX-
dependent gene expression (Campbell et al., 1998;
Lee & Morrison, 1999; Luo & Morrison, 2003; Luo
et al., 2003). In addition, it has been reported that
cin-boxes are located close to translation start sites
(i.e. short messenger RNA leader regions) and are
just downstream of variable stretches of thymidine
residues centered in the — 25 region (Campbell et al.,
1998). In many cases, the comX-regulated genes we
had identified also possessed cin-box regions that
are highly analogous to those of S. pneumoniae. For

HdrRM and comX in Streptococcus mutans

example, the competence-specific genes (comY,
comEA, dprA and SMU.1967) all have putative
cin-box sequences 18-26 bases upstream from
their start codons and are preceded by stretches
of thymidine residues (Fig. 3). However, unlike
S. pneumoniae, in these genes the largest concentra-
tion of thymidine residues is found adjacent to the
cin-box. Other competence-induced genes such as
SMU.539, SMU.769; and cinA (SMU.2086) also share
this arrangement (Fig. 3). Given their high degree
of similarity to ComX-dependent promoters from
S. pneumoniae, it seemed likely that ComX directly
controls these genes. However, among the genes we
tested by real-time RT-PCR, we also found multiple
genes with apparent cin-boxes, but the surrounding
cin-box regions were less similar to those reported for
S. pneumoniae (Fig. 3). Either they had unusually
long leader sequences, few thymidine residues, or
combinations of both features. Given the short size of
the putative cin-box sequences, we were curious to
determine whether the cin-box-like sequences we had
identified were truly required for gene expression or
were coincidental. To this end, we created several
luciferase transcription fusion reporter strains to
genes with promoter regions containing varying levels
of similarity to the typical S. pneumoniae ComX-
dependent promoter. To determine the importance of
the putative cin-boxes, we created two reporter con-
structs for each gene: one with a wild-type sequence
and another that was devoid of the putative cin-box.
As shown in Fig. 4(A), each of the reporters exhibited
>30- to >40-fold reductions in activity as the result
of the deletion of the putative cin-boxes. Despite the

comYA AAATAAAAAACCTAATTTTTTCCTGGTTTTITCGAATA.. (18)..ATG
COmMEA TTAGGATTTTTACTAAACTTCTTTTTTTTTIACGAATA.. (19).ATG
dprA TAATGAAACTCTATCAATTGATAGAGTTTTITCGAATA.. (22)..ATG
coiA TTGAAAAAGACATCAATTTTTGTTGGGATTIACGAATA...(135)..ATG
SMU.431 AAAAGAATCAAAGCAGAAAGTATTTCGTTTICCGAATA...(100)..ATG
SMU.504 TCTCCTTTTCTTTTTCTGTAACAATAATATIACGAATA...(219)..ATG
SMU.507 TATTCTTAAGTGTTTTTACATACAAATACTIAAGAATA.. (53).ATG
SMU.539 AAATAAAAAGCAATTATTTTGTTTTCTTTTAACGAATA... (7)..ATG
SMU.769 TAAGCAAAACGATAAATTCTAAAATTTTTTIACGAATA.. (20).ATG
SMU.836 AGTTCCTTTTTCAAAATTTCACATCCTATTICCGAATA.. (39)..ATG
SMU.925 GACTCCGTTAGAGGATATTTTCTGTTATACTIAAGAATA... (28).ATG
SMU.1055 TATTTTTTGAAAAGAAATGAATGAATTGAACACGAATA.. (69)..ATG
SMU.1904 AATTCTTTGGAATAGTATTATTCTATTGTTIGGGAATA..(106)..ATG
SMU.1967 TTAATTTTAGCATTGTTTTTCTTTCTTTTTIGCGAATA.. (26)..ATG
SMU.2086 GGAATTTGTGCTATAATATGGTCAATCTTTIACGAATA.. (19)..ATG

Figure 3 Alignment of cin-box regions from various comX-regulated genes. The putative cin-boxes are underlined. The number of nucleo-
tides between the cin-boxes and the start codons is listed in parentheses.
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Figure 4 Cin-boxes direct transcription of genes in the hdrRM regulon. (A) Luciferase transcription fusion reporters were constructed for
coiA, SMU.836, SMU.1055 and SMU.1967. Bars shaded in brown represent the reporter activity of the wild-type reporter strains, whereas
the yellow bars represent the reporter activity of the same strains devoid of putative cin-box sequences (CB-). (B) Random amplification of
cDNA ends polymerase chain reaction (RACE PCR) was used to determine the transcription start sites of coiA, SMU.1055 and SMU.1967.
The start codons are underlined, the transcription start sites are shaded in red and the cin-boxes are shaded in yellow. The luciferase repor-
ter data are presented as the average of three independent experiments, while at least three separate RACE PCR clones were sequenced

with identical results.

differences in the surrounding regions of the putative
cin-boxes, each reporter was critically reliant upon the
deleted sequences for activity. As further evidence
that these sequences were likely to be cin-boxes, we
were also interested to determine the transcription
start sites for each of these same genes. As previ-
ously mentioned, in S. pneumoniae, the cin-box func-
tions as an alternative — 10 sequence recognized by
ComX (Campbell et al., 1998; Lee & Morrison, 1999;
Luo & Morrison, 2003; Luo et al., 2003). Therefore, if
the same were true in S. mutans, we would predict
that the transcription start sites would begin in the
proximity of the putative cin-boxes. We employed
RACE PCR to determine each start site. As shown in
Fig. 4(B), we were able to determine the start sites for
coiA, SMU.1055, and SMU.1967. In all three strains,
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the transcription start sites were indeed located just
downstream of the predicted cin-boxes. In the case of
SMU.1055 and SMU.1967, the spacing between the
transcription start and the cin-box was quite similar to
a typical — 10 sequence. In coiA, the spacing was
about five bases longer than for SMU.1055 and
SMU.1967. Repeated attempts to map the start site
for SMU.836 were unsuccessful, as we were only
able to detect RACE PCR products that started well
within the SMU.836 open reading frame (data not
shown). A similar result was also obtained using
another S. mutans strain UA159. Therefore, it may be
that SMU.836 messenger RNA is either unstable or
processed, which may render it difficult to detect the
5’ end of the transcript. From the results obtained with
coiA, SMU.1055, and SMU.1967, it seems likely

Molecular Oral Microbiology 25 (2010) 165-177 © 2010 John Wiley & Sons A/S
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that their predicted cin-boxes are actually used for
ComX-dependent transcription, because none of the
genes possess obvious sigma-70 type promoters near
to their transcription start sites. These results also
suggested that the other genes in the microarray
data that we had observed as having cin-box-like
sequences were also probably directly inducible by
ComX in an hdrR overexpression or hdrM mutant
background. Given that we identified at least 30
cin-box-like sequences, it is possible that ComX could
be directly responsible for >25% of the gene expres-
sion changes seen in our microarray study. Certainly,
this number could be even higher if the indirect effects
of ComX-dependent transcription are considered
as well.

Uncharacterized ComX-regulated genes required
for natural competence

Given the central role of ComX in mediating the gene
expression changes we detected by microarray, we
were next curious to determine whether any unchar-
acterized ComX-regulated genes we tested by real-
time RT-PCR could also have a role in natural com-
petence. Consequently, we created deletions of
SMU.431, SMU.507, SMU.539, SMU.769, SMU.836,
SMU.1055 and SMU.1904. As shown in Fig. 5(A),
the SMU.431, SMU.507, SMU.769, and SMU.1904
mutants all exhibited lower transformation rates from
the wild-type, but only by two-fold or less. These
genes probably have little or no role in natural trans-
formation. In contrast, the SMU.539, SMU.836 and
SMU.1055 mutations strongly affected transforma-
tion. The SMU.1055 mutant yielded slightly <10% of
the transformants of the wild-type, whereas the
SMU.539 and SMU.836 mutants failed to yield any
transformants (Fig. 5A). Given the extremely poor
transformability of the SMU.539 and SMU.836,
mutant strains, we were curious to test these muta-
tions in the hdrR overexpression background
because hdrR overexpression results in a greatly
increased transformation efficiency phenotype. Inter-
estingly, even in the hdrR overexpression strain both
mutations reduced the transformation efficiency
below our detection limit (Fig. 5B), which suggests
that these two genes may play a critical role in trans-
formation. Of the seven uncharacterized ComX-regu-
lated genes we tested, four are dispensable for
transformation in S. mutans and three are required.
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Figure 5 Transformation efficiency of uncharacterized comX-regu-
lated genes. (A) The transformation efficiencies of the SMU.431,
.507, .539, .769, .836, .1055 and .1904 mutants are presented rela-
tive to the wild-type UA140 value (2.87 x 107%), which was arbi-
trarily assigned a value of one. (B) The transformation efficiencies
of the SMU.539 and SMU.836 mutants are compared with the
same strains carrying the hdrR overexpression construct (hdrR
OE). All values are presented relative to UA140. These data are
the average of three independent experiments.

DISCUSSION

The hdrRM regulatory system is a newly described
two-gene operon that can control a variety of impor-
tant phenotypes in S. mutans. Little is known about
the genes that are subject to regulation by this sys-
tem, which prompted our investigation of the hdrRM
regulon. Previously, we demonstrated that hdrR and
hdrM function in the same regulatory pathways and
both the hdrR overexpression and the hdrM mutant
strains share the same phenotypes. Furthermore, it
was not known whether the two genes function inde-
pendently in other pathways in addition to their previ-
ously described functions. For this reason, we
performed a microarray study of both the hdrR over-
expression strain and the hdrM mutant and compared
the results. Under our assay conditions, we found a
major overlap between the two microarray data sets
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with only several minor differences between them.
Thus, our current data suggest that the two genes
mainly function in the same regulatory pathways, but
we cannot exclude the possibility that other separate
functions may exist for hdrR and hdrM under different
growth conditions. For most of the expression
changes, we saw a greater effect in the hdrR overex-
pression background, which is consistent with its
stronger competence phenotype. When examining
the data, we found numerous genes that appeared to
be under the control of ComX because of the pres-
ence of cin-box-like sequences in their upstream
intergenic regions. By testing a subset of these
genes with real-time RT-PCR, we found evidence
that implicated comX as a major component of the
transcriptional effects seen in the hdrR overexpres-
sion background. Several of these genes were also
tested with 5 RACE PCR and found to start tran-
scription just downstream of the putative cin-boxes.
This suggested that ComX was likely to be a direct
regulator of many genes contained within the hdrRM
regulon. The potent induction of comX and the late
competence genes in both the hdrR overexpression
strain and hdrM mutant suggests that the hdrRM
regulatory system plays a major role in controlling the
competence machinery. However, consistent with our
previous results, we saw no induction of comC (data
not shown). Similarly, the microarray results deter-
mined that the putative CSP transporter cs/AB is not
affected in the hdrM background and is only slightly
increased in the hdrR overexpression strain. A similar
result was also obtained for the comED operon
(Table S3). In contrast, comC, csIAB, and comED
are all readily inducible by CSP (Perry et al., 2009),
which supports our previous suggestion that
increased late competence gene expression in the
hdrR overexpression and hdrM mutant strains occurs
independently of CSP signaling (Okinaga et al.,
2010). The strong induction of the competence genes
in these strains also gives insight into the genes that
are subject to regulation by the competence system
of S. mutans.

In addition to the well-characterized late compe-
tence genes/operons, such as comYA, comEA, coiA,
dprA and comFA, we also observed large gene
expression increases in our microarray data for
numerous uncharacterized genes, some of which are
likely components of the competence machinery. For
example, the competence-specific gene SMU.1967
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was >40-fold more highly expressed in the hdrR over-
expression background and is a likely ortholog of the
single-stranded binding protein cilA in S. pneumoniae.
Mutants of cilA exhibit greatly reduced competence
(Campbell etal, 1998) and both S. pneumoniae
and S. mutans contain two genes encoding single-
stranded binding (SSB) proteins in their genomes.
In S. mutans, the other ssb gene is SMU.1859.
SMU.1859 was highly expressed and exhibited almost
no differences in expression in both microarray data
sets (data not shown). Presumably, this gene
encodes the primary housekeeping SSB because it is
located in an operon encoding two ribosomal proteins.
In contrast, our real-time RT-PCR and RACE PCR
data suggest that SMU.1967 (cilA) is exclusively regu-
lated by ComX during competence and therefore,
probably performs a competence-specific function in
the cell. SMU.539 was found to be stringently
required for natural transformation, because we never
detected any transformants in the mutant. A BLAsTP
search of the SMU.539 gene product suggests
that this gene is likely to be an ortholog of CilC in
S. pneumoniae (Campbell et al., 1998) and ComC
in Bacillus subtilis (Chung & Dubnau, 1995). In
B. subtilis, it has been demonstrated that this gene
encodes a type IV prepilin peptidase required for
processing the ComGC protein (Chung & Dubnau,
1995). The comGC gene is an ortholog of the
S. mutans comYC gene, which similarly encodes a
putative prepilin-type leader sequence. Given that the
comY genes have each been shown to be essential
for transformation in S. mutans (Merritt et al., 2005),
the SMU.539 competence deficiency is likely to be at
least partially attributable to an inability to properly
process ComYC and possibly ComYD as well. Like
SMU.539, we also found a severe natural compe-
tence defect in the SMU.836 mutant. A BLASTP search
of the putative sequence of SMU.836 suggests that
this gene is likely to be a murein hydrolase because
of the presence of a cysteine, histidine-dependent
amidohydrolase/peptidase (CHAP) domain as well
as having strong sequence homology to other
characterized autolysins. Interestingly, this gene does
not appear to have a characterized ortholog in
S. pneumoniae, although the major pneumococcal
autolysin IytA is inducible by CSP (Peterson et al.,
2004). However, IytA is apparently required for DNA
release during competence, rather than DNA uptake
(Tomasz et al., 1988; Moscoso & Claverys, 2004).
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Therefore, there does not seem to be a strong corre-
lation between the functions of these two genes
during competence. In contrast, a protein referred to
as Tpc in the naturally competent organism Neisseria
gonorrhoeae could potentially perform a similar func-
tion as SMU.836. Disruption of the fpc gene resulted
in a drastically reduced natural competence pheno-
type and a functional analysis of Tpc suggested that it
is either directly or indirectly involved in murein hydro-
lytic functions (Fussenegger et al., 1996). It was spec-
ulated that Tpc might be required to open the
peptidoglycan layer to facilitate the entrance of extra-
cellular DNA and/or the extrusion of the competence
machinery. It is conceivable that SMU.836 could play
a similar role in S. mutans transformation. SMU.1055
is an ortholog of the pneumococcal radC gene.
While the exact function of radC is still unknown, in
S. pneumoniae this gene is highly induced during late
competence, yet fully dispensable for transformation
(Peterson et al., 2004). Curiously, our data implicate
a role for the radC gene in natural competence
because the mutant strain exhibited markedly lower
rates of transformation. However, whether this occurs
as a direct result of interactions with the transforma-
tion apparatus, transforming DNA, or through some
other indirect route remains to be determined. Our
RACE PCR data do suggest that SMU.1055 is directly
transcribed by ComX so this gene likely plays an
important role during competence.

In addition to controlling competence in S. mutans,
CSP signaling through the ComCDE system plays a
major role in regulating the expression of multiple
bacteriocins (Hale et al., 2005; Kreth et al., 2005,
2006, 2007; van der Ploeg, 2005; Yonezawa &
Kuramitsu, 2005; Perry et al., 2009). In both the
hdrR overexpression and hdrM mutant backgrounds,
we found increased expression of a variety of
CSP-inducible bacteriocin-related genes, such as
SMU.423, SMU.925, SMU.1905 and SMU.1906.
Likewise, our previous studies demonstrated that
either hdrR overexpression or an hdrM mutation
could abrogate the requirement for comC and comED
to produce the bacteriocin mutacin IV (SMU.150 and
SMU.151) on agar plates (Okinaga et al., 2010).
Hence, the HdrRM system exerts control over all of
the known CSP-inducible bacteriocin-related genes,
except for SMU.1914 (referred to as nimC and cipB),
which does not exist in UA140. Taken together, our
results indicate that that the HdrRM regulon is
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remarkably similar to that of the ComCDE system.
Both our current and previous data suggest that the
HdrRM system acts in parallel with ComCDE. Conse-
quently, S. mutans likely encodes at least two inde-
pendent competence regulatory systems that both
control DNA uptake and bacteriocin production. This
suggests that the coordination of competence and
bacteriocin production must be a critical ability for the
persistence of S. mutans in the oral cavity.
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