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Viridans group streptococci (VS) from the oral cavity entering the bloodstream may initiate infective endo-
carditis (IE). We aimed to identify genes expressed in response to a pH increase from slightly acidic (pH 6.2)
to neutral (pH 7.3) as encountered by VS entering the bloodstream from the oral cavity. Using a recently de-
veloped promoter-screening vector, we isolated five promoter fragments from the genomic DNA of Streptococcus
gordonii CH1 responding to this stimulus. No common regulatory sequences were identified in these promoter
fragments that could account for the coordinate expression of the corresponding genes. One of the isolated frag-
ments contained the promoter region and 5* end of a gene highly homologous to the methionine sulfoxide reduc-
tase gene (msrA) of various bacterial and eukaryotic species. This gene has been found to be activated in
S. gordonii strain V288 in a rabbit model of IE (A. O. Kiliç, M. C. Herzberg, M. W. Meyer, X. Zhao, and L. Tao,
Plasmid 42:67–72, 1999). We isolated and characterized the msrA gene of S. gordonii CH1 and constructed a
chromosomal insertion mutant. This mutant was more sensitive to hydrogen peroxide, suggesting a role for the
streptococcal MsrA in protecting against oxidative stress. Moreover, MsrA appeared to be important for the
growth of S. gordonii CH1 under aerobic and anaerobic conditions. Both these properties of MsrA may con-
tribute to the ability of S. gordonii to cause IE.

Viridans group streptococci (VS), which colonize the teeth
and oral mucosal surfaces of humans, are isolated from 40 to
60% of patients with native valve infective endocarditis (IE)
(33). In one of the early steps in the development of IE, VS
from the oral cavity gain access to the bloodstream, causing a
transient bacteremia. Subsequently, VS may adhere to a pre-
formed cardiac vegetation, a meshwork of platelets and fibrin
present on endocardial lesions (9). Several surface components
of VS are thought to be involved in their adherence to the
vegetations, like FimA of Streptococcus parasanguis (3, 34) and
extracellular polysaccharides of various VS species (4, 28, 30).
The adherent bacteria are able to multiply rapidly within the
vegetation (5, 9).

After VS enter the bloodstream, their adaptation to this new
environment presumably involves the expression of genes, in-
duced upon sensing of signals from the changed environment.
One of these signals may be a change in the pH. Many bacteria
are known to respond to pH changes. Most investigations have
focused on adaptive responses to a decrease in pH. Acidifica-
tion induces expression of specific genes in several bacterial
pathogens, like Salmonella enterica serovar Typhimurium (20)
and Vibrio cholerae (6), and upregulates the expression of the
major stress protein DnaK in Streptococcus mutans, a member
of the VS group (15). However, when VS enter the blood-
stream, the bacteria experience an increase in pH from slightly
acidic (6.0 to 6.5) (25) in the dental plaque to near neutral (7.3)
in blood. As this stimulus is possibly involved in the induction
of VS genes that might play a role in the colonization of the
vegetation by VS, and therefore is involved in the pathogenesis

of IE, we isolated promoters whose activities were upregulated
by this pH increase. One of the isolated fragments contained
part of an msrA homolog, a gene whose expression was re-
cently found to be induced in Streptococcus gordonii V288 in
the experimental rabbit model of IE (16). We therefore cloned
and further characterized this putative S. gordonii virulence
gene.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. gordonii strain CH1, also referred
to as strain Challis (37), and its msrA insertion mutant MM1 (this study) were
cultured in Todd-Hewitt (TH) broth (Oxoid, Basingstoke, Hampshire, England)
or on TH agar at 37°C in a 5% CO2 atmosphere. TH broth and TH agar plates
were supplemented with 5 mg of erythromycin or chloramphenicol per ml or 500
mg of spectinomycin per ml when required. Escherichia coli strains DH5a
(Gibco-BRL, Breda, The Netherlands), BHB2600 (13), and Top10F9 (Invitro-
gen, Groningen, The Netherlands) were cultured in Luria-Bertani medium or on
Luria-Bertani agar. When required, 100 mg of erythromycin or ampicillin per ml
and 10 mg of chloramphenicol per ml were added.

DNA isolation, DNA manipulations, and bacterial transformation. Plasmid
DNA was isolated from E. coli using the Wizard Plus SV miniprep DNA puri-
fication system (Promega Corporation, Madison, Wis.), and from S. gordonii
CH1 as described previously (36). Streptococcal chromosomal DNA was isolated
using the Puregene Chromosomal DNA isolation kit for gram-positive bacteria
and yeast (Gentra Systems Inc., Minneapolis, Minn.), with some minor modifi-
cations. Lysozyme (Sigma Chemical Co., St. Louis, Mo.) and mutanolysin (Sig-
ma) were added to the lysis mixture of the DNA isolation kit at final concen-
trations of 5 mg/ml and 20 U/ml, respectively, and the period of incubation to
obtain protoplasts was extended to 2 h at 37°C. Routine DNA manipulations
were performed as described by Sambrook et al. (29), and enzymes were pur-
chased from Boehringer GmbH (Mannheim, Germany). Transformation of
E. coli was done by standard electroporation (7). S. gordonii CH1 was trans-
formed using an optimized electroporation protocol for VS (34a).

Genomic DNA library and selection of neutral-pH-inducible promoters. The
construction of the novel broad-host-range selection vector pMM223 (GenBank
accession no. AF076212) and of a genomic expression library of S. gordonii CH1
in this vector will be described elsewhere (34a). Briefly, genomic DNA of strain
CH1 was digested with Sau3A, and fragments were ligated into the BglII site of
pMM223. Recombinant plasmids, containing chromosomal fragments 100 to
1,000 bp in size, were introduced into the homologous host by electroporation.
Transformants were pooled from the transformation plates to constitute the S.
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gordonii expression library. This library contained approximately 105 indepen-
dent clones, statistically representing the entire genome (29).

To isolate neutral-pH-inducible promoter fragments from this library, 25 ml
containing 2.5 3 105 CFU was plated onto TH agar (pH 7.3) supplemented with
5 mg of erythromycin per ml for plasmid maintenance and 500 mg of spectino-
mycin per ml for selection of active streptococcal promoters. After incubation at
37°C for 36 h, colonies resistant to erythromycin as well as to spectinomycin were
plated onto TH agar (pH 6.2), again supplemented with erythromycin and
spectinomycin to identify colonies susceptible to spectinomycin at this lower pH.
As a control for the viability of the isolated S. gordonii clones, these were also
restreaked onto TH agar plates (pH 6.2) supplemented with erythromycin only
and onto other plates (pH 7.3) with erythromycin and spectinomycin. From
clones that failed to grow on the pH 6.2 agar, but which did grow on the pH 7.3
agar in the presence of spectinomycin, the cloned chromosomal fragments were
amplified.

PCR amplification and DNA sequence analysis. Cloned chromosomal DNA
fragments from selected S. gordonii CH1 strains were amplified from crude
bacterial lysates by PCR (14), using primers AV9 (59-ATGTCACTAGTCTCT
ACAAC-39) and AV4 (59-AATTGGATCCCGGGTTTTTTTATAATTTTTTT
AATCTG-39) and Taq DNA polymerase (Promega Corporation). Amplicons
were purified using the High Pure PCR product purification kit (Boehringer) and
sequenced by PCR-mediated Taq Dye Deoxy terminator cycle sequencing (Per-
kin-Elmer, Foster City, Calif.) on an Applied Biosystems (San Jose, Calif.) model
373 DNA sequencer. Primer AV9 or primer AV19 (59-CTCCTCACTATTTTG
ATTAG-39), annealing upstream and downstream of the unique BglII site of
pMM223, respectively, were used to sequence the cloned fragments. The se-
quences obtained were analyzed using the BLAST program (1). For the identi-
fication of possible common sequence features, the CLUSTAL program was
used (12).

Measurement of in vitro growth rate. To determine the relative activity of
isolated neutral-pH-inducible promoter fragments, the growth rates in the pres-
ence and absence of spectinomycin of the clones carrying these fragments were
determined at both pH 6.2 and pH 7.3 (Vriesema et al., submitted). In short, a
single colony of each clone was grown at 37°C in TH supplemented with eryth-
romycin for plasmid maintenance. After overnight incubation, the cultures were
diluted 100-fold in fresh medium containing erythromycin and spectinomycin or
erythromycin alone. Growth was monitored by measuring the optical density at
620 nm over time, and the mid-log-phase doubling time (t1/2) was determined.
The relative promoter activity at each pH was expressed as the ratio of growth in
the presence and absence of spectinomycin [t1/2(1spec)/t1/2(2spec)].

Isolation and characterization of the streptococcal msrA gene. Chromosomal
DNA of S. gordonii CH1 was digested to completion with HindIII, and the

resulting fragments were self-ligated. Using primers AV40 (59-CAAGCCCCA
GAAACACCCGC-39) and AV41 (59-CAGTGGGATACGCCAATGGAC-39),
corresponding to the complement of nucleotides 23 to 42 and to nucleotides 83
to 103 of the identified streptococcal msrA homolog, respectively (see Results),
a fragment of approximately 3.5 kb was amplified. The purified amplicon was
ligated into the PCR cloning vector pCR2.1 (Invitrogen) and introduced into
E. coli TOP10F9 cells. Part of this fragment, containing the 39 end of the msrA
gene, was subcloned as a 2.0-kb EcoRI fragment into pUC19 (39), generating
pMM1226. After digestion with BamHI and SphI, subclones with fragments of
decreasing sizes were created by exonuclease III (Boehringer) digestion accord-
ing to standard procedures (29). Individual fragments were sequenced using the
universal M13(221) and M13(Reverse) primers, and the sequence of the strep-
tococcal msrA homolog was compiled.

Primer extension assay. Total RNA was extracted from S. gordonii CH1 using
the RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany). Ten micrograms of
total cell RNA was used in the primer extension reactions. The RNA was incu-
bated for 5 min at 65°C with 0.2 pmol of primer AV40 in hybridization buffer
(70 mM Tris-HCl [pH 8.3], 14 mM MgCl2, 14 mM dithiothreitol) in a final
volume of 14 ml. The mixture was gradually cooled to room temperature, and the
volume was adjusted to 20 ml by the addition of dATP, dGTP, and dCTP to a
final concentration of 100 mM and dCTP to a final concentration of 10 mM. To
this mixture, 15 mCi of [a-32P]dCTP with a specific activity of 3,000 Ci/mmol was
added. cDNA was synthesized by the addition of 12.5 U of avian myoblastosis
virus reverse transcriptase (Boehringer) and incubation at 42°C for 30 min. The
reaction was terminated by the addition of 5 ml of sequencing loading buffer. In
addition, a sequence reaction was performed with the same primer, using the T7
Sequenase version 2.0 DNA sequencing kit (Amersham Life Science, Inc., Cleve-
land, Ohio) and [a-35S]dATP. The primer extension reaction was electropho-
resed on a 6% polyacrylamide–7 M urea gel, parallel to the sequence reaction
which served as a marker for determination of the size of the synthesized cDNA.

Construction of an S. gordonii CH1 msrA insertion mutant. The complete
msrA gene, including its putative promoter sequence, was amplified from the
S. gordonii CH1 chromosomal DNA using the Expand long-template PCR kit
(Boehringer) and primers AV45 (59-AATTACTAGTGAAATGAAGAATATG
GCTGGGTTGAGAAG-39) and AV46 (59-ATATACTAGTGCCAACGCTCA
GCAAAAAAGGCCTG-39). The amplicon obtained, approximately 1.1 kb, was
cloned into pCR2.1, creating vector pMM1227. The erythromycin resistance
gene of the broad-host-range vector pMG36e (32) was isolated as a 1.0-kb
EcoRI-NsiI fragment, and the sticky ends were filled in using Klenow fragment

FIG. 1. Complete nucleotide sequence of the promoter fragment SGP1224. Putative 235 and 210 promoter regions and Shine-Dalgarno sequences (SD) are
underlined. P1 and P2 are possible promoter stretches driving expression of the promoterless spectinomycin gene, and Ppbg is a putative promoter driving expression
of the inversely oriented pbg-like gene. Translational start sites (ATG) are printed in boldface, and partial open reading frames are shown.

TABLE 1. Identified sequence homologies for the isolated neutral-
pH-inducible promoter fragments from S. gordonii CH1

Strain Promoter Accession
no.a Database matchb

CH1 pMM1221 SGP1221 AJ236900 cysK of B. subtilis (P37887)
CH1 pMM1222 SGP1222

c AF128264 msrA of S. pneumoniae (U41735)
CH1 pMM1223 SGP1223 AF127175 hydA of C. acetobutylicum

(U15277)
CH1 pMM1224 SGP1224 AF153501 No homology

a GenBank database.
b Accession numbers for EMBL, GenBank, and DDBJ databases are in pa-

rentheses.
c This promoter fragment is identical to SGP1225.

TABLE 2. Activity at pH 6.2 and 7.3 of a constitutive and
pH-regulated promoters isolated from S. gordonii CH1, recorded

as the ratio of growth in medium with and without Spa

Strain
Activity

pH 6.2 pH 7.3

CH1 pMM240 0.94 6 0.01 0.98 6 0.01
CH1 pMM1221 0.90 6 0.03 0.99 6 0.01
CH1 pMM1222 0.73 6 0.09 0.93 6 0.03
CH1 pMM1223 0.68 6 0.05 0.86 6 0.06
CH1 pMM1224 0.62 6 0.05 0.82 6 0.10

a Growth was monitored by measuring the absorbance at 620 nm (A620) over
time, and the mid-log-phase doubling time (t1/2) was determined. Relative pro-
moter activity at the different pH values is expressed as the ratio of growth in the
presence and absence of spectinomycin at each pH tested [t1/2(1spec)/
t1/2(2spec)]. pMM240 contains a constitutive promoter of S. gordonii CH1.
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FIG. 2. Complete nucleotide sequence of the msrA gene from S. gordonii CH1 and partial sequences of a pyrD homolog and of a putative open reading frame,
located upstream and downstream of the streptococcal msrA, respectively. Putative 235 and 210 promoter hexamers and Shine-Dalgarno sequences (SD) are
underlined, and the transcriptional start site of msrA is indicated with an asterisk. Inverted repeats, which might form a transcriptional termination stem-loop, are
indicated with arrows. Translational start sites (ATG) are printed in boldface, and the translated amino acid sequences of msrA and of the partial open reading frames
upstream and downstream of msrA are shown. Nucleotides 1 to 747 represent the sequence of the isolated promoter fragments SGP1222 and SGP1225.
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enzyme polymerase (Boehringer). This fragment was ligated into the unique
HindII site of the msrA gene in pMM1227, and the resulting vector, pMM1228,
was linearized with BglII. This linear plasmid DNA was introduced into S. gor-
donii CH1 by electroporation, and erythromycin-resistant clones were selected
on agar plates. Chromosomal integration of the msrA copy carrying the inserted
erythromycin resistance gene was confirmed by Southern blotting. To comple-
ment the mutation, the msrA gene was obtained as an EcoRI fragment from
pMM1227 and ligated into the unique EcoRI site of the broad-host-range vector
pNZ124 (27), resulting in plasmid pMM1229. After this construct was introduced
into the insertion mutant and into the wild type, colonies resistant to erythro-
mycin and chloramphenicol were selected on TH agar plates.

Southern blotting. Southern blots were prepared according to standard pro-
cedures (29) using Zeta-probe membranes (Bio-Rad, Hercules, Calif.). The
1.1-kb amplified msrA gene was used as the homologous DNA probe. The DNA
probe was random-primed labeled with digoxigenin-11-dUTP using the DIG
system for filter hybridization (Boehringer). Hybridization was done in DIG Easy
Hyb hybridization solution (Boehringer) at 60°C, and DIG-labeled nucleic acids
were visualized with anti-DIG-horseradish peroxidase and CSPD (Boehringer)
as described by the manufacturer.

Hydrogen peroxide inhibition assay. To test the susceptibility of bacteria to
H2O2, a disk inhibition assay was performed, essentially as described by Mosko-
vitz et al. (23). Bacteria were grown to stationary phase in TH broth. One
milliliter of the bacterial suspension was added to 5 ml of liquid TH agar at 42°C
and poured onto TH agar plates. A 1.3-cm-diameter filter disk (Whatman Sci-
entific Ltd., Maidstone, United Kingdom) was placed on the plate and impreg-
nated with either 20 ml of H2O or 20 ml of a 30% H2O2 solution. The plates were
incubated overnight at 37°C.

Nucleotide sequence accession numbers. The nucleotide sequence of the pro-
moter fragment SGPP1224 has been assigned GenBank accession no. AF153501.
The complete nucleotide sequence of the msrA gene from S. gordonii CH1 and
the partial sequences of a pyrD homolog and a putative open reading frame have
been assigned GenBank accession no. AF128264.

RESULTS

Isolation of pH-regulated promoters from S. gordonii. A
genomic library of S. gordonii CH1 was used for the selection
of neutral-pH-inducible promoters. A total of 146 spectinomy-
cin-resistant colonies apparently carrying an active promoter
fragment grew on TH agar plates (pH 7.3) supplemented with
erythromycin (5 mg/ml) and spectinomycin (500 mg/ml). The
relatively limited number of spectinomycin-resistant clones
was presumably due to the high antibiotic concentration used
for selection. Two of the spectinomycin-resistant clones (CH1
pMM1223 and CH1 pMM1224) showed no growth on specti-
nomycin-containing TH plates (pH 6.2), and the growth of
three other clones (CH1 pMM1221, CH1 pMM1222, and CH1
pMM1225) was strongly reduced on these plates. All five
clones grew well on the two control plates. The growth of the
other 141 spectinomycin-resistant clones did not show any dif-
ference on any of the three plates. This indicated that the five
selected S. gordonii CH1 clones had lower promoter activities
at pH 6.2 than at pH 7.3.

Identification and characterization of the pH-regulated pro-
moters. To identify the promoters of the five selected strains,
the cloned genomic fragments were amplified by PCR and se-
quenced completely. Four of five promoter fragments showed
sequence homology to known entries in the EMBL, GenBank,
and DDBJ databases (Table 1).

SGP1221 showed homology to the 59 end of cysK from
Bacillus subtilis, as well as to cysK homologs in several other
bacterial species (Mycobacterium, E. coli, and serovar Typhi-
murium). SGP1223 showed limited similarity to the promoter
region of the hydA gene of Clostridium acetobutylicum ATCC
824. We had already isolated these promoter fragments in
previous studies, using other experimental settings (35, 36).
The sequence within SGP1224 (Fig. 1) presumably responsible
for the expression of the promoterless spectinomycin gene
of pMM223 did not have similarity to known sequences. Up-
stream and in the inverse orientation an open reading frame
was located, the translated amino acid sequence of which was
homologous to the N-terminal region of the 6-phosphate-beta-

glucosidase of several bacterial species, including B. subtilis
and E. coli. Several regions were identified in this fragment
that could act as promoters driving either the expression of the
promoterless spectinomycin gene of pMM223 or that of the
oppositely oriented phospho-beta-glucosidase (pbg)-like gene
(Fig. 1).

SGP1222 and SGP1225 appeared to be identical genomic-DNA
fragments. The sequence was highly homologous to the 59 end
of the methionine sulfoxide reductase (msrA) gene from dif-
ferent bacterial and eukaryotic organisms. The translated se-
quence of this fragment showed strong identity to the N ter-
minus of the MsrA protein of Streptococcus pneumoniae
(Swissprot database accession no. P35593). The upstream se-
quence was a possible open reading frame with over 85%
identity at the protein level to the dihydroorotate dehydroge-
nase (PyrD) of Streptococcus thermophilus ST11 (EMBL data-
base accession no. Y12213), an enzyme involved in the de novo
biosynthesis of pyrimidine.

The inducibility of the selected clones was confirmed by
determination of the ratio of the growth rates in liquid medium
in the presence and in the absence of spectinomycin. All clones
showed a reduction in this growth rate ratio at pH 6.2 (Table
2), although the difference was much less pronounced than on
solid medium. Although the activities of all promoters were
upregulated by an increase in the pH, no general structure was
identified in the sequences of the promoter fragments that
might account for this regulation.

Isolation and characterization of the msrA gene from S. gor-
donii CH1. As the activity of the msrA promoter homolog of
S. gordonii V288 was recently found to be induced in the
experimental rabbit model of IE (16), we further characterized
the corresponding S. gordonii CH1 msrA homolog. The 39 end
of the CH1 msrA gene was amplified by inside-out PCR on a
self-ligated HindIII digest of chromosomal DNA using primer
pair AV40-AV41. After subcloning and exonuclease III treat-
ment of the 3.5-kb amplicon, a final fragment of approximately
1.2 kb was sequenced. This sequence contained the 39 end of
msrA and overlapped the sequence of the SGP1222 promoter
fragment, which allowed the assembly of a total sequence of
1,782 nucleotides (Fig. 2).

The S. gordonii CH1 msrA gene consisted of 933 nucleotides.
A potential ribosome binding site was found 8 nucleotides

FIG. 3. Determination of the transcription start site of S. gordonii CH1 msrA.
The transcription start site is indicated with an arrow, and the putative 210
region in the coding strand is presented in boldface.
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upstream of the ATG translation start. Primer extension anal-
ysis revealed the transcription initiation site located 50 nucle-
otides upstream of the translation start site of the gene (Fig. 3).
Preceding this transcription start site, putative 235 and 210
regions were identified. At the end of the gene, inverted re-
peats, capable of forming a terminator stem-loop structure
with a free energy of 211.4 kcal, were identified. The S. gor-
donii CH1 msrA gene encodes a putative protein of 311 amino
acids with a predicted molecular mass of 35.7 kDa and a pI of
5.35. Comparison of the translated amino acid sequence to

entries in the databases revealed strong homology throughout
the protein to other MsrA homologs (Fig. 4). There was 68 and
72.6% identity at the DNA and protein levels, respectively,
to the methionine sulfoxide reductase of S. pneumoniae. Up-
stream of the pneumococcal msrA sequence, so-called BOX
elements are present that are possibly involved in regulation of
gene expression (17). No such structures were detected up-
stream of the translational start site of the msrA gene of S. gor-
donii CH1.

Downstream of the msrA gene, another possible open read-

FIG. 4. Amino acid sequence alignment of MsrA of S. gordonii (Sg) with MsrA proteins of S. pneumoniae (Sp), Helicobacter pylori (Hp), Haemophilus influenzae
(Hi), and E. coli (Ec), and with the homologous PilB of N. gonorrhoeae (Ng). Amino acid sequence alignment was performed with the CLUSTAL program. The shaded
boxes enclose residues of the MsrA protein from S. gordonii CH1 that are found at identical positions within one or more of the other MsrA sequences or within N.
gonorrhoeae PilB.
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ing frame was identified (Fig. 2). A putative ribosome binding
site and 235 and 210 promoter regions were present in the
intergenic region preceding this open reading frame. The open
reading frame and its translated amino acid sequence did not
have homology to any known sequences in the databases.

Effect of msrA mutation on sensitivity to oxidative stress and
on growth. An msrA mutant of S. gordonii CH1 was con-
structed by insertion of an erythromycin resistance marker.
Erythromycin-resistant clones were tested for successful inte-
gration by Southern blotting. Strain MM1 was found to have
the erythromycin resistance gene inserted into the msrA gene,
resulting in an increase in size by 1.0 kb of the chromosomal
fragment hybridizing with the msrA probe (Fig. 5).

As MsrA is known to play a role in protection against oxi-
dative damage in other bacterial and eukaryotic species (21–
24, 38), sensitivity to oxidative stress of the S. gordonii CH1
msrA mutant was tested using an H2O2 disk inhibition assay
(23). Growth of the mutant strain was more strongly reduced
than that observed for the parent strain when the disk was
impregnated with 30% H2O2. Complementation of the muta-
tion by introduction of an intact copy of the msrA gene on a
low-copy-number plasmid into the mutant strain MM1 de-
creased the inhibition zone to that observed with the wild type
(Table 3). No growth inhibition was observed for either strain
when the disk was impregnated with water. These data strongly
indicate that the absence of a functional msrA gene renders
S. gordonii more susceptible to H2O2 stress.

Next, the growth rate in TH broth of the different strains was
assessed, in order to define a possible influence of the absence
of a functional MsrA on bacterial multiplication. Growth of

the mutant MM1 was strongly reduced compared to that of the
wild-type strain CH1 when it was cultured at 37°C under either
aerobic or anaerobic conditions. The growth rate of the msrA-
complemented mutant was almost identical to that of the wild-
type strain, CH1 (Fig. 6). These results imply a function of the
streptococcal MsrA homolog in bacterial multiplication, in ad-
dition to its role in protection against oxidative stress.

DISCUSSION

In this study we found that a slight increase in the environ-
mental pH, as observed when VS from the oral cavity gain
access to the bloodstream, induces or upregulates the expres-
sion of specific genes. Indeed, five clones containing a pro-
moter whose activity was upregulated when the pH was raised
from 6.2 to 7.3 were isolated from an S. gordonii CH1 expres-
sion library. No common regulatory sequences that might be
involved in a coordinate pH-regulated gene expression could
be identified in the sequenced promoter regions. Another ex-
ample of response by VS to an increase in pH is the intracel-
lular thrombin-like activity of Streptococcus sanguis, which is
reduced at acidic pH and is increased upon alkalification of the
medium (18). Induction of gene expression upon increase of
the environmental pH might, therefore, be a general response
mechanism within the VS in order to survive when the bacteria
translocate from the oral cavity to the blood.

One of the isolated pH-regulated promoter fragments,
SGP1221, showed homology at both the DNA and protein lev-
els to the cysteine synthase of B. subtilis. We have also identi-
fied this promoter fragment (EMBL database accession no.
AJ236900) in recent screening experiments for constitutively
active promoters from S. gordonii CH1 (35). In those experi-
ments we used agar plates at pH 7.8, which explains the isola-
tion of this promoter. In B. subtilis, CysK is expressed under

FIG. 5. Southern blot of S. gordonii strain CH1 and its msrA insertion mutant
MM1. The hybridizing fragment in the wild-type strain is increased in size in the
mutant strain by 1.0 kb, due to the inserted erythromycin resistance gene.

FIG. 6. Growth of S. gordonii CH1 (squares), its msrA mutant MM1 (circles),
and the complemented mutant (MM1 pMM1229; triangles) under aerobic (top)
and anaerobic (bottom) conditions in TH medium. The values are the averages
of three experiments, and the standard error of the mean is indicated for each
value.

TABLE 3. Effect of H2O2 treatment on the growth of S. gordonii
CH1 and its msrA insertion mutant S. gordonii MM1

Genotype H2O2
a Area of growth

inhibition (cm2)b

msrA1 2 0
msrA::Emr 2 0
msrA1 1 7.8
msrA::Emr 1 11.2
msrA1 (pMM1229; msrA1) 1 7.8
msrA::Emr (pMM1229; msrA1) 1 7.8

a In control experiments, the disks were impregnated with 20 ml of H2O
instead of H2O2. 1, H2O2; 2, H2O.

b The amount of growth inhibition is expressed as the area of the clear zone
minus the area of the disk, as no growth was observed under the control condi-
tions. The values are the averages of at least three experiments.
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normal laboratory conditions, but expression levels can be up-
or downregulated by different environmental stimuli, e.g., cold
shock, heat shock, and salt stress (11). In S. gordonii the level
of expression of this gene is regulated by variation in the
external pH, a stimulus which might also regulate expression of
the B. subtilis cysK gene.

Fragment SGP1223 showed limited homology to the promot-
er region of the hydA gene from C. acetobutylicum ATCC 824.
Expression of this gene in C. acetobutylicum is known to be
transcriptionally regulated by the environmental pH (10).
SGP1223 was identical to a neutral-pH-inducible promoter frag-
ment we had identified earlier (Vriesema et al., submitted),
indicating reproducibility of the screening system.

One neutral-pH-inducible promoter fragment was isolated
twice from the genomic DNA library (SGP1222 and SGP1225).
The fragment showed homology to the msrA gene found in
many prokaryotic (E. coli, S. pneumoniae, and Neisseria gonor-
rhoeae) (23, 38) and eukaryotic (Saccharomyces cerevisiae, rat,
and human) species (21, 22, 24). This gene encodes methionine
sulfoxide reductase, a protein involved in the reduction of
oxidized proteins. The sulfur groups of methionine residues
are highly sensitive to oxidation by oxygen radicals, and oxi-
dized proteins are in general not functional. Reduction of
oxidized methionine residues by MsrA restores the protein
function, thus decreasing the need for de novo protein synthe-
sis (8). A second function recently suggested for MsrA is its
involvement in the stabilization of adhesins. Mutation in E. coli
msrA decreased fimbria-mediated mannose-dependent agglu-
tination of erythrocytes, and mutation of S. pneumoniae msrA
caused decreased binding to specific glycoconjugate-containing
receptors on vascular endothelial and lung cells (38). Finally,
the methionine sulfoxide reductase might also be involved in
signal transduction, as it is highly homologous to PilB of N.
gonorrhoeae (38), the sensor component of the PilAB two-
component regulator system (31). However, such a function
could not be identified for the MsrA from S. pneumoniae (26).

The promoter of the msrA gene from S. gordonii V288 is
activated in vivo in a rabbit model of endocarditis (16). In
addition, methionine sulfoxide reductase has been demon-
strated to be of importance for the survival of Staphylococcus
aureus in a murine bacteremia model (19). Although an S. au-
reus msrA deletion mutant was not attenuated in its virulence
in this model, in mixed infections the wild-type was almost
solely reisolated (19). This indicates that the MsrA protein is
beneficial for bacterial survival in this host.

MsrA of S. gordonii CH1 appeared to be involved in protec-
tion against oxidative stress, as growth of the msrA mutant
strain MM1 on solid medium in the presence of H2O2 was
much more reduced than the growth of wild-type CH1. This
may well be of great importance for survival in vivo, as blood-
borne bacteria are challenged by oxidative radicals produced
by polymorphonuclear leukocytes and other cells of the host
immune system (2).

In addition, MsrA was required for maximal growth, under
both aerobic and anaerobic conditions. The observed growth
reduction of the S. gordonii mutant under aerobic conditions
was not caused by an increased sensitivity to oxidative damage,
as a similar difference in growth rate between the wild-type and
the mutant strain was observed when they were cultured under
anaerobic conditions. Complementation of the mutation al-
most completely restored growth to wild-type levels. In con-
trast, in E. coli, mutation of msrA did not affect growth (23). It
seems that MsrA of S. gordonii CH1, in addition to having a
function in protection against oxidative damage, plays an im-
portant role in bacterial growth. This phenomenon might also
explain the above-mentioned survival benefit of wild-type S.

aureus in mixed infections with its msrA mutant in the murine
bacteremia model (19). In addition, MsrA will probably prove
to be of importance in IE, as rapid bacterial multiplication is a
major characteristic of VS in the development of this disease
(5, 9).
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