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The homolactic and catalase-deficient pathogen Streptococcus pneumoniae is not only tolerant to oxygen but
requires the activity of its NADH oxidase, Nox, to develop optimal virulence and competence for genetic
transformation. In this work, we show that the global regulator RegR is also involved in these traits. Genetic
dissection revealed that RegR regulates competence and the expression of virulence factors, including hyal-
uronidase. In bacteria grown in vitro, RegR represses hyaluronidase. At neutral pH, it increases adherence to
A549 epithelial cells, and at alkaline pH, it acts upstream of the CiaRH two-component signaling system to
activate competence. These phenotypes are not associated with changes in antibiotic resistance, central
metabolism, and carbohydrate utilization. Although the RegR, (where 0 indicates the loss of the protein)
mutation is sufficient to attenuate experimental virulence of strain 23477 in mice, the introduction of an
additional hyl, (where 0 indicates the loss of function) mutation in the RegR,, strain 23302 dramatically reduces
its virulence. This indicates that residual virulence of the RegR, Hyl* derivative is due to hyaluronidase and
supports the dual role of RegR in virulence. This Lacl/GalR regulator, not essential for in vitro growth in rich
media, is indeed involved in the adaptive response of the pneumococcus via its control of competence,

adherence, and virulence.

Genetic transformability is one of the major attributes of the
human pathogen Streptococcus pneumoniae. In vitro, this prop-
erty appears as a consequence of a sequence of events leading
to competence development in cultures growing exponentially,
under aerobiosis. Competence and virulence are highly regu-
lated, and there is increasing evidence linking the two phenom-
ena at the genetic level. For instance, the ComD histidine
kinase, the target for the competence-stimulating peptide en-
coded by comC (13, 23, 24, 37), is required for virulence (28).
Transcription of the comCDE operon is negatively controlled
by the two-component system CiaRH (18), which is also in-
volved in virulence (47). In addition, the virulence factor LytA,
a choline binding protein showing autolytic activity (8, 20),
belongs to a late competence operon (32). Clearly, virulence
expression depends on events involved in the competence sig-
naling pathway. Furthermore, mutational alteration of cation
transporters and metabolic enzymes decreases both compe-
tence and virulence. For instance, mutations affecting the
transport of calcium have consequences on competence devel-
opment, LytA-dependent autolysis, and virulence (4, 48, 49).
The ABC transporters encoded by psa (and adc), involved in
the uptake of Mn?* (and possibly Zn*"), are important for
growth and competence (15), and the psaA4 product is an es-
sential virulence factor (10). Mutations of LicD2 and of Nox
lead to the alteration of both competence and virulence ex-
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pression (2, 28, 51, 52). For competence, the NADH oxidase
Nox influences the pattern of ComCDE expression and trans-
formability in cultures grown aerobically (17). However,
whereas competence is totally inhibited under microaerobiosis
(18), the loss of function of Nox partially reduces competence
in cultures growing aerobically. This suggests that, in addition
to Nox, complementary pathways regulate competence devel-
opment. By mutational analysis and genetic dissection, we have
investigated the role in competence development, virulence,
sugar utilization, adherence, and antibiotic susceptibility of
RegR, a Lacl/GalR homolog. We present evidence suggesting
that in the absence of significant effects on growth, central
metabolism, sugar utilization, and antibiotic susceptibility,
RegR,, (where 0 indicates the loss of the protein) mutations
attenuate virulence and lower competence.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All the strains used in this study are
listed in Table 1. Escherichia coli was stored and grown under standard condi-
tions (43). For S. pneumoniae, growth media and conditions were used as de-
scribed by Clavé and Trombe (14). In order to test growth on a panel of sugars,
frozen cultures (optical density at 400 nm [OD,], 0.4) of the Cp1015 or Cp8110
strain were thawed and inoculated in 50 volumes of the following medium: CAT
(Casitone, 10 g liter ™ '; tryptone, 5 g liter~'; NaCl, 5 g liter '; yeast extract, 1 g
liter '), 17 mM K,HPO,, 0.4% bovine serum albumin, 1 mM CaCl,, and 0.2%
tested sugar. The medium was adjusted to pH 7 with NaOH.

Single-strand DNA preparation. Single-strand DNA preparation of the pTSS9
plasmid was performed as previously described by using the M13K07 lytic bac-
teriophage and E. coli CJ236 as a recipient strain (43). Briefly, a fresh stock of
phage was prepared as follows. TG1 cells were grown to an ODsgs of 1 in NZY
medium (NZ amine, 10 g liter™!; NaCl, 5 g liter~'; Casamino Acid, 1 g liter™!;
MgSO,, 2.5 g liter '; yeast extract, 5 g liter ). The culture was centrifuged, and
the pellet was resuspended to half the original volume in 10 mM MgSO,.
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TABLE 1. Strains, plasmids, and oligonucleotide primers used in this study

Bacterial strain,
plasmid, or primer

Relevant characteristic(s)

Source or reference

S. pneumoniae

strains
23477 Blood isolate, virulent, serotype 6, Str" V. Rieux and M.-C. Trombe,
unpublished data
23450 Str', Nox,,, Km" 2
23302 Product of transformation of 23477 with pTLS34; Str", RegR,,, Km" This work
23020 Product of transformation of 23477 with pVA891-hyl; Str', Hyl,, Em" This work
23322 Product of transformation of 23302 with D39 Ahyl DNA; Str', RegR,,, Hyl,, Km’, Em" This work
D39 Blood isolate, virulent, serotype 2, Str* 3
D39::AregR Product of transformation of D39 with 23302 DNA; RegR,, Km" This work
D39::Ahyl Product of transformation of D39 with pVA891-hyl; Hyl,, Em" 11
D39::AregR-Ahyl  Product of transformation of D39::AregR with D39::Ahyl DNA; RegR,,, Hyl,, Km*, Em" This work
Cpl1015 Wild type, Str', HexA, 31
Cpl016 Rif" derivative of Cp1015; rif-23 Laboratory stocks
Cp8302 Product of transformation of Cp1015 with pTLS34; Str*, HexA,, RegR,, Km" This work
Cp8110 Product of transformation of Cp1015 with pTSS10; Str, HexA,,, RegR* *K—stop* This work
Cp8056 Product of transformation of Cp1015 with pN6; Str*, HexA,,, Nox** "*K—stop 2
Cp8156 Product of transformation of Cp8056 with pTSS10; Str, HexA,, RegR* *K—stop, Nox** ""K—stop ~ This work
Cp1800 Product of transformation of Cp1015 with pPT4; Str’, HexA,, CiaR,, Sp" 18
Cp1810 Product of transformation of Cp8110 with pPT4; Str*, HexA,, RegR** *Q—stop, CiaR,, Sp" This work
Cp1020 Product of transformation of Cp1015 with D39::Ahyl DNA; Str*, HexA,, Hyl,, Em" This work
Cp1120 Product of transformation of Cp1020 with pTSS10; Str*, HexA,, RegR* *K—stop, Hyl,, Em" This work
E. coli strain
DH5a supE44Alac U169 (80 lacZAMIS) hsdR17 recAl endAl gyrA96 thi-1 relAl Bethesda Research
Laboratories, 1986
CJ236 dutl ungl thi-1 relAI/jpCJ105 Cam" F’ 27
TG1 supE hsdA5 thi A(lac-proAB) F'(traD36 proAB™ lacl® lacZAM15) 21
Plasmids
pSP2 Streptococcal cloning vector; Em’, Tet" 39
pBluesk ™ Amp*, lacZ'; ColE1 origin 45
pPJ1 pUC derivative containing an Hincll fragment carrying the kanamycin resistance gene aphA3; 36
Ap', Km"
pVAS891 Shuttle cloning vector; Em", Tet", Cam" 29
pPAM239 pBR322 derivative, ColE1 origin, lacZa selection, Sp* 22
pl31 5.5-kb BamHI chromosomal fragment of the 15-min region (7 ORFs) of Cp1015 cloned into pSP2 34
pBluesk AEH Plasmid derivative of pBluescript™ resulting in deletion of the EcoRI-HindIII fragment of the This work

multicloning site

pTPS711 3.5-kb Spel-EcoRI chromosomal fragment from Cp1015 containing orf4 to regR cloned into R. Palmen, unpublished data
NZAP Express; Km*
pTLS30 1-2092 BamHI/Bcll fragment of p131 cloned into the BamHI site of pBluesk” AEH This work
pTLS34 Exchange of the 549-1675 Hincll fragment of pTLS30 with the aphA3 cassette (HincIl fragment) This work
of pPJ1
PTSS9 2.3-kb EcoRI/EcoRI fragment of pTPS711 cloned into the EcoRI site of pBluesk ™ This work
pTSS10 M13 mutagenesis of pTSS9 by using the mutagenic primer reg7 This work
pPT4 0.46-kb KpnlI-PstI amplicon containing an internal fragment of ciaR, cloned into pAM239 18
pVA891-hyl 673-bp Clal-Ncol fragment (from nucleotides 1286 to 1959 of the Ayl open reading frame) 11
cloned into the Clal site of pAV891
Primers
pPC2 S"-AAATTTTCAATATTCCTAGTCGTAACCATC This work
P100 5'-ATATTGAAGGGGCTTATTGATCAGCAGAAC This work
reg7 5'-ATGGTCAGTTTACTAGTCCAATCTAA This work

Spel

“ CDS, codon stop replacing the wild-type sense codon.

Aliquots of this suspension were diluted 1:5 with different dilutions of M13K07
in NZY medium, and the mixture was incubated at room temperature for 20 min.
Five milliliters of prewarmed (55°C) top agarose (NZ anime, 10 g liter~'; NaCl,
5 g liter™!; Casamino Acid, 1 g liter™!; MgSO,, 2.5 g liter™'; agarose, 7.5 g
liter ') was then added, and the suspension was poured onto 1.5% agar-NZY
plates. After overnight incubation at 37°C, 10 plaques were picked from each
plate, resuspended in 10 ml of NZY medium, mixed with 100 pl of TG1, and
incubated overnight at 37°C in a shaking water bath. The suspension was then
centrifuged, and the supernatant was aliquoted and stored at 4°C (stock solu-
tion). The amount of phage was evaluated by titration.

In order to recover single-strand wild-type DNA, 20 pl of the M13K07 stock
solution (corresponding to 10' PFU) was mixed with one colony of strain CJ236
transformed by pTSS9, and the mixture was incubated for 30 min at room
temperature. Five hundred microliters of NZY medium plus ampicillin (250 pg
ml~") was added, and the mixture was incubated for 1 h at 37°C. An aliquot of

400 pl was then resuspended in 10 ml of NZY medium plus ampicillin (250 pg
ml~") and kanamycin (80 pug ml~') and incubated 48 h at 37°C with shaking in
a water bath. The culture was centrifuged for 10 min at 3000 X g, and DNA
extraction was performed. The supernatant was precipitated with 20% polyeth-
ylene glycol 6000 and 3.5 M ammonium acetate for 15 min on ice. After cen-
trifugation, the pellet was resuspended in 200 wl of Tris-EDTA (TE). DNA was
purified by sequential extraction with 1 volume of phenol followed by ether. The
lower phase was recovered, and DNA was precipitated with 200 pl of 5 M
ammonium acetate and 1 ml of ethanol. The precipitated DNA was finally
dissolved in 12 pl of TE.

DNA manipulations and mutagenesis. DNA manipulations were performed as
described by Sambrook et al. (43). Oligonucleotides and plasmids are described
in Table 1.

M13 mutagenesis was used to construct the Cp8110 strain. Fifty picomoles of
mutagenic primer reg7 was phosphorylated with 2 U of T4 kinase in 30 ul of the
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specific kinase buffer (0.1 M Tris [pH 8], 10 mM MgCl,, 7 mM dithiothreitol, 1
mM ATP) and incubated for 15 min at 37°C. The solution was then warmed for
10 min at 70°C, and 2 ul of the solution was mixed with 200 ng of single-strand
pTSS9 DNA, prepared as described above. One microliter of annealing buffer
(200 mM Tris [pH 7.4], 1 mM EDTA, 500 mM NaCl) was added, and the volume
was made up to 10 pl with sterile distilled water. The solution was covered with
paraffin oil to prevent evaporation, boiled for 3 min, and kept standing at 37°C
to allow the annealing of the primer to the single-strand DNA. Double-strand
DNA was synthesized by the addition of 10 U of T4 DNA ligase, 5 U of T4 DNA
polymerase, and 1 pl of synthesis buffer (5 mM deoxynucleoside (triphosphate,
10 mM ATP, 100 mM Tris [pH 7.4], 50 mM MgCl,, 20 mM dithiothreitol) and
incubation for 90 min at 37°C. Fifty microliters of TE was then added, and DH5«
was transformed, as previously described (43), to recover plasmid pTSS10.

Transformation of S. pneumoniae. In order to recover isogenic strains differing
by a defined mutation, mutated DNA was introduced into the recipient strain by
competence-stimulating peptide-induced transformation, according to the pro-
tocol described by Echenique et al. (18). For strains constructed from chromo-
somal DNA, two rounds of transformation were performed. For selection of the
CiaR and Hyl, strains and of the RegR,, encapsulated strains, spectinomycin (10
pg ml™Y), erythromycin (2 pg ml~'), and kanamycin (40 g ml~") were respec-
tively added to the blood agar medium. The screening of the stop codon trans-
formants was performed by restriction analysis of amplicons obtained by direct
PCR on the resulting colonies, as previously described (2). The restriction site
used to test the P100-PC2 amplicons potentially containing the regR, mutation
was Spel (Table 1).

The ability of cultures to develop competence in agar medium was determined
by a transformation test (18). Briefly, bacteria were grown to an OD,, of 0.1 to
0.2 at 37°C in CTM, pH 7. Volumes of 10 pl of appropriate dilutions of the
culture were mixed with 5 pl of Cp1016 transforming DNA encoding the ri-
fampin resistance gene (1 mg ml~') and diluted in 1 ml of CTM, pH 7.8, plus 1
ml of a 50% (vol/vol) mix of CTM (pH 7.8) and 1.6% agar. This suspension was
then poured into petri dishes on a 2-ml layer of the 50% (vol/vol) mix of CTM
(pH 7.8) and 1.6% agar. After a 4-h incubation at 37°C, a third layer of medium
with or without rifampin (3 wg/ml) was added. The ratio of the number of
colonies on plates with antibiotic to the number of colonies on plates without
antibiotic was calculated to determine the percentage of transformants obtained.
Results were analyzed by the Mann-Whitney U test (one tailed).

Production of antibodies and Western blot analysis. Purified recombinant
RegR protein was kindly provided by I. Auzat, Centre National de la Recherche
Scientifique, Gif sur Yvette, France. Rabbit antiserum directed against RegR
was obtained by three successive subcutaneous injections of purified RegR in
complete Freund’s adjuvant at 3-week intervals. Three weeks after the last
injection, blood was recovered and centrifuged and the serum was stored at
—80°C. Polyclonal mouse sera directed against CbpA, Hyl, LytA, Ply, PsaA, and
PspA were obtained by intraperitoneal immunization with three doses of 10 pg
of each protein antigen in alum at 12- to 14-day intervals, and sera were collected
from mice 1 week after the third immunization.

For Western immunoblotting, fresh cells were lysed with 0.4% Sarkosyl in 0.02
M Tris (pH 6.9), 0.2% sodium dodecyl sulfate, and 2% glycerol. Cells lysates
containing 250 ng of proteins (corresponding to 5 X 10® CFU) were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electroblot-
ted onto nitrocellulose. The transfer efficiency was checked by staining the
membrane with a Ponceau solution. After decoloration, the membrane reacted
with specific antisera and proteins were detected either by the ECL Western
blotting kit (Roche) or by color development with p-nitrophenyl phosphate as
the substrate.

Hyaluronidase activity measurement. The protocol for hyaluronidase activity
measurements was derived from that described by Berry et al. (9). Strains were
grown in 4 ml of CTM, pH 7, to an ODy, of 0.4. After centrifugation, the
bacterial pellet was washed once in phosphate-buffered saline (PBS), resus-
pended in 400 wl of PBS plus 0.1% deoxycholate, and incubated at 37°C for 10
min to lyse the cells. The cell debris was pelleted by centrifugation, and the
supernatant was assayed for the hyaluronidase content as follows. The substrate
for the assay was human umbilical cord hyaluronic acid, dissolved in assay buffer
(150 mM NaCl, 200 mM sodium acetate [pH 6]) at a concentration of 1 mg ml~".
The supernatant from each strain to be assayed was diluted to 800 wl in the same
buffer and then incubated with 60 wl of the substrate for 2 h. The reaction was
stopped by the addition of 1,200 pl of stop buffer (2% NaOH, 2.5% cetrimide),
and the OD,,, was measured by using as control the sample at time 0. One unit
was defined as the delta OD,,, measured for 5 ml of an initial culture grown to
an ODy, of 0.4.

Antibiograms. Impregnated disks were used as indicated by the manufacturer
(Sanofi Diagnostics Pasteur, Marne la Coquette, France). The following antibi-
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otics were tested: penicillin G (10 IU), oxacillin (5 pg), amoxicillin (25 pg),
gentamicin (500 pg), netilmicin (30 wg), amikacin (30 pg), minocycline (30 TU),
erythromycin (15 IU), clindamycin (2 IU), trimethoprim (1.25 pg), sulfamethox-
azole (23.75 pg), nitrofurans (300 pg), rifampin (30 pg), and vancomycin (30

g)-
Adherence to A549 cells. Bacterial suspensions were plated onto petri dishes

containing Trypticase soy agar plus 5% horse blood and grown overnight at 37°C
in an atmosphere containing 5% CO,. Cultures were then grown in CAT me-
dium supplemented with 17 mM K,HPO, and 0.2% glucose and stopped at an
ODy of 0.4. After centrifugation, the bacterial pellet was washed twice with
PBS and resuspended in RPMI medium to obtain 3 X 10% to 5 X 10® CFU per
ml. Suspensions were finally sonicated (60 W; 60 s; 20 kHz) to avoid clamping of
chains.

For adherence, bacterial suspensions were added to the monolayer of A549
cells and the plates were incubated for 60 min at 37°C in an atmosphere con-
taining 5% CO,. Cells were then washed seven times with RPMI medium at 4°C,
treated with trypsin, and sonicated (60 W; 45 s; 20 kHz) to dissociate the bacteria.
Bacterial viability was determined by plating appropriate dilutions on Trypticase
soy agar plus 5% horse blood.

Virulence studies in mice. For virulence studies in the intraperitoneal model of
infection, 6- to 8-week-old male BALB/c mice were obtained from the Central
Animal House of Adelaide University and housed at the Medical School Animal
House facility. Groups of mice were each infected intraperitoneally with 2.5 X
10° to 2.5 X 107 CFU of strain 23477 or D39 or one of their isogenic derivatives.
Survival times were recorded for periods of 10 to 14 days, and median survival
times were calculated for each group of mice. Results were analyzed by the
Mann-Whitney U test (one tailed).

RESULTS

Genetic organization of a 20.1-kbp region including regR in
the S. pneumoniae genome. Previous work led to the cloning of
a highly conserved 5.5-kb fragment containing genes homolo-
gous to those involved in division and cell wall biosynthesis
(dew) (30, 34). At the 5" end of this fragment, a putative
999-nucleotide gene encoding RegR was identified (GenBank
accession number Z79691) (34). Upstream of this open read-
ing frame, a typical extended —10 promoter (6), followed by a
ribosome binding site (5), was identified. Identical putative
proteins exist in the two recently sequenced S. pneumoniae
strains, TIGR4 (The Institute for Genomic Research, Rock-
ville, Md.) and R6 (Eli Lilly and Company, Indianapolis, Ind.).
In strain TIGR4, the SP0330 gene encodes a putative 333-
amino acid (aa) protein with a single conservative '8?H
(TIGR4)-to-'#2Y (Rx) mutation. In R6, the spr0298 gene en-
codes a 355-aa putative protein, the last 333 aa of which per-
fectly match the RegR sequence. BLAST search (1) has high-
lighted significant homology between the 333-aa RegR and
transcriptional regulators belonging to the Lacl/GalR family.
These are characterized by an amino-terminal helix-turn-helix
(HTH) motif involved in protein binding to DNA and a car-
boxy-terminal motif bearing the regulatory function (50). The
1-to-70 amino-terminal part of the 333-aa RegR protein is
indeed referenced as “HTH Lacl” in the Smart Database (44),
and the carboxyl domain is related to “periplasmic binding
proteins and the sugar binding domain of the Lacl family” in
the Pfam database (7). Therefore, the 333-aa product, desig-
nated RegR, does show the features of a regulator of the
Lacl/GalR family. The recent publication of the entire ge-
nomes of S. pneumoniae strains TIGR4 and R6 and of the
partial chromosomal sequence of strain 19F (16, 25, 46) reveals
the inclusion of regR in a 15.5-kb region containing open read-
ing frames encoding putative glutathione peroxidase (gpx), hy-
aluronidase (hyl), proteins of the 2-keto 3-deoxygluconate me-
tabolism (kdg operon), a phosphotransferase system (PTS)
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gapx orf4’ orf3’ orf2’ orf1’
1000bp kdg homolog region pts homolog region
—e
S.pneumoniae MEKKLTIKDIAEMAQTSKTTVSFYLNGKYEKMSQETREKIEKVIHETNYKPSIVARSINS 60
S.pyogenes MORKVTIKDIAELAKTSKTTVSFYLNGRFDKMSEETKNRISESIKATNYKPSIAARSLNA 60
KR KR RRAR R KRR KRR KRR s I RAR KRk K AKAKARA AREAE:
S.pneumoniae KRTKLIGVLIGDITNSFSNQIVKGIEDIASONGYQVMIGNSNYSQESEDRYIESMLLLGY 4120
S.pyogenes KSTKLIGVVIGDITNSFSNQIVKGIESKAQEFGYQIIIGNSNYDPSREDELIEKMLNLGY 120
K RKARKA L KARKRRKRRARKARRAN K 1 KRRy AR KRR ok kR kR kA
S.pneumoniae DGFIIQPTSNFRKYSRIIDEKKKKMVEFDSQLYEHRTSWVKTNNYDAVYDMTQSCIEKGY 480
S.pyogenes DGFIIQPTSNFRKYSRIIDIKKKKVVFFDSQLYEHRTNWVKTNNYDAVYDTIQQCIDKGY 180
RARARKRKRKRRRRARARE KRR AARRRKARARAR RARA R AR AR A ks Ak
S.pneumoniae EYFLLITADTSRLSTRIERASGFVDALTDANMRHASLTIEDKHTNLEQIKEFLOKEIDPD 240
S.pyogenes EHFIMITGNPNLLSTRIERASGFIDVLEANHLTHQEMIIDENQTSSEATAQFLOGSLT-- 238
RiRpiAR 1 RARRRRRRARAIE K i: K 1 Riiiik A A kaw
S.pneumoniae EKTLVFIPNCWALPLVFTVIKELNYNLPQVGLIGFDNTEWTCFSSPSVSTLVQPSFEEGQ 300
S.pyogenes KKSLVEVPNCWALPKVFTAMKSLKFNIPEIGLVGFDNIEWTKFSSPTLTTIIQPAYEEGE 208
IRIRERIKRRARRK RAK IE KRNI IRAIARNR KAK RAARILisiARsiARRG
S.pneumoniae QATKILIDQIEGRNQEERQQVLDCSVNWKESTF 333
S.pyogenes QATKILIDDIEGHSQEAKQQIFDCQVNWQESTF 331
ERRRERIK HAR S KA AR AE ARE KRR
C Genbank
Protein length accession nb Total length HTH
identity similarity identity similarity
KdgR, transcription repressor of 339 L47838 106/333 180/333  37/70 51/70
the kdg operon (B. subtilis )
(32%) (54%) (53%) (73%)
Spy0627, Lacl family putative 331 AE006517 223/331 278/331  54/75 68/75
transcriptional regulator
(S. pyogenes M1 GAS) (67%) (84%) (72%) (91%)

FIG. 1. Genome localization of regR and relationship of the RegR product with homologs in S. pyogenes and B. subtilis. (A) Genetic organi-
zation of the regR region on the chromosome of S. pneumoniae. The genes encoding putative glutathione peroxidase (gpx), hyaluronidase (hyl),
putative proteins of the 2-keto 3-deoxygluconate metabolism (kdg operon, orfl’ to 4'), a putative PTS sugar transporter showing homology with
N-acetylgalactosamine and mannose PTS (PTS operon, orfI to 5), and two hypothetical proteins (orf0 and orfA) are referred to in the TIGR4, S6,
and 19F strains, respectively, as SP0313, spr0285, and SPN8189 for gpx; SP0314, spr0286, and SPN8190 for hyl; SP0317 to -0320, spr0287 to -0290,
and SPN8195 to -8198 for the kdg operon; SP0321 to -0325, spr0291 to -0295, and SPN8201 to -8203 for the pts operon; and SP0326 and -0327,
spr0296 and -0297, and SPN8195 to -8198 for orf0 and orf4. (B) Conservation of the primary structure of RegR in S. pyogenes Spy0627 (AE006517).
Stars and colons represent identical and similar amino acids, respectively. (C) The conservation of the HTH motif in both KdgR (L47838) of B.
subtilis and Spy0627 of S. pyogenes M1Gas and in RegR of S. pneumoniae has been deduced from the BLAST alignment of KdgR and Spy0627
to RegR. The table indicates percentages of identity and similarity between the protein sequences of RegR and these proteins.

sugar transporter showing homology with N-acetylgalac-
tosamine and mannose PTS (pts operon), and two hypothetical
proteins (orf0 and orfA); this 15.5-kbp region precedes the
dew3 region (Fig. 1A). The same genetic organization for kdg,
pts, orfA, and regR exists in the Streptococcus pyogenes public
genome (19). RegR is indeed an ortholog of Spy0267 of S.
pyogenes (GenBank accession number AE006517) (Fig. 1B),
KdgR from Clostridium acetobutylicum (GenBank accession
number AE007554), and the functionally characterized KdgR

from Bacillus subtilis (GenBank accession number L47838).
The HTH sequence of these proteins is highly conserved (Fig.
1C). In B. subtilis, kdgR is the first gene of the kdg operon and
represses transcription of the operon in galacturonate-free me-
dium (40). As a first attempt to characterize the physiological
role of RegR, the effect of its loss-of-function mutation on
phenotypes putatively related to the genes of the 20.1-kb re-
gion around regR has been investigated. A stop codon mutation
has been introduced into the 5’ end of regR by M13 mutagen-
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Hyaluronidase activity
Strain Phenotype n Median (Range)
Cp1015 wild type 19 1.5(0.6-4.7)
p <0.01
Cp8110 RegR, 7 148 (96 - 271) :
Cp1020 Hyl, 3 0.3 (0 -0.5)
ns

Cp1120 RegR,- Hyl, 3 0.4 (0-0.9)

p value between Cp1015 and each Hyl, strain is <0.05

FIG. 2. Derepression of hyaluronidase due to RegR loss-of-function mutation. (A) Purified RegR and crude extracts from the wild-type (wt)
strain Cp1015 and its isogenic derivative Cp8110 were electrophoresed, transferred to nitrocellulose, and immunodetected with the RegR
antiserum. The same amounts of extracts were loaded in each lane (see Materials and Methods). (B) Increase in hyaluronidase specific activity
due to regR mutation. Crude extracts were prepared and used for the dosage of hyaluronidase activity as described in Materials and Methods. The
medians and ranges obtained from n independent experiments are shown. One hyaluronidase unit is defined as the delta OD,,, measured for 5

ml of a culture grown to an OD,, of 0.4. ns, not significant.

esis, and the mutated allele has been transferred into the
chromosome of the unencapsulated strain Cp1015 to yield
strain Cp8110 (see Materials and Methods). Immunoblotting
experiments with RegR-specific antiserum have revealed three
major reacting proteins in crude extracts from the wild-type
strain (~55, 41, and 34 kDa). A single band was absent in the
extracts from strain Cp8110, and it corresponded to the 41-
kDa purified RegR (Fig. 2A). Consistently, loss of the RegR
protein was expected due to the regR stop codon mutation in
this strain.

Impact of regR loss-of-function mutation on sugar utiliza-
tion, aerobic growth, resistance to 3-lactam antibiotics, and
hyaluronidase production in vitro. In vitro, S. pneumoniae
grows in a rich medium and requires simple sugars as a carbon
source. The homology of RegR with regulators of carbohy-
drate utilization has prompted us to compare the growth pat-
terns of the wild-type (Cp1015) and RegR,, (Cp8110) strains

on different sugars, including sugars susceptible to involvement
in the 2-keto-3-deoxygluconate and PTS pathways. We found
no obvious differences in growth rates and yields between
Cp1015 and Cp8110, irrespective of the carbon source pro-
vided (data not shown). Substrates allowing growth of the
wild-type strain (mannose, maltose, N-acetylglucosamine, glu-
cose, and lactose) supported the growth of strain Cp8110 as
well, while sugars which could not be utilized by the wild-type
strain (glucuronic acid, galacturonic acid, hyaluronic acid, and
N-acetylgalactosamine) did not support the growth of the
RegR,, strain. The growth pattern of strain Cp8110 was not
influenced by the oxygen status of the culture in vitro (data not
shown). Moreover, when glucose was the carbon source, no
specific shift in central metabolism occurred in strain Cp8110
compared to that in strain Cp1015 (data not shown).

In view of the fact that regR lies upstream of the dcw region
containing pbpX (the product of which is a B-lactam target), we
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have examined whether RegR influences B-lactam resistance.
Standard antibiograms with impregnated disks were produced
for both encapsulated (23477 and 23302) and unencapsulated
(Cp1015 and Cp8302) strains by using a series of antibiotics
routinely used in hospital strain characterization as controls
(Sanofi Diagnostics Pasteur). No significant difference could
be observed in the zones of inhibition, indicating similar pat-
terns of antibiotic susceptibility for the wild-type strains and
their corresponding RegR,, derivatives (data not shown).

The effect of regR mutation on hyaluronidase expression has
been investigated. Hyaluronidase belongs to the family of cell
wall-anchored proteins showing the C-terminal LPXTG motif
(9, 33); thus, hyaluronidase activity has been determined in
culture supernatants and cellular extracts. The absence of
RegR was associated with a 90-fold increase in hyaluronidase-
specific activity relative to that in the wild-type strain (Fig. 2B).
A similar ratio of levels of hyaluronidase activity between the
wild-type and the RegR,, strains was detected in culture super-
natants (data not shown). This indicates that RegR does re-
duce the cellular level of hyaluronidase. As a control, it has
been shown that extracts from strain Cp1120 (hyl, regR, [where
0 indicates the loss of function]) did not contain significant
hyaluronidase activity (Fig. 2B). Taken together, these results
demonstrate that the high level of hyaluronidase activity in
strain Cp8110 was exclusively due to Ayl derepression as a
result of the RegR loss-of-function mutation.

Hyaluronidase is considered to be a potential virulence pro-
tein (35). In order to evaluate the role of RegR in the regula-
tion of characterized virulence proteins in S. pneumoniae, en-
capsulated strains D39 (serotype 2) and 23477 (serotype 6B)
have been mutated by the deletion-replacement of regR. An
Hincll-Hincll fragment overlapping regR has been deleted and
replaced by the aphA3 cassette from pPJ1 (36) (see Materials
and Methods). This yielded the kanamycin-resistant deriva-
tives designated 23302 and D39::AregR, respectively (Table 1).
Whole-cell lysates from the RegR,, bacteria have been ana-
lyzed by Western immunoblotting with polyclonal antisera
raised against pneumolysin (Ply), autolysin (LytA), hyaluroni-
dase (Hyl), pneumococcal surface protein A (PspA), pneumo-
coccal surface adhesin A (PsaA), and choline binding protein
A (CbpA) (35, 42). In both the RegR,, derivatives 23302 and
D39::AregR, a marked increase in the intensity of anti-Hyl
reactive protein compared to that in the wild type was specif-
ically observed (Fig. 3A). Consistently, hyaluronidase-specific
activity in extracts from the RegR, derivatives 23302 and
D39::AregR was respectively 30- and 25-fold higher than that in
extracts from the corresponding RegR ™ strains (Fig. 3B). This
shows that RegR represses /iyl whatever the genetic back-
ground of the strain.

RegR and hyaluronidase in experimental virulence. The
contribution of Ayl to pneumococcal virulence is uncertain. For
strain D39, a type 2 capsular serotype, it was demonstrated
previously that the hyl, mutation further reduced the virulence
of a Ply~ derivative but was silent in the Ply™ isogenic strain in
a BALB/c mouse intraperitoneal infection model (11) (see
Materials and Methods). Here, the RegR, mutant gave us a
tool to explore the effect of Ayl derepression on virulence.
Evaluation of the virulence of the RegR,, derivative of D39
after intraperitoneal challenge of BALB/c mice showed that
the regR mutation did not affect virulence of the bacteria (data
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not shown). Surprisingly, strain 23302, the RegR, derivative of
strain 23477, was significantly attenuated in the BALB/c intra-
peritoneal challenge model. The median survival times of mice
challenged with 2.5 X 10° CFU of strains 23477 and 23302
were 9 and >14 days, respectively (P < 0.01) (Fig. 4A). Sim-
ilarly, the median survival time of Swiss mice challenged intra-
nasally with 10® CFU of 23477 was significantly lower than that
of mice challenged with the same dose of 23302 (P < 0.05)
(Fig. 4B). In another BALB/c intraperitoneal challenge exper-
iment using 107 CFU, mice challenged with 23302 survived
significantly longer than those challenged with 23477; median
survival times were 2 days and 1 day, respectively (P < 0.001)
(Fig. 5).

Derepression of hyaluronidase in vitro was associated with
attenuation of strain 23302. In order to investigate the impor-
tance of hyaluronidase in the residual virulence of this strain,
a 23302 derivative carrying the Ayl insertion mutation was ob-
tained and named 23322 (see Materials and Methods and
Table 1). A combination of both Ayl and regR mutations cul-
minated in strong attenuation of strain 23322. No mouse death
had occurred 10 days after intraperitoneal infection with strain
23322 (107 CFU/mouse), and the overall survival rate of mice
was significantly higher than that for mice infected with either
23302 (P < 0.01) or 23020 (P < 0.001) (Fig. 5). This demon-
strates that hyaluronidase is important for virulence expression
in vivo. It is possible that in the regR™ strain, virulence atten-
uation due to the Hyl defect is masked by the expression of
complementary virulence factors positively regulated by RegR.
Examination of colonies on agar plates indicated that the iso-
genic encapsulated wild-type 23477 and RegR,, 23302 strains
show comparable mucoid phenotypes (data not shown), sug-
gesting that the effect of RegR on virulence does not involve
gross modulation of capsule biosynthesis. When in parallel
experiments the regR hyl D39 double mutant strain was used,
no virulence attenuation was measured (data not shown), in-
dicating that in the S2 strain these mutations were silent with
regard to experimental virulence. Taken together, these results
highlight the importance of the bacterial genetic background
on the impact of a given virulence factor in experimental vir-
ulence and show the complexity of virulence factor regulation
in S. pneumoniae.

The first step in virulence expression is host colonization.
The role of RegR in the initial stages of host colonization has
been evaluated by measurements of adherence to alveolar ep-
ithelial (A549) cells (see Materials and Methods). Bacteria
from cultures at pH 8.0 from strain Cp1015 and its RegR,
derivative Cp8110 did not show any difference in their adher-
ence properties (50 CFU/100 cells). However, when bacteria
were grown at pH 7.0, a net twofold increase in adherence was
specifically observed for the wild-type strain. The number of
adherent bacteria from Cp1015 shifted to 100 CFU/100 cells,
and it remained at 50 CFU/100 cells for Cp8110. This indicates
that RegR activates the adherence of bacteria grown at pH 7.
Impact on adherence might account partly for the positive
effect of RegR on virulence; in any case, it reveals a role for
RegR in the bacterial response to pH.

RegR is an activator of competence, acting upstream of
CiaRH in addition to Nox. As adherence experiments revealed
a pH-dependent role for RegR, we have investigated its effect
on competence, a response highly controlled by the pH of the
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Strain Phenotype Median (Range)
23477 wild type 3.5(1.4-4.4)

p <0.01
23302 RegR, 113 (98-125)
D39 wild type 7 2.5(1-4.4)

p <0.01
D39::4regR RegR, 4 51 (48-52)

FIG. 3. Expression of characterized virulence proteins in RegR,, mutants from 23477 and D39. (A) Western blot analysis of cellular extracts
from wild-type strains 23477 (lanes 2, 6, and 10) and D39 (lanes 4, 8, and 12) and their regR derivatives 23302 (lanes 3, 7, and 11) and D39::AregR
(lanes 5, 9, and 13) with specific antisera against hyaluronidase (lanes 1 to 5), a mixture of CbpA, Ply, and LytA (lanes 6 to 9), and a mixture of
PsaA and PspA (lanes 10 to 13). Lane 1: purified hyaluronidase. The same amounts of bacterial extracts were loaded in each lane. (B) Increased
Hyl activity in 23302 due to regR mutation. Hyl activity in extracts was determined and expressed as described in the legend for Fig. 2.

culture. Indeed, in alkaline medium, competence has been
shown to develop in cultures growing exponentially, whereas
its expression is reduced and appears later when the pH of the
medium is neutral (12). In in situ transformation tests in soft
agar medium (see Materials and Methods) with bacteria from
early exponential cultures (OD,q, of 0.05 to 0.1), transfor-
mants from the wild-type strain were selectively obtained when
the test was performed at pH 8.0 and aerobically. Transfor-
mants from the RegR, mutant strain Cp8110 were also selec-
tively obtained at pH 8.0 from aerobically grown bacteria,
indicating that competence repression at pH 7.0 and under
microaerobiosis is not due to RegR (Table 2). However, re-

duced levels of transformant recovery for strain Cp8110 com-
pared to levels of recovery for the wild type (P < 0.01) show
indeed that the Lacl/GalR family regulator RegR is required
for optimal competence development in alkaline medium. The
effect of the regR mutation was abolished by the insertion
mutation in ciaR (Table 2), indicating that RegR acts upstream
of the competence signaling pathway including CiaRH and
ComDE (18). A similar conclusion had been obtained previ-
ously for the NADH oxidase Nox (2). In order to determine
the relative influence of these two functions on competence
development, strain Cp8156 (RegR, Nox,) has been con-
structed by transformation of Cp8056 with pTSS10 carrying the
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FIG. 4. Effect of regR mutation on virulence. Intraperitoneal (for BALB/c mice) and intranasal (for Swiss mice) challenges were performed with
strain 23477 and its isogenic RegR, derivative 23302 (see Materials and Methods). Inocula were 2.5 X 10° and 10° bacteria for intraperitoneal and
intranasal challenges, respectively. Dots represent the number of dead mice at a given time. The bars represent the median survival times. The

Mann-Whitney U test (one tailed) was used for analysis. wt, wild type.

regR, mutation (see Materials and Methods). Strain Cp8156
consistently gave significantly lower yields of transformants
than did strain Cp8110 (RegR,). For strains Cp8056 and
Cp8156, counts were too low to reveal any significant differ-
ence between the RegR,, Nox, and Nox, strains by the Mann-
Whitney U test (Table 2). It is therefore not possible to dis-
criminate between schemes involving cumulative effects of Nox
and RegR and epistasis of nox to the regR mutation. It has been
verified by Western blot analysis that the regR mutation did not
influence the cellular level of Nox in bacteria growing aerobi-
cally (data not shown). In any case, the data presented high-
light the role of both Nox and RegR upstream of CiaRH in the
positive regulation of competence in cultures growing aerobi-
cally in alkaline medium.

DISCUSSION

Our work focused on the global role of RegR in the physi-
ology of S. pneumoniae. Phenotypes associated with the loss-
of-function mutation in regR were identified in both in vitro
and in vivo studies. In vitro, RegR lowers the cellular level and
specific activity of hyaluronidase, irrespective of the genetic
background, increases adherence of bacteria grown at neutral
pH, and positively regulates competence. For competence, reg-

ulation by RegR occurs upstream of the signaling route
through CiaRH and ComDE. In a mouse model of infection,
attenuation of virulence, due to the regR deletion, depends on
the genetic background of the bacteria. Mutational analysis
and genetic dissection in the S2 genetic background did not
reveal any role for RegR and for hyaluronidase in virulence.
However, this strategy made it possible to establish the func-
tion of the global regulator RegR and of hyaluronidase in the
virulence of strain 23477, a 6B capsular serotype blood isolate.

We used genetic dissection to highlight the opposite effects
of RegR on the regulation of Hyl and on the regulation of
putative complementary virulence factors. The combination of
an insertion mutation in /4yl and a deletion-replacement mu-
tation in regR, leading to the loss of both proteins in strain
23322, severely reduced the bacterial virulence compared to
that of each single mutant strain 23302 and 23020. This allows
us to propose that in the RegR,, derivative (23302), virulence
might be attributed to iyl derepression, while the virulence of
the Hyl, RegR™ strain (23020) might be due to the expression
of uncharacterized virulence factors. In strain 23322, defects in
hyaluronidase due to the Ayl mutation and in unknown viru-
lence factors due to the regR mutation culminate in a strong
attenuation of the bacteria. Thus, RegR might be considered
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FIG. 5. Genetic evidence for the role of both hyaluronidase and
RegR in virulence of strain 23477. Bacterial suspensions correspond-
ing to 107 bacteria from cultures of strain 23477 (wild type [wt]) and its
isogenic derivatives 23302 (regR,), 23020 (hyl,), and 23322 (regR,, hyl,)
were used for intraperitoneal challenge of BALB/c mice. Representa-
tion and data analysis were as described in the legend for Fig. 4.

as a modulator of the expression of virulence factors, adjusting
their production to specific infection sites and thus optimizing
the infection process. Indeed, a site-specific role of hyaluron-
idase has been proposed by others. When clinical strains from
otitis media and meningitis cases were compared to commen-
sal isolates for their hyaluronidase production, both the fre-
quencies of producing strains and the levels of production
varied according to the isolate. The incidence of Hyl-producing
strains was 100% for cerebrospinal fluid (CSF) isolates, 84.6%
for otitis media isolates, and 11.5% for commensal strains (26).
High producers were found among the CSF isolates, and low
producers were found among strains from otitis media cases
and from the throat. In experimental virulence studies, the
addition of purified hyaluronidase to a type 6A clinical isolate
from CSF was required to cause meningitis in mice (53). More-
over, for strain 19F, attenuation due to a Ayl mutation was
specifically observed in an intranasal model but not in an
intraperitoneal challenge model, leading to the proposal that
hyaluronidase could be involved in the colonization of the host
(38). Thus, it is possible that hyaluronidase is temporarily in-
volved in the infection strategy of S. pneumoniae, in combina-
tion with other virulence determinants positively regulated by
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RegR. The regulatory role of RegR (acting negatively on Hyl
and positively on complementary virulence factors) might be a
result of the direct activation of specific genes, or it might be
indirect via the repression of repressors. More work is needed
to characterize the functions positively regulated by RegR.
Importantly, such studies might reveal specific ligands and
accessory proteins involved in the control of this virulence
modulator.

Adherence studies using A549 pulmonary epithelial cells
revealed that RegR increases the adherence of bacteria grown
at neutral pH. This trait might be important for the coloniza-
tion of the host. In any case, it reveals the contribution of
RegR to the bacterial response to the pH of the culture. How-
ever, RegR is not involved in competence repression at pH 7;
rather, genetic dissection revealed a positive role for RegR in
addition to Nox in competence development at alkaline pH,
upstream of the signaling route involving CiaRH and ComDE.
It is thus proposed that, in the presence of oxygen, pH-depen-
dent metabolic pathways adjust the cytoplasmic concentration
of RegR ligand, culminating in the activation of competence
and adherence. RegR might thus be considered as a port of
entry for metabolic signals in the global adaptive network of
S. pneumoniae.

The Lacl/GalR family consists of transcriptional regulators
involved in metabolic regulation. For S. pneumoniae, the char-
acteristics of MalR, a negative regulator of the maltose operon,
fit the canonical model described for other species (41). The
high level of similarity between RegR and KdgR, a repressor
of hexuronate utilization via the modified Entner-Doudoroff
pathway in B. subtilis (40), supports a role for RegR in this
metabolism. However, simple growth studies did not reveal
specific carbohydrate utilization or shifts in central metabolism
in vitro and in rich media due to RegR deficiency.

In conclusion, we have exploited the observation of different
phenotypes in different models and experimental approaches
to demonstrate the physiological impact of a global regulator
of the Lacl/GalR family in S. pneumoniae. The pleiotropic
effect of the regR, mutation demonstrates the role of this
regulator in the repression of the degradative enzyme hyal-
uronidase, with impact on experimental virulence for the S6
strain 23477. The physiological effect of RegR concerns both
competence and virulence expression. For competence, RegR
acts upstream of the signaling cascade involving CiaRH and

TABLE 2. Influence of RegR on competence expression”

Median % of No. of P value
Strain Phenotype transformants . compared
(range) expts to Cp1015®
Cp1015 Wild type 242 (0.6-5.2) 19
Cp8110 RegR,, 0.27 (0-2.5) 13 <0.01
Cp8056 Nox, 0.03 (0-0.2) 7 <0.01
Cp8156 RegR,, Nox, 0.02 (0-0.07) 6 <0.01
Cp1800 CiaR, 1.93 (1.1-6.8) 8 NS
Cp1810 CiaR, RegR, 5.82(0.8-10.1) 4 NS

“ Bacteria from exponential cultures (OD,o, = 0.1) were mixed with DNA
from strain Cpl016 carrying the Rif" mutation and plated in transformation
medium as described by Echenique et al. (18) and in Materials and Methods. The
percentage of rifampin-resistant colonies in the population was calculated and
values were compared by using the Mann-Whitney U test.

> NS, not significant.
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ComDE, in addition to the NADH oxidase Nox. Although the
effect of RegR was not observed with strain D39, the findings
in this work indicate its role both in vivo and in vitro via its fine
tuning of the expression of virulence and competence genes,
culminating in the adjusted response of the bacteria to specific
environmental conditions.
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