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The HtrA Protease of Streptococcus pneumoniae Controls Density-
Dependent Stimulation of the Bacteriocin blp Locus via Disruption of
Pheromone Secretion

Travis J. Kochan,? Suzanne Dawid®?

Department of Pediatrics and Communicable Diseases® and Department of Microbiology and Immunology,® University of Michigan, Ann Arbor, Michigan, USA

All fully sequenced strains of Streptococcus pneumoniae (pneumococcus) contain a version of the blp locus which is re-
sponsible for the regulation and secretion of a variable repertoire of pneumococcal bacteriocins called pneumocins and
their associated immunity proteins. Pneumocins mediate intra- and interspecies competition in vitro and have been
shown to provide a competitive advantage in vivo. Pneumocin production is stimulated by extracellular accumulation of
the peptide pheromone, BlpC. Both BlpC and the functional pneumocins are secreted out of the cell via the Blp trans-
porter, BIpAB. The conserved surface-expressed serine protease, HtrA, has been shown to limit activation of the locus and
secretion of functional pneumocins. In this work, we demonstrate that htrA mutants stimulate the blp locus at lower cell
density and to a greater extent than strains expressing wild-type HtrA. This effect is not due to direct proteolytic degrada-
tion of secreted pheromone by the protease, but instead is a result of HtrA-mediated disruption of peptide processing and
secretion. Because pneumocins are secreted through the same transporter as the pheromone, this finding explains why
pheromone supplementation cannot completely restore pneumocin inhibition to strains expressing high levels of HtrA
despite restoration of blp transcriptional activity. HtrA restricts pneumocin production to high cell density by limiting the
rate of accumulation of BlpC in the environment. Importantly, HtrA does not interfere with the ability of a strain to sense
environmental pheromones, which is necessary for the induction of protective immunity in the face of pneumocin-secret-

ing competitors.

he species Streptococcus pneumoniae is characterized by signif-

icant genomic diversity which allows for adaptation to chang-
ing pressures in the host environment, including pressure from
the resident flora (1-3). The blp locus, which encodes the blp bac-
teriocins (pneumocins), associated immunity proteins, and the
regulatory and secretion proteins required for pneumocin pro-
duction, is an example of how selective pressure exerted by other
members of the nasopharyngeal flora influences genomic content.
Although all strains examined to date have some version of the blp
locus, the locus is characterized by significant genetic diversity in
both the peptide pheromone and pneumocin content (4-7). The
blp locus includes genes encoding a typical two-component regu-
latory system (BIpR and BlpH), a peptide pheromone involved in
quorum sensing (BlpC), various bacteriocins/immunity proteins
located in the bacteriocin-immunity region (BIR), and an ABC
transporter complex (BlpAB) required for the processing and se-
cretion of BlpC and the bacteriocin peptides (Fig. 1A and B) (4, 5,
7). Pneumocin production is stimulated by the binding of secreted
BlpC to the histadine kinase, BlpH (Fig. 1A). Pneumocins, such as
the two-peptide bacteriocin pneumocin MN, have been shown to
play an important role in intraspecies competition in a murine
model (4). We had previously demonstrated that variations in the
integrity of BlpA, the BlpC specificity of BlpH, and the specific
content of bacteriocin and immunity peptides all play an impor-
tant role in dictating the outcome of competition between differ-
ent pneumococcal strains (8). As an example, a highly conserved
4-bp insertion in blpA can be found in nearly half of strains stud-
ied. This insertion results in a frameshift mutation that renders the
secretion apparatus nonfunctional. Strains with a nonfunctional
blpA gene are unable to secrete pheromone or pneumocins but are
still able to respond to exogenous pheromone due to a preserved
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two-component regulatory system allowing for the induction of
functional immunity genes (8). These “cheater” strains were pre-
sumably selected for because they avoid the energetic cost of pher-
omone and pneumocin secretion.

Previous studies have demonstrated that the expression of
pneumocins in the prototypic pneumocin-producing strain, 6A,
is repressed by the outer-surface serine protease, HtrA (9). HtrA is
a member of the DegP family of proteases and has been shown to
also play a role in regulating pneumococcal competence and sur-
vival during high-temperature growth (10-12). In the 6A back-
ground, HtrA had two distinct roles in reducing pneumocin ex-
pression: it both repressed pneumocin production by altering the
dose-response for the peptide pheromone BlpC and decreased
inhibition by reducing the amount of functional pneumocin (9).
The most straightforward hypothesis for this observation is that
HtrA activity either directly or indirectly results in the inactivation
of either the secretion apparatus or the secreted peptides them-
selves, including both pheromone and structural bacteriocins. Be-
cause the ability to sense exogenous peptide from competitor
strains is vital for the survival of the significant number of cheater
strains in the population, we were interested in determining if
HtrA activity would affect pheromone detection and, therefore,
the induction of protective immunity. In this work, we demon-
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FIG 1 HtrA alters the density of activation of the blp locus in the three most common pherotypes. (A) Diagramatic representation of the sequence of
BlpC-induced stimulation of the blp locus. 1, BlpC is produced as a preprotein inside the cell (small circles); 2, pre-BlpC is cleaved at a double glycine motif (GG)
and transported out of the cell by the BIpAB complex; 3, active BlpC binds to the histidine kinase, BlpH, resulting in (4) phosphor transfer to the response
regulator, BIpR; 5, phospho-BIpR upregulates all genes in the blp locus by binding to specific inverted repeats in the blp locus. (B) Diagramatic representation of
the blp locus and the reporter plasmid integration used for subsequent studies. Letter designations refer to blp alleles; BIR refers to a variable region containing
bacteriocins and immunity proteins; Ay, refers to the 5’ fragment of blpA cloned into the reporter plasmid; large arrows denote ORFs and direction of
transcription; and an X denotes the region of plasmid integration. Small black arrowheads signify the locations and directions of transcription of promoters and
the site of phosphor-BlpR binding. After plasmid integration, lacZ is driven by the proximal BIR promoter. (C to F) R6-derived reporter strains expressing
pherotypes BlpC, 4, (triangles), BlpCyr, (squares), or BlpCg, (circles) were assessed for activation of the blp locus throughout the growth phase. Dotted lines in
gray represent the respective growth curves. Reporter strains with wild-type htrA are represented by closed symbols; strains containing an in-frame unmarked
deletion of htrA are represented by open symbols. The active site HtrA mutation, HtrAg,5,,, was tested in the R6-responsive background as indicated in panel C
(closed diamonds). (F) Pherotype BlpCpg-expressing strains with htrA (closed squares) and without htrA (open squares) were assessed for blp activation at 32°C.
(G) Western blot analysis of lysates from strain PSD100 at different OD,, values for HtrA expression levels. Equivalent amounts of total protein were loaded in

each lane; membranes were probed with polyclonal HtrA antiserum.

strate that HtrA production reduces secretion of the three most
common BlpC types (pherotypes) in the same manner, suggesting
that the effect of HtrA is independent of the amino acid sequence
of the peptides. Despite the fact that the protease is primarily as-
sociated with the outer surface of the bacterium (11, 13), HtrA
affects only the amount of pheromone that is secreted but does not
appreciably lower the concentration of exogenous environmental
pheromones. The repressive effect of HtrA can be overcome at
high cell density through accumulation of a sufficient concentra-
tion of BlpC. In this way, HtrA protease activity effectively con-
trols the density-dependent regulation of the locus without inter-
fering with pheromone sensing, preserving the ability of bacteria
to sense pneumocin-producing competitors in the nasopharynx.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Streptococcus pneumoniae
strains used are described in Table 1. S. pneumoniae was grown at 37°C in
Todd-Hewitt broth supplemented with 0.5% yeast extract (THY) or at
37°C in 5% CO, on tryptic soy agar plates supplemented with Catalase
(Worthington, Lakewood, NJ) (4,741 U) or 5% sheep blood (SBA). Esch-
erichia coli strains were grown in Luria-Bertani (LB) broth or LB agar
supplemented with the appropriate antibiotics at 37°C. Antibiotic con-
centrations used were as follows: for S. pneumoniae, 500 pg/ml kanamy-
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cin, 100 pg/ml streptomycin, 2 pg/ml chloramphenicol, 1 pg/ml eryth-
romycin, and 200 pg/ml spectinomycin; and for E. coli, 50 pg/ml
kanamycin, 20 wg/ml chloramphenicol, 100 pg/ml erythromycin, and
100 pg/ml spectinomycin.

Construction and analysis of reporter constructs, chimeras, and
HtrA mutants in R6. In order to detect the transcriptional activity of the
blplocus, we utilized an existing R6 derivative (PSD100) that contained an
active blp locus from a serotype 6B strain (P639). The construction of this
strain has been previously described (8). In addition to a portion of the
type 6B blp locus that includes blpA downstream of the BIR, this strain
contains a reporter plasmid integration at the proximal BIR promoter,
resulting in a promoterless lacZ gene fused to the promoter driving pneu-
mocin gene expression (Fig. 1B). Sequence analysis verified that this strain
contains R6-derived sequence beginning upstream of the blpB gene, in-
cluding the R6-derived blpC allele and corresponding blpRH genes but an
intact blpA gene and BIR region derived from the 6B strain. We then
created a series of reporter strains with different blpC and blpH alleles by
cloning the region flanking the bipC gene from Réx into pCR2.1 using
primers 4 and 5, creating plasmid pE104 (primers are listed in Table 2).
blpCwas then deleted from this plasmid using inverse PCR with primers 1
and 2, introducing a Smal site in place of the blpC gene, creating plamid
pE133. The Janus cassette (14), which contains the gene for kanamycin
resistance and the rpsL gene for streptomycin sensitivity, was amplified
and ligated into the Smal site. The ligation product was used to transform
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TABLE 1 Strains and plasmids used in this study

HtrA Disrupts blp Pheromone Secretion in Pneumococcus

Strain or plasmid Description® Reference or source
Strains
R6x Unencapsulated laboratory strain with rpsLys4;5 St* 29
R6 Unencapsulated laboratory strain; St sensitive 30
P376 Serotype 6A isolate; exhibits BIpCg, secretion 31
P764 Serotype 6B isolate; exhibits BlpC, ¢, secretion; Em 32
D39 Serotype 2 30
P76 D39 (rspL1-htrA:kan-rpsL™) (Janus); Kn" M. E. Sebert personal collection
P81 P76 (rspL1AhtrA,gg ;,55); St° M. E. Sebert personal collection
P639 P764 X pE57, resulting in a BlpC, ¢, reporter; Cm" Em" 8
P1822 P1720 (htrAg,3,44) active site mutation; St* 9
PSD100 R6x X P639, resulting in a BlpCyg reporter; St* Cm" This study
PSD101 PSD100 (blpC::aad9); Cm" Sp* This study
PSD102 PSD101 (htrA:kan-rpsL™); Cm" Kn" Sp* This study
PSD103 PSD101 but AhtrA,gg ;5,5 Cm" St This study
PSD104 PSD100 (htrA::kan-rpsL™); Cm" Kn" Sp* This study
PSD105 PSD100 but AhtrA g ;50 Cm" St* This study
PSD106 PSD100 (blpC::kan-rpsL™*); Cm" Kn" This study
PSD107 PSD100 but blpHC,,; Cm" St* This study
PSD108 PSD107 (htrA:kan-rpsL™); Cm" Kn" This study
PSD109 PSD107 but AhtrA g ;5,5 Cm" St This study
PSD110 PSD107 but blpC::aad9; Cm" Sp* St* This study
PSD111 PSD109 but blpC::aad9; Cm" Sp* St This study
PSD114 PSD100 but blpHC,4,; Cm" St This study
PSD115 PSD107 (blpC::kan-rpsL™*); Cm" Kn" This study
PSD116 PSD114 (htrA::kan-rpsL™); Cm" Kn" This study
PSD117 PSD114 but AhtrA g ;155 Cm" St This study
PSD118 PSD107 but blpH,-blpCpg; Cm" St* This study
PSD119 PSD118 (htrA:kan-rpsL™); Cm" Kn" This study
PSD120 PSD118 but AhtrA,gg ;5,5 Cm" St This study
PSD121 PSD114 (blpC::aad9); Cm" Sp* This study
PSD122 PSD121(htrA:kan-rpsL™); Cm" Kn" This study
PSD123 PSD121 but AhtrA g ;150 Cm" St* This study
PSD124 PSD100 but htrAg,;,,; Cm" St This study
PSD125 PSD100 but blpCyy 4 Cm" St This study
PSD126 PSD125 (htrA:kan-rpsL™); Cm" Kn” This study
PSD127 PSD125 but AhtrA,gg ;5,5 Cm" St This study
PSD128 PSD125 (blpA::kan-rspL™); Cm" Kn" This study
PSD129 PSD125 but AblpA;_,,; Cm" St This study
PSD130 PSD127 (blpA::kan-rpsL™); Cm" Kn" This study
PSD131 PSD127 but AblpA;_,,,; Cm" St" This study
PSD132 R6 X PSD100, resulting in a BlpCg, reporter; Cm* This study
PSD133 PSD132 (htrA::erm); Cm" Em"® This study
PSD134 PSD132 (rpsLyser); Cm" St This study
PSD135 PSD133 (rpsLyser); Cm' St* Em” This study
Plasmids
pEVP3 Reporter plasmid for integration in S. pneumoniae; Cm" 33
pE57 pEVP3 derivative with promoter of blpQ from strain P764 cloned upstream of lacZ; Cm" 8
pE104 blpC region from R6 cloned into TOPO vector; Am" Kn" This study
pE133 Derivative of pE104 with an in-frame deletion of blpC generated by inverse PCR This study
pE132 pE133 derivative with blpC::aad9 deletion cloned in place of blpC; Sp" Am" Kn" This study

@ Abbreviations used: Sp, spectinomycin; Am, ampicillin; Cm, chloramphenicol; Kn, kanamycin; Em, erythromycin; St, streptomycin; 1, resistance. AhtrA,gs_;;5, is htrA with

nucleotides 298 to 1152 deleted; AblpA;_, is blpA with nucleotides 5 to 707 deleted.

PSD100, and kanamycin-resistant, streptomycin-sensitive transformants
were obtained. Allelic exchange of the blpC gene for the Janus cassette was
verified by PCR. The Janus cassette was replaced with the blpCH region
from P376, resulting in BlpCg, secretion and responsiveness, or with the
corresponding region from strain P764 (resulting in BlpC, 4, secretion
and responsiveness), using PCR products created using primers 3 and 4,
creating strains PSD107 and PSD114, respectively. The resulting kanamy-
cin-sensitive streptomycin-resistant strains were sequenced to verify cor-
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rect replacement and streaked on media containing 500 ng/ml of each
synthetic active peptide (sBlpC) (Genscript, Piscataway, NJ) and X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) to verify correct
pherotype responsiveness. BlpC amino acid sequences are listed in
Table 3; the sBlpC peptides used consisted of only the active peptide re-
gion. BlpC deletion strains were created in each background using plas-
mid pE132 containing a spectinomycin cassette in place of the blpC gene
created by ligating a blunt-ended spectinomycin cassette into the Smal
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TABLE 2 Primers used in this study

Primer Sequence Description

1 CAG AGG CCC GGG CAT GTT ATG ATT CTCCTT TTT Forward primer for inverse PCR to make deletion in blpC

2 GAG GCG CCC GGG TAA AAA CAA GAC CGA GAA AC Reverse primer for inverse PCR to make deletion in blpC

3 TCC AAC TAA AGC CCA TAC CG Forward primer in blpS

4 CAA CAA ATT GGA GAA TAT CAA GAG Reverse primer in blpB

5 TTG GAT ACC TAT TTG AAG GA Forward primer in blpH

6 GAC CGG ATC CCT ATA AAA ACA AGA CCG AGA AAC Reverse primer in blpC to introduce BamHI site

7 GAC GGA TCC TTA TTT ATC ATC ATC ATC TTT ATA ATC TTT ATC ATC Forward primer in blpC introducing two FLAG tags and a

ATCATCTTT ATA ATC TAG CTG AAT AGG TAG TTC AAG TGC BamHI site

8 GACTTG CCC GGG TCATTA GCT TTT TTA GTG GA Forward primer used to amplify Janus cassette and
introduce Smal site

9 GAC TTC CCC GGG GAG CACTTT GTA AGT CTG TTG Reverse primer used to amplify Janus cassette and
introduce Smal site

10 GAT AAA AAT GGC TCC TCT GC Forward primer in blpB

11 CTG GAT GTT TCT ATT CTG ATT CT Reverse primer in blpA

12 GAG CGG ATC CAT AAG AAGTCATTG GCA ATT CC Forward primer in blpA introducing a BamHI site

13 GAG CGG ATC CCA AGG TTT CTA CCA TCA TCT Reverse primer in blpA introducing a BamHI site

14 TCA AAA ATA ATT CGC GTC TG Reverse primer in blp lacZ

15 TTA AGA AAA AAG CCG GGAAAATTCC Forward primer in htrA

16 CGC GTG CTT CTT CTATTG GGT TTA A Reverse primer in htrA

17 CTATTT TGT GCT TCCATT TTT G Forward primer in blpH 312 bp from ATG

site of plasmid pE133. Strains were screened for expected responsiveness
by plating on media with sBlpC and X-Gal as described above. Chimeric
strains were created by introducing the Janus cassette into the blpC gene of
the PSD107 strain. Strains with the Janus cassette in the blpC gene but
maintaining responsiveness to sBlpCy, were chosen for allelic replace-
ment with the blpC region from R6. The resulting streptomycin-resistant
transformants were screened by PCR and sequencing for replacement of
only the blpC gene and retention of the 6A-derived blpH allele. An
epitope-tagged version of BlpCr, was created by amplifying DNA from
strain R6 with primer pair 5 and 6 and primer pair 4 and 7 that engineers
two in-frame FLAG tags to the C-terminal end of BlpCy, followed by a
BamHTI site, digesting with BamH]I, ligating products, and transformation
into strains with the exchangeable Janus cassette in blpC, resulting in
strain PSD125. Streptomycin-resistant strains were analyzed for Janus
replacement as described above, and the exchanged region was sequenced
using primers 3 and 4. The amino acid sequence of the resultant BlpCpy 5
is included in Table 3.

blpA deletions were created by cloning a fragment of the R6 region of
blpA into pCR2.1 Topo vector (Invitrogen), digesting the plasmid with
Ndel, blunt ending with T4 DNA polymerase, and ligating the Janus cas-
sette amplified with primers 8 and 9 cut with Smal. The ligation reaction
was used to transform the BlpCp; ,-containing PSD125 strain, creating
strain PSD128. Insertion was confirmed by PCR. In-frame, unmarked
blpA deletions were made by amplifying R6 DNA with primer pair 10
and 13 and primer pair 12 and 14. Products were digested with BamHI,
ligated, and transformed into the Janus PSD128 strain described
above, creating strain PSD129. Deletions were confirmed by PCR and
sequencing.

In-frame, unmarked htrA mutations were introduced into each back-
ground using genomic DNA from a homologous D39 strain containing a

TABLE 3 BlpC type and amino acid sequence

Janus cassette in place of the internal portion of the htrA gene. In-frame
deletions were constructed using genomic DNA derived from P81, a D39
strain with an in-frame, unmarked deletion of the htrA gene. Transfor-
mations were confirmed by PCR and complete loss of expression of HtrA
by Western blot analysis. To create the PSD100 strain containing the htrA
allele with an active site mutation, a PCR product from strain P1822 with
primers 15 and 16 giving 500 bp flanking either side of the htrA open
reading frame (ORF) was used to replace the Janus cassette in htrA, result-
ing in strain PSD124.

To determine the effect of streptomycin resistance on the role of HtrA
in the density-dependent control of blp transcription, DNA from strain
PSD100 was used to transform the streptomycin-sensitive strain, R6, cre-
ating strain PSD132. Transformants were confirmed to be streptomycin
sensitive after they were selected for chloramphenicol resistance and self-
induction on plates containing X-Gal. Because Janus exchange cannot be
used in streptomycin-sensitive strains, a deletion in htrA was introduced
into this strain background by moving a PCR product generated using
primers 15 and 16 from an existing htrA::erm deletion mutant into the R6
reporter background, creating strain PSD133. To directly analyze the role
of streptomycin resistance in HtrA activity, the streptomycin resistance
gene was moved into both the HtrA-sufficient and -deficient backgrounds
using genomic DNA from the Ré6x strain and selecting for streptomycin
resistance, creating strains P134 and P135, respectively.

Pneumococcal transformations were performed as previously described
(9, 15) except that strains were grown in THY medium to an optical density at
620 nm (ODy,,) of 0.2 to 0.4 and then diluted into C+Y (pH 8.0) medium
(15) prior to addition of CSP1 (EMRLSKFFRDFILQRKK) and DNA.

Determination of transcriptional activity of reporter strains. Tran-
scriptional activity of the reporter strains was determined by assessing
B-galactosidase activity using the substrate o-nitrophenyl-f-p-galactopy-

BlpC type Signal sequence sBlpC sequence Mw*

BIpCie, MDKKQNLTSFQELTTTELNQIIGG GWWEDFLYRFNIIEQKNTKGFYQPIQL 6.1/3.4
BlpCprg MDKKQNLTSFQELTTTELNQITGG GWWEELLHETILSKFKITKALELPIQL 5.9/3.2
BlpCe, MDKKQNLTSFQELTTTELNQITGG GLWEDILYSLNIIKHNNTKGLHHPIQL 5.8/3.2
BlpCpiac MDKKQNLTSFQELTTTELNQITGG GWWEELLHETILSKFKITKALELPIQLDYKDDDDKDYKDDDDK 7.9/5.2

“ MW, predicted molecular weight of preprotein/mature protein.
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ranoside (ONPG). For strains with intact loci, pneumococcal strains were
streaked onto SBA and inoculated into THY medium with chloramphen-
icol and grown to an OD,, of 0.5. Cultures were frozen in 20% glycerol.
For growth curve assays, 100 pl of thawed culture was added to 15 ml of
THY. To avoid the potential effect of antibiotic exposure on HtrA activity,
chloramphenicol was not added to the media during growth for any nat-
ural or stimulated assay. Plasmid integration stability was assessed by
comparing colony counts of select reporter strains on media with and
without chloramphenicol. No evidence of plasmid excision was noted
even after multiple passages without selection (not shown). Growth was
followed by assessing OD,,, every 30 min, and samples were taken every
30 min when the ODy,, reached 0.050. Samples (100 pl) were lysed by the
addition of 1 pl 10% Triton X-100 and stored on ice until completion of
the assay. Plates were incubated at 37°C for 10 min and examined for
complete lysis of cells. A 25-pl volume of ONPG in 5X Z-buffer (5 mM
MgCl, 50 mM KCl, 0.3 M Na,HPO,, 0.2 M NaH,PO,, 250 mM (-mer-
captoethanol, 4 mg/ml ONPG) was added, and the reaction was allowed
to continue until color change was appreciated or for 45 min if no color
change was appreciated. A 50-pl volume of 1 M NaCO; was added to stop
the reaction, and plates were read at OD,; 5 and ODs5,,. Miller units were
determined as previously described (16). Sample procedures were per-
formed in triplicate.

For strains with blpC disruptions, 100-pl glycerol stocks prepared as
described above were diluted into 10 ml of fresh THY medium and al-
lowed to grow to an ODg,, 0f 0.10. Aliquots (100 pl) of cells were added to
a 96-well plate containing 2-fold dilutions of sBlpC in 10 ul of sterile
water. Blank wells with medium alone and cells exposed to water only
were used as controls. Plates were incubated for 1 h at 37°C before lysis
with 1 pl of 10% Triton X-100, and Miller units were determined as
described above. To calculate the value at which 50% of maximal activa-
tion is reached for each strain (50% effective concentration [ECg]), con-
centrations of sBIpC were converted to log values and Miller units were
normalized by setting the top value of each sample at 100% and the bot-
tom value at 0%. ECs,s and 95% confidence intervals were calculated
using Prism 5.0.

For quantification of BlpC in supernatants of stimulated chimeric
strains, glycerol stocks of the PSD118 strain with and without htrA dele-
tions were grown to an ODy,, 0f 0.3 in 5 ml THY medium. sBIpCy, at the
indicated concentrations was then added to the culture and allowed to
incubate for 1 hat 37°C. Cells were removed by centrifugation at 5,000 X g for
5 min, and culture supernatant was sterile filtered using a 0.22-pm-pore-
size syringe filter. Overall secretion of the pheromone was detected by the
use of a blpC deletion reporter strain, PSD101. PSD101 was allowed to
grow to an ODy,, 0f 0.4, and 50 .l of filtered supernatant was added to 50
! of the reporter strain in a 96-well plate. Unstimulated supernatant and
blank medium were used as controls. Reporter strains plus filtered super-
natant were allowed to incubate for 1 h at 37°C, and a B-galactosidase
assay was performed as described above. To create a dose-response curve
corresponding to sBlpCg, data, 2-fold dilutions of sBIpCy, were used in
place of blank medium for PSD101 cells and assayed in parallel with the
supernatants described above. A dose-response curve was generated after
converting concentrations to log values and after transforming data by
setting low and high values to 0% and 100%, respectively. BlpCy, concen-
trations in supernatants were derived using this equation.

Western blot analysis of pneumococcal proteins. Pneumococcal
strains were grown in THY medium to the indicated optical density. Cells
were then prepared as pellets and resuspended in CelLytic B lysis buffer
(Sigma-Aldrich). Protein concentrations were determined following the
manufacturer’s specifications by the use of Micro BCA (Pierce). Equal
amounts of protein were boiled in sample buffer for 5 min and then
separated on Tris-HCI (4% to 15%) or 16% Tris-Tricine polyacrylamide
gels. To evaluate stimulated FLAG constructs, cultures were grown to an
ODg,, of 0.2 and stimulated with 100 ng/ml of sBIpCy,. Samples were
taken at the indicated time points, prepared as pellets, and lysed. To eval-
uate unstimulated FLAG-expressing constructs, strains were grown to an
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ODq,, of 0.5 and 2 ml of cells was prepared as pellets and resuspended
directly in 50 .l of loading buffer to obtain maximally concentrated sam-
ples. Gels were transferred to a 0.45 M polyvinylidene difluoride (PVDF)
membrane (Immobilon; Millipore). The membrane was blocked with
Tris-buffered saline (TBS) and 5% nonfat dry milk for 1 h. The membrane
was first probed with primary antibody and anti-FLAG M2 antibody
(Stratagene) at a 1:2,000 dilution or HtrA polyclonal antiserum (11) at a
1:2,000 dilution overnight and then washed 3 times with TBS with 0.5%
Tween 20. The membrane was then incubated with a horseradish perox-
idase-conjugated anti-mouse secondary antibody (FLAG) or an anti-rab-
bit secondary antibody (HtrA). After washing, the membranes were incu-
bated with SuperSignal West Pico chemiluminescent reagents (Pierce).
For quantification of processed and unprocessed forms of epitope-tagged
BlpC, images were obtained with a FluorChem M image processor (Pro-
tein Simple) and band quantification was performed using Alphaview
software. Local background was subtracted from each band. Top and
bottom bands were added and percentage values determined for each
band as a fraction of the total signal.

Proteinase K treatment of FLAG-expressing contructs. Strains were
grown to an ODg,, of 0.2 and induced with 100 ng/ml of BlpCy, for 60
min at 37°C. Three separate 1-ml aliquots of each culture were prepared as
pellets by centrifugation at 2,500 X g for 5 min. Pellets were resuspended
in 100 pl of phosphate-buftered saline (PBS) alone or PBS with 0.2 mg/ml
of proteinase K and incubated at 37°C for 15 min. One pellet of each strain
was resuspended in CelLytic B lysis buffer (Sigma-Aldrich) prior to addi-
tion of proteinase K. After 15 min, phenylmethylsulfonyl fluoride (PMSF)
was added to reach a final concentration of 5 mM to inhibit further diges-
tion, unlysed samples were prepared as pellets, and pellets were resus-
pended in Tricine loading dye. Loading dye was added directly to lysed
samples.

RESULTS

HtrA restricts activation of the blp locus at low cell densities in
all three pherotypes. In order to assess the role of HtrA in strains
with different pherotypes, we created a series of blp reporter
strains based on the R6 laboratory strain that differed only by their
blpHC sequences. These constructs were created in a derivative of
the R6 laboratory strain in which the existing, nonfunctional blp
locus was replaced with a functional locus derived from strain
P764 (8). These strains contain a reporter plasmid insertion at the
5" end of the BIR region that results in a lacZ gene fused to the
promoter driving pneumocin and immunity protein production
(Fig. 1B). Using allelic exchange, three reporter strains were cre-
ated that contain the three most common BlpC types found in the
pneumococcal population (BlpCpgg, BlpCq,, and BlpC,,) along
with their corresponding BlpH alleles. Cultures were inoculated at
a low ODq,, of <0.005, and samples were taken every 30 min
beginningatan ODg,, 0f 0.05 to assess natural activation of the blp
locus. Strains expressing the three different BlpC pherotypes had
similar patterns of induction, with activation of BIR transcription
occurring during the mid-exponential phase at an ODy,, of be-
tween 0.4 and 0.5 (Fig. 1C to E). Each pherotype-specific strain
had a distinct peak level of activation; the BlpCg,-expressing
strain had a significantly lower maximal level of activation than
the R6 and P164 pherotype strains (Fig. 1D). Unmarked deletions
of htrA were introduced into each reporter strain by allelic ex-
change, and growth and activation curve analyses were repeated.
Activation of the blp locus occurred at lower cell densities in
strains expressing all three pherotypes, and peak levels of tran-
scription were higher in the htrA deletion strains than in the
matched wild-type (WT) strains (Fig. 1C to E). The BlpCq, phero-
type strain with an htrA deletion showed significantly higher and
faster transcription than the BlpCq, strain with wild-type htrA,
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FIG 2 HtrA does not affect the dose-response curve corresponding to blp activation with respect to exogenous BlpC of the three most common pherotypes or
the maximal level of induction. (A) Diagrammatic representation of the blp reporter strains with a deletion in the blpC gene. All three pherotype-responsive
strains were tested separately. (B) BlpC knockout strains were stimulated with increasing concentrations of their cognate BlpC types. Triangles designate BlpC, ¢,
responsive, squares BlpCp, responsive, and circles BlpCg,-responsive strains. (C) ECsos were computed from dose-response curves in all three pherotype-
responsive strains by comparing strains with (closed symbols) and without (open symbols) HtrA expression. Bars denote 95% confidence intervals. (D) Miller
units following induction with saturating concentrations (500 ng/ml) of sBIpC. The WT strains of all three pherotypes are indicated by black bars; the respective
htrA mutants are indicated by white bars. Differences between wild-type and htrA-deficient strains were not significant by a Student ¢ test.

but peak levels of activation were lower than those appreciated
with the htrA mutants in the R6 and P164 pherotype strains.

HtrA is required for normal growth of S. pneumoniae under
conditions of high incubation temperatures (10). In E. coli, pro-
teolytic activity of the HtrA homologue, DegP, is enhanced at
elevated temperatures whereas chaperone-like functions predom-
inate at lower temperatures (17). To address the potential role of
incubation temperature in the early induction seen with htrA mu-
tants, we assessed the induction patterns of wild-type and htrA
deletion strains in the BlpCg, background at a low incubation
temperature of 32°C. HtrA mutants had similar early and elevated
levels of blp transcription compared with the wild-type strain at
37°C (Fig. 1F). To determine if HtrA protease activity was re-
quired for the delayed activation in strains expressing wild-type
HtrA, the htrAg,;,, allele, containing a serine-to-alanine mutation
of the active site serine residue, was introduced into the BlpCgq
reporter strain via allelic exchange. The reporter strain with the
active site mutation had a phenotype of blp activation that was
indistinguishable from that of the htrA deletion strain (Fig. 1C),
demonstrating that HtrA proteolytic activity is required for the
density-dependent control of blp locus activation.

We have shown previously that certain naturally occurring
phenotypic variants of S. pneumoniae demonstrate growth-phase-
dependent expression of HtrA (9). Opaque variants have a de-
crease in HtrA levels at the late exponential phase which is thought
to explain their high levels of pneumocin activity compared with
those of transparent variants in which HtrA levels are relatively
constant. To determine if a decrease in HtrA expression at higher
cell density was responsible for the activation of the locus in wild-
type strains, HtrA levels were assessed throughout the growth
phase by Western blot analysis using anti-HtrA antiserum
(Fig. 1G). HtrA levels did not appreciably decrease during the
exponential phase, suggesting that variations in the amount of
HtrA produced do not contribute to the density-dependent acti-
vation of the locus in this strain background.

HtrA does not affect the response to exogenously added
BlpC. Evaluation of wild-type reporter strains demonstrated that,
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in the absence of htrA, initiation of BIR transcription occurs at a
lower cell density. To address whether the HtrA-mediated control
of blp activation could affect the response to environmental phero-
mone, we introduced a deletion in the blpC gene of each of the
reporter strains and the corresponding htrA mutants (Fig. 2A).
These constructs allowed us to perform accurate dose-response
curve analyses with defined concentrations of sBlpC by eliminat-
ing the positive-feedback amplification of transcriptional activa-
tion due to BIpC secretion. Cultures at an ODg,, of 0.1 were in-
duced with increasing concentrations of the appropriate sBlpC,
and transcriptional activity was assessed 1 h after stimulation.
Dose-response curves were evaluated in each background and
ECs,s calculated (Fig. 2B and C). In each case, HtrA mutants had
ECs,s identical to those of their WT counterparts (Fig. 2C). The
BlpCg, pherotype strains had a higher EC;,, than the BlpCgy, and
BlpC, ¢, pherotype strain pairs, suggesting that the lower maximal
activation levels that were seen in strains expressing the 6A phero-
type under natural induction conditions were due to a dampened
transcriptional response to pheromone that is independent of
HtrA (Fig. 1E and 2B and C). When saturating concentrations of
BlpC were added, however, all pherotypes reached similar levels of
maximal transcriptional activity (Fig. 2D).

HtrA affects the amount of BlpC that is secreted into the en-
vironment. Because natural induction experiments suggested
that HtrA suppresses activation of the blp locus at low cell densi-
ties, but pheromone knockout strains did not support a role for
HtrA in degradation of exogenous peptide, we hypothesized that
HtrA may impact the amount of secreted pheromone. To address
this, we created a series of chimeric strains that would allow us to
examine the role of HtrA in endogenous BlpC production alone.
Strains were created that contain a mismatched blpH and bipC
pair. This approach allowed us to activate the locus with sBlpC of
one type and assess the amount of BlpC secreted into the culture
supernatant of another type (Fig. 3A). This strategy eliminated the
contribution of BlpC amplification of its own signal to the overall
activation of the secreting strain. Using allelic exchange, we cre-
ated the PSD118 strain. This strain was confirmed to respond to
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FIG 3 HtrA affects secretion of endogenous BlpC. (A) Diagrammatic representation of the proposed mechanisms and genetic compositions of the BlpC
producer and detector strains used in this assay. PSD118, a reporter strain with a BlpCg,-responsive BlpH (designated by a triangle) but containing a
blpCpg allele (designated by a circle), was stimulated with exogenous sBIpCg,. Secretion of BlpCp, into the medium by this strain was detected by the
BlpCre-specific, blpCknockout PSD101 strain. (B) Chimeric strain PSD118 (filled squares and bars) or the chimeric strain with a deletion in htrA, PSD120
(open squares and bars), was induced with increasing concentrations of sBlpCg, for 1 h. Stimulation of the chimeric strains with synthetic peptide was
determined by a Miller assay (line graph). Secretion of endogenous BlpCy4 was assessed by exposing the BlpCys-responsive reporter strain to filtered
supernatant, and corresponding BlpCy, concentrations were determined by interpolation based on the dose-response curve with respect to sBlpCg (bar
graph). Asterisks denote differences between wild-type and AhtrA strains determined by a Student ¢ test. *, P = 0.0001; **, P = 0.002. (C) Secreted BlpCg
amounts for each of the three stimulatory concentrations of BlpC,,. Numbers placed next to boxes denote the concentrations of stimulatory sBlpCg
used. Secreted values after conversion to log values are shown as closed (wild-type) or open (AhtrA) squares. Small circles denote the dose-response curve
with respect to the BlpCyq-responsive reporter for synthetic BlpCrg. (D) The specificity of the chimeric strain for BlpC, was confirmed by performing
a Miller assay on the chimeric strain after exposure to 500 ng/ml of BlpC, or BlpCy, for 1 h. *, P = 0.0006. (E) sBlpC,, does not interfere with detection
of BlpCpr, by the BlpCrg4-specific reporter strain. Response to the noted concentrations of BlpCr, with and without the addition of a 10-fold excess of
BlpCg, was measured by determining Miller units 1 h after stimulation. (F) Comparison of the responses of BlpCyg-specific reporter strains with (black
bars) and without (open bars) a functional htrA gene to supernatant-derived BlpCp, secreted by strain PSD120 following induction with 5 or 500 ng/ml
of sBlpCg,. Values were not statistically different by a Student ¢ test.

exogenous sBIpCg, by activation of the BIR promoter in a dose-  comparing levels of activation seen with cell-free supernatant to

dependent manner similar to that seen with our blpC deletion
reporters (Fig. 3B). Endogenous BlpCp, secretion by the chimeric
strain was detected by assaying filtered supernatants of stimulated
cultures for the presence of BlpCp, using PSD101, a BlpCpyg-re-
sponsive reporter strain containing a deletion in blpC. Concentra-
tions of secreted BlpCpg in the supernatant were determined by
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those seen with known concentrations of synthetic peptide
(Fig. 3C). We confirmed that the chimeric strain does not respond
to its own BlpCg, peptide (Fig. 3D). We also confirmed that the
presence of high levels of sBlpCg, in the supernatant does not
interfere with the sensitivity of the BlpCg reporter strain to se-
creted BlpCyg (Fig. 3E). In-frame unmarked htrA deletion muta-
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tions were introduced in the chimeric reporter strain to assess the
role of HtrA in secreted pheromone levels. The chimeric blpH,-
blpCre-containing strains with and without htrA were stimulated
with 10-fold dilutions of sBlpCg, ranging from 0.5 to 500 ng/ml.
BlpCpg secretion could be detected in the media with concentra-
tions of sBIpCg, that resulted in activation of the BIR promoter in
the chimeric strain (5 to 500 ng/ml). Although levels of BIR tran-
scription in the chimeric strains with and without htrA were in-
duced by exogenous sBlpC, to similar degrees, secreted BlpCpg
levels differed markedly between the two strains (Fig. 3B). Signif-
icantly more BlpCp, was detected in the medium of the htrA mu-
tant. Extrapolated BlpCg, concentrations in the media demon-
strated that over 90% of active BlpCpq is eliminated by the
presence of HtrA. Similar results were noted for the reverse chi-
meric strain pair that was engineered to respond to sBlpCg, and
secrete BlpCg, (data not shown).

HtrA does not affect the response to extracellular, naturally
produced BlpC. Because the dose-response experiments on re-
porter strains with blpC disruptions were performed with syn-
thetic BlpC, we could not address whether uncharacterized post-
translational modifications of the peptide pheromone that could
be present in endogenously produced BlpC were responsible for
the difference in wild-type and htrA deletion strains. To address
this possibility, supernatants containing BlpCyg derived from the
stimulation of the chimeric strain with a mutation in htrA were
used to stimulate the BlpCr4-responsive reporter strains with and
without a deletion in htrA. No difference in the levels of respon-
siveness to nonsynthetic BlpCys was noted in comparisons of the
two strains, demonstrating that HtrA does not affect the dose-
response curve of naturally secreted BlpCr, when it is exogenously
applied (Fig. 3F).

HtrA decreases BlpC secretion by affecting ABC transporter
processing following pheromone-mediated stimulation of the
blp locus. Our observation that HtrA decreases the amount of
secreted peptide pheromone but does not act upon environmental
peptides suggests that HtrA either was degrading newly synthe-
sized peptides immediately upon transport out of the cell or was
interfering with transport via disruption of ABC transporter func-
tion. To better address these possibilities, we created a pair of
active reporter strains with and without htrA in which the blpCpg
gene had been replaced with a blpC gene encoding two FLAG tags
at the C terminus of the peptide, resulting in production of
BlpCpyag- To demonstrate the role of BIpA in processing and se-
cretion of the BlpCp,; 5 peptide, a BlpCy 4 g-expressing strain was
also made in the presence of an in-frame, unmarked deletion of
the blpA gene. Miller assays performed on broth-grown cells
without synthetic peptide addition did not show evidence of
BlpCpy ag-mediated activation, suggesting that the epitope tag in-
terferes with normal function of the pheromone (data not
shown). To examine the role of HtrA during pheromone-medi-
ated induction of the locus, cells were induced with sBlpCg, and
samples were taken at 0, 15, 30, and 60 min postinduction.
BlpCpy ag populations in whole-cell lysates were assessed by West-
ern blot analysis and BIR transcript levels determined by 3-galac-
tosidase assays. Strains induced with sBlpCy4 showed rapid accu-
mulation of two forms of FLAG-tagged peptide with molecular
weights (MW) consistent with the presence of a full-length pre-
peptide (preBlpCy; o¢; predicted MW, 7.9) and a processed form
of the peptide (BlpCyyag; predicted MW, 5.2) (Fig. 4A). As ex-
pected, induced AblpA strains produce only the larger, preBlpC-
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FIG 4 Epitope-tagged BlpC processing is enhanced in htrA mutants under
basal and stimulated conditions. Whole-cell lysates of R6 derivatives con-
taining a BlpCp, with two FLAG tags encoded on the C-terminal end of the
peptide were compared for the presence of unprocessed and processed
forms of BlpCpy . Strains used in these assays were BlpCy; ,g-expressing
strains with wild-type htrA (1 or closed circle), AhtrA (2 or open circle),
AblpA (3 or open triangle), or AhtrA blpA (4) or a AblpC strain lacking the
FLAG epitope (5). (A) Strains were stimulated for the indicated times with
sBlpCrg. Cell lysates were separated on 16% Tricine gels, transferred, and
probed with anti-FLAG antibody. Top (%preC) and bottom (%C) band
relative densities were compared by determining the ratio of each band to
the total density for the two bands combined. (B) Miller assay of the sam-
ples used as described for panel A following stimulation with sBlpCgg. (C)
Western blot analysis of strains by the use of anti-FLAG antibody after 1 h
of induction with sBlpCge. (D) Western blot analysis of concentrated
whole-cell lysates of unstimulated strains 1 to 3 and strain 5 grown to the
late exponential phase. (E) Western blot analysis of induced FLAG-ex-
pressing strains following mock or proteinase K (Prot K) treatment on
either whole cells or SDS-exposed lysates as indicated. Blots were probed
with either anti-FLAG antibody or anti-HtrA antibody as noted to the right
of each blot.

rLag form, following induction due to the loss of BlpA-derived
peptidase function. Despite identical levels of BIR transcription
following induction (Fig. 4B), the strain lacking htrA produced
more BlpCy; ¢ than the wild-type strain and less preBlpCg c.
This difference was noted at 30 min and was particularly evident at
60 min postinduction, when the htrA mutant strain primarily
contained the processed form of BlpCy; . Of note, although lev-
els of BlpCy o increased over time in the wild-type and htrA
mutant strains, there was no increase in signal noted in the preBlp-
Crrag band produced by the AbIpA strain, suggesting that the pre-
BlpCyy A peptide is relatively unstable compared with the processed
form. To address the role of HtrA in the stability of preBlpCg og
production, a strain was created with both blpA and htrA deletions.
After 1 h of induction, this strain had an identical amount of preBlpC
produced, demonstrating that HtrA is not involved in the apparent
instability of preBlpCy, o (Fig. 4C).
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HtrA decreases BlpC secretion by affecting basal levels of
ABC transporter processing in unstimulated cells. To dem-
onstrate the pattern of unstimulated accumulation of BlpC,
reporter strains with the BlpCp; o construct were grown to the
late exponential phase. There was no difference in BIR tran-
script levels in uninduced strains with and without htrA dele-
tions (data not shown). Uninduced wild-type cells contained
primarily preBlpCy; o, while htrA mutants had both processed
and unprocessed forms present (Fig. 4D), suggesting that HtrA
also interferes with peptide processing under basal expression
conditions.

Processed epitope-tagged pheromones are not secreted. Un-
like the chimeric peptides, we were unable to detect BlpCy o in
the media under any condition, including in the supernatant of
induced HtrA mutants (data not shown), suggesting either that
secretion is blocked by the presence of the epitope tags or that the
peptides are secreted and either tightly adherent to the outer sur-
face of the bacterium or rapidly degraded by a protease other than
HtrA. To demonstrate that the processed form of the BlpCp A
peptide seen in Western blots of whole-cell lysates remains largely
in the intracellular compartment and would therefore not be ac-
cessible to extracellular HtrA, BlpCp; ,s-expressing whole cells
with either wild-type htrA or an htrA deletion were induced for 60
min with sBlpCpe and then subjected to proteinase K digestion.
Blots were first probed with anti-FLAG antibody and then
stripped and reprobed with anti-HtrA antibody (Fig. 4E). Incuba-
tion with proteinase K substantially reduced the HtrA signal but
did not significantly affect the amount of the processed form of
BlpCppag, consistent with the majority of detected peptide re-
maining in an intracellular location.

HtrA activity with respect to BlpC accumulation is affected
by the rate of miscoding errors. Stevens et al. have recently shown
that stimulation of pneumococcal competence is affected by the
rate of accumulation of misfolded proteins that arise due to de-
coding errors (18). Stimulation of competence through secretion
of the competence pheromone, CSP, is both blunted and delayed
when the rate of misfolded proteins is low compared with stimu-
lation in cells with a high rate of protein misfolding. In assessing
the role of HtrA in control of competence in these different back-
grounds, the authors found that HtrA blunts and delays the stim-
ulation of competence only when levels of protein misfolding are
low. The effect of HtrA on competence induction is significantly
less dramatic when protein misfolding rates are high. The rpsLyssr
streptomycin resistance allele (encoding a lysine-to-threonine
change at position 56) that is present in our reporter strains has
been shown to reduce the rate of ribosomal miscoding errors (18).
To determine if low rates of miscoding in this background would
impact the effect of htrA mutations on density-dependent stimu-
lation of blp transcription, we assessed the activity of the BlpCp-
responsive reporters during growth in broth in matched low-
error-rate 7psLyssr and medium-error-rate wild-type rpsL
backgrounds (Fig. 5). Compared with the pair of 7psL ¢, reporter
strains, both the htrA-sufficient and -deficient strains with a wild-
type rpsL allele had higher peak levels of blp transcription. Despite
a higher peak in the medium-error-rate background in htrA-suf-
ficient cells, the htrA deletion mutant in this background still dem-
onstrated an earlier and higher peak in blp activation than the
matched wild-type htrA control.

April 2013 Volume 195 Number 7

HtrA Disrupts blp Pheromone Secretion in Pneumococcus

100
2
[
=)
& 50
—
cl b T L 1 T 1
0 60 120 180 240 300
Time (min)
B 1.0q
0.0+—7————— T 1
0 60 120 180 240 300

Time (min)

FIG 5 The rate of ribosomal miscoding affects the role of HtrA in the control
of blp locus stimulation. Paired reporter strains were created with either the
medium-error-rate wild-type rpsL streptomycin sensitivity (inverted trian-
gles) or the low-error-rate rpsLys¢; streptomycin resistance (squares) allele.
Strains were tested for natural stimulation of the locus with (closed symbols)
or without (open symbols) an intact htrA gene. Strains were grown in broth at
37°C and assayed every 30 min for B-galactosidase activity as quantified by
Miller units (A) and ODq,,, (B).

DISCUSSION

HtrA is a surface-expressed serine protease that is highly con-
served in S. pneumoniae. Levels of the protease are controlled by
the CiaRH two-component regulatory system (19, 20). Although
the specific trigger for Cia activation is unknown, ciaRH and htrA
transcripts are induced during competence and thought to play a
role in repression of the competence state (21). Similar to their
role in competence, we had previously shown that both CiaRH
and HtrA are involved in the repression of pneumocin expression
(9). Naturally occurring opacity variants that differ only moder-
ately in relative HtrA expression levels demonstrated clear pheno-
typic differences in pneumocin-mediated inhibition that were de-
pendent on HtrA activity (9). In transparent variants with higher
htrA expression, addition of sBIpC restored the defect in tran-
scriptional activation of the locus but did not restore pneumocin-
mediated inhibition. Only a deletion in htrA resulted in transpar-
ent strains that produced appreciable inhibitory activity (9).
Because this observation suggested that HtrA affects phero-
mone and pneumocin levels separately, we initially hypothesized
that HtrA functioned by degrading both BlpC pheromones and
pneumocins on the surface of the cell, decreasing their effective
concentration. A similar mechanism of CSP degradation has been
proposed for HtrA-mediated control of competence (13, 18). Our
data do not support this hypothesis. If HtrA activity on the surface
of the cell were to result in pheromone digestion, we would expect
that strains expressing HtrA would require increased concentra-
tions of BlpC to stimulate the blp locus. We have shown that the
presence of HtrA does not affect the dose-response curve with
respect to either synthetic or cell-derived pheromones when
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added exogenously to reporter strains that cannot secrete their
own pheromone.

HtrA does, however, affect the amount of BlpC secreted into
the supernatant. While the presence of an intact htrA gene in
chimeric strains with mismatched blpH and blpC alleles did not
affect stimulation of the reporter gene compared with htrA
mutant strain results, strains expressing wild-type HtrA se-
creted less than 7% of the amount of BlpC secreted by htrA
mutants following stimulation. Despite the significant reduc-
tion in secreted BlpC, accumulation of the pheromone at
higher cell densities allows for sufficient concentrations of se-
creted BlpC to trigger activation of the locus. In this way, HtrA
controls the density at which pneumocin expression can be
stimulated and effectively delays this stimulation until a higher
cell density is reached.

Based on the pattern of BlpC production in strains expressing
the epitope-tagged pheromone, the mechanism of HtrA-medi-
ated density control of blp activation appears to involve a func-
tional disruption of the ABC transporter that participates in pher-
omone and pneumocin processing and secretion rather than
direct degradation of the secreted peptides themselves. Under
noninducing conditions, htrA mutants have evidence of BlpA-
mediated processing of the BlpC signal sequence whereas wild-
type strains primarily accumulate the unprocessed form of BlpC.
Under induced conditions, hfrA mutants produce more processed
BlpC than wild-type strains, with a corresponding reduction in
the unprocessed form. Because the epitope-tagged peptide was
not secreted, it would not be accessible to HtrA. Hence, the de-
creased amount of processed BlpC detected in HtrA-sufficient
cells compared with htrA mutants cannot be due to direct degra-
dation of the peptide by HtrA. Although a small amount of HtrA
protein remains detectable following proteinase K treatment, all
known bacterial HtrA homologues function in the periplasm, on
the surface of the cell, or in the secreted form (13, 22-25), making
it unlikely that a small amount of intracellular HtrA could account
for the specific decrease in processed BlpC noted only in wild-type
strains.

Our data support the hypothesis that, prior to stimulation,
HtrA affects the amount of BlpC signal sequence cleavage. Based
on homology to other peptide pheromone-controlled systems,
proteolytic processing of the BlpC signal sequence is thought to
occur during transport by the BIpAB complex (26). The effect of
HtrA on pheromone processing is presumably due to an impact
on either the quantity or function of BlpAB. After pheromone-
initiated stimulation of the locus, htrA mutants process pre-BlpC
more effectively than wild-type strains. Because blpA, blpB, and
blpC are all located on the same operon (5) and, thus, production
of both the transporter and pheromone would be expected to be
upregulated following stimulation to the same degree, BlpC-me-
diated stimulation of this transcript can at least partially over-
whelm the effect of HtrA on BlpC transport. We hypothesize that
HtrA-disrupted ABC transporters that accumulate in the prein-
duction period are replaced following stimulation, allowing par-
tial restoration of peptide and pneumocin processing and secre-
tion.

To address whether HtrA interferes with the integrity of BIpAB
and to determine if HtrA and BIpAB are colocalized on the cell
surface, we have attempted to raise antibodies specific for BlpA or
BlpB using both purified fragments of the proteins (BlpA and
BlpB) and epitope tags (BlpA). Unfortunately, none of the anti-
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bodies were able to detect BlpA or BlpB in either the wild-type or
htrA mutant strain background. Although data from the active site
mutant of HtrA demonstrate that protease activity of HtrA is re-
quired for control of BlpC secretion, because we are not able to
detect BIpAB protein levels, we cannot address whether the effect
of HtrA is direct (via degradation of either BIpA or BlpB) or indi-
rect (via disruption of proteins that stabilize BIpAB expression or
function). The BlpA transporter is a transmembrane protein in
which both N- and C-terminal domains are predicted to be intra-
cellular, leaving very little of this protein accessible to HtrA (27).
In contrast, a large portion of the single transmembrane domain
protein of BlpB is predicted to be outside the cell based on its
homology to other accessory proteins, possibly implicating this
protein as a target for HtrA protease activity (28).

Recently, Cassone et al. demonstrated that HtrA degrades CSP
in vitro, using purified recombinant HtrA and synthetic CSP, and
in vivo by demonstrating that cleavage of exogenously applied
fluorescently labeled peptide occurred only in HtrA-sufficient
cells (13). We cannot exclude the possibility that HtrA also de-
grades BlpC to some extent. In fact, degradation of synthetic
forms of BlpC by purified recombinant HtrA can be demonstrated
in vitro (data not shown); however, our in vivo data do not support
the idea that this mechanism is the primary means by which HtrA
decreases pneumocin expression. Similarly, although Cassone et
al. showed that HtrA can degrade CSP, they did not demonstrate
that extracellular degradation of CSP was responsible for the ef-
fects of HtrA on competence induction. To our knowledge, the
amount of endogenous CSP secretion in HtrA-sufficient and -de-
ficient cells has not been specifically assessed. It is interesting that
HtrA plays such strikingly similar roles in the control of compe-
tence and pneumocin production in S. prneumoniae. Given the
homology between the Com and Blp transporter proteins at the
amino acid level, it is possible that HtrA controls competence, at
least in part, via a similar mechanism of disruption of ComAB
function.

As we have shown previously, small alterations in HtrA expres-
sion such as those found in opacity variants can dramatically
change the culture density required for stimulation of the blp lo-
cus, allowing tight control of this locus under a variety of environ-
mental conditions (9). Even when expression levels of HtrA are
stable, HtrA activity for specific target proteins can be altered ac-
cording to the availability of alternative substrates. Stevens et al.
have recently demonstrated that stimulation of competence in S.
pneumoniae is affected by the accumulation of misfolded proteins
that arise under antibiotic stress conditions due to decoding errors
(18). This effect is mediated by HtrA activity. The authors hypoth-
esize that the presence of alternative substrates for HtrA in the
form of misfolded proteins results in increased competence be-
cause the relative effect of HtrA on the com system is diminished.
There is a similar correlation between the rate of ribosomal mis-
coding and the effect of HtrA on BlpC pheromone stimulation.
High-stress conditions that result in accumulation of misfolded
proteins decrease the effect of HtrA on both pneumocin and com-
petence induction, allowing both pathways to induce at lower cell
densities.

In addition to controlling density-dependent stimulation of
the blp locus by HtrA, it appears that some strains regulate the
activity of the blp locus by altering the responsiveness of the BlpR-
BlpH two-component system to BlpC. The type 6A BlpC-express-
ing strains had a markedly dampened response to endogenous and
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exogenous BlpC compared with other pherotype-expressing
strains. This effect was independent of HtrA activity because htrA
mutants grown under natural inducing conditions did not reach
the same peak of transcriptional activation and pheromone
knockout strains had a significantly higher ECs, than in the R6-
and 164-responsive strains. The 6A-responsive strains could
achieve levels of transcriptional activation similar to those seen
with other pherotypes with saturating concentrations of BIpC,
suggesting that the difference was not due to an alteration down-
stream of BlpC/BlpH binding but was a result of decreased affinity
of BlpH for BIpC. In this way, increased concentrations of BlpC
are required to initiate transcription of the locus. This represents
an alternative strategy for control of the locus and may explain
why, in our previous work, we were unable to detect activation of
a pherotype 6A locus in an encapsulated isolate under conditions
of broth growth (9).

In this work, we demonstrated that HtrA affects BlpC secre-
tion but does not alter the dose-response curve with respect to
exogenous peptide pheromone when strains lack the capacity
to secrete their own pheromone. This is an important distinc-
tion, because the density-dependent regulation of pheromone
secretion does not interfere with the ability of the organism to
detect environmental signals from either other members of the
population or competitors, allowing an appropriate response
to pheromone signaling. Pneumocin expression is presumably
energetically costly enough to restrict expression solely to high-
density culture conditions, when the number of organisms
would be sufficient to produce inhibitory quantities of pneu-
mocins; however, sensing of competitors must occur at low cell
density so that the production of immunity proteins can be
stimulated. This is particularly true in strains that lack the abil-
ity to stimulate their own pneumocin locus due to a frameshift
mutation in blpA. HtrA activity restricts only self-signaling but
does not affect pheromone sensing, effectively controlling the
density at which activation can occur without interfering with
the induction of protective immunity.
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