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Background: The pneumococcal HtrA protease represses competence selectively when the frequency of errors in protein

synthesis is low.

Results: HtrA digests both the bacterial competence-stimulating peptide (CSP) and unfolded proteins.
Conclusion: The presence of proteins with exposed hydrophobic regions competitively reduces the degradation of CSP.
Significance: This suggests a mechanism by which HtrA functions as a sensor for biosynthetic errors.

The HtrA protease of Streptococcus pneumoniae functions
both in a general stress response role and as an error sensor that
specifically represses genetic competence when the overall level
of biosynthetic errors in cellular proteins is low. However, the
mechanism through which HtrA inhibits development of com-
petence has been unknown. We found that HtrA digested the
pneumococcal competence-stimulating peptide (CSP) and con-
stituted the primary extracytoplasmic CSP-degrading activity in
cultures of S. pneumoniae. Mass spectrometry demonstrated
that cleavage predominantly followed residue Phe-8 of the
CSP-1 isoform of the peptide within its central hydrophobic
patch, and in competition assays, both CSP-1 and CSP-2 inter-
acted with HtrA with similar efficiencies. More generally, anal-
ysis of B-casein digestion and of digestion within HtrA itself
revealed a preference for substrates with non-polar residues at
the P1 site. Consistent with a specificity for exposed hydropho-
bic residues, competition from native BSA only weakly inhibited
digestion of CSP, but denaturation converted BSA into a strong
competitive inhibitor of such proteolysis. Together these find-
ings support a model in which digestion of CSP by HtrA is
reduced in the presence of other unfolded proteins that serve as
alternative targets for degradation. Such competition may pro-
vide a mechanism by which HtrA functions in a quality control
capacity to monitor the frequency of biosynthetic errors that
result in protein misfolding.

The regulated development of genetic competence in cul-
tures of the respiratory tract pathogen S. pneumoniae (also
known as the pneumococcus) is a coordinated multicellular
activity generated by a microbial population. The ability to
develop competence is critical for the virulence of this orga-
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nism (1-4) and has promoted the development of antibiotic
resistance (5, 6) that now restricts the options available for
treating pneumococcal infections. A central component of this
process (reviewed in Ref. 7) is the secretion and progressive
accumulation in the extracellular environment of a peptide
pheromone known as CSP. As the bacterial density rises, this
peptide triggers competence by activating the transmembrane
CombD sensor kinase and thereby initiating a well characterized
signaling cascade that has been considered an example of bac-
terial quorum sensing.

In addition to its sensitivity to bacterial density, we have
recently shown that pneumococcal competence is triggered
when the frequency of biosynthetic errors during protein trans-
lation increases (8). Such responsiveness to the accuracy of pro-
tein synthesis supports the recent suggestion that competence
in S. pneumoniae serves as a stress response (9) and is consis-
tent with the observation that the competence regulon includes
genes for cellular proteases and chaperones in addition to those
genes responsible for transformation (10). Although the under-
lying mechanism has not been defined, this error-dependent
pattern of regulation is generated in part through the activity of
the bacterial HtrA protease, which acts selectively to repress
the development of competence when the frequency of trans-
lational errors is low (8).

Pneumococcal HtrA belongs to the broadly distributed fam-
ily of extracytoplasmic HtrA proteases (reviewed in Ref. 11)
that are characterized by a serine protease domain followed by
one or more PDZ domains. The substrate specificity of HtrA
proteases ranges from that of DegS in Escherichia coli, which is
highly selective for digestion of RseA as a key step in initiating
the envelope-stress response (12), to that of proteases such as
DegP in E. coli (13) and DegQ in Legionella (14) and homo-
logues in Synechocystis (15), which are broadly active against
unfolded proteins in which hydrophobic regions are exposed to
solvent. In addition to such endogenous substrates, HtrA pro-
teases have recently been characterized from the pathogens
Helicobacter pylori (16) and Campylobacter jejuni (17) that
cleave host proteins to promote bacterial migration across epi-
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thelial barriers. A shared feature among the HtrA proteases
appears to be their ability to form oligomers starting at the level
of trimers (14, 15, 18 —25), which in some cases are then able to
assemble and disassemble dynamically to produce large struc-
tures consisting of 24 or more monomers. Assembly of such
multimeric structures is promoted by binding of peptides or
denatured proteins to a PDZ domain of the protein in a process
that also allosterically activates the proteolytic capacity of the
enzyme (20-23, 26). Notably, members of the HtrA family, in
addition to serving as proteases, commonly function as
chaperones as well (14, 27, 28). The repression of compe-
tence by pneumococcal HtrA has been shown to depend spe-
cifically on its protease activity (8, 29), although the target
through which it exerts this regulatory effect has not previ-
ously been determined.

We sought to test whether HtrA blocks competence by
directly digesting CSP. The possibility of activity against CSP
appeared to be consistent with the observation that repression
of competence due to excess HtrA could be overcome by a
point mutation activating the ComD sensor kinase (29), which
indicated that repression by HtrA occurs early in the compe-
tence signaling pathway. The structure of CSP, characterized by
a central amphipathic a-helix (30), also appeared to present a
suitable target for an HtrA protease that we hypothesized
would favor digestion at sites near non-polar residues in a man-
ner similar to DegP. From a structural perspective, we consid-
ered that CSP might effectively mimic the exposed hydropho-
bic region of a misfolded protein and thereby give rise to a
situation in which digestion of the signaling peptide was in
competition with digestion of generic, misfolded proteins. Such
competition would present a model to explain the loss of com-
petence repression by HtrA that is observed when frequent
translational errors generate proteins with intrinsic folding
defects.

Here we present data confirming the digestion of CSP by
recombinant HtrA as well as by the native protease in cultures
of Streptococcus pneumoniae. Furthermore, we show that
pneumococcal HtrA preferentially cleaves substrates in associ-
ation with sites of hydrophobic residues and that unfolded pro-
teins serve as effective competitors to reduce the degradation of
CSP.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant HtrA Protease—
Regions corresponding to the complete coding sequence of
pneumococcal /trA with the exception of the predicted signal
peptide were amplified from the genomes of strains R895 (31)
and P1373 (29), encoding wild-type htrA and the htrA S234A
catalytic site variant, respectively, using primers 5'-GGGAAT-
TCCATATGACTCAACTAACTCAAAAAAGTAGTGTA-
AAC-3"and 5'-GTACCGCTCGAGTTAAGATTCTAAATCA-
CCTGAACTCTTG-3'. These fragments were digested with
Ndel and Xhol and cloned into vector pET-28a (Novagen,
Madison, WI). The resulting plasmids were transformed into a
derivative of E. coli strain BL21(DE3)pLysS that had been mod-
ified to have a deletion of ompA (provided by the laboratory of
Jeffrey Weiser). During the work, this expression host was fur-
ther modified to delete degP by Plvir phage transduction of
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DNA from strain JW0157 (32) of the Keio collection followed
by excision of the kanamycin resistance cassette by expression
of the FLP recombinase.

Cultures for induction of rHtrA expression were grown in
Luria-Bertani broth containing 1% glucose, 30 pg/ml kanamy-
cin, and 34 ug/ml chloramphenicol at 37 °C to an ODq, ,,,,, Of
~0.35. The temperature was reduced shortly before the addi-
tion of 2 mm isopropyl-B-p-thiogalactopyranoside and main-
tained at 30 °C during a 1.5-h period of induction. Cells from
400 ml of culture were resuspended in 10 ml of a buffer con-
taining 5 mm imidazole, 500 mm NaCl, 20 mm Tris-Cl, pH 7.9,
1X BugBuster detergent solution (Novagen, Madison, WI), 150
units/ml DNase I, and 0.5 mg/ml RNase A. After incubation for
20 min at room temperature with gentle shaking, the lysate was
cleared by centrifugation at 15,000 X g for 20 min followed by
passage through a 0.22-um filter. The sample was purified by
affinity chromatography using His-Bind resin (Novagen) and
elution in a buffer containing 500 mm NaCl and 20 mm Tris-Cl,
pH 7.9, with a linear gradient of imidazole increasing from 5 mm
to 1 m. These purification steps following lysis were performed
at 4 °C to limit autoproteolysis. Fractions enriched for rHtrA as
determined by SDS-PAGE were further purified by size exclu-
sion chromatography (SEC)? using an AKTA FPLC system (GE
Healthcare) and a Superdex 10/300 GL column (GE Health-
care) equilibrated with buffer containing 500 mm NaCl and 20
mwM Tris-Cl, pH 7.9. Samples were injected in volumes of 0.5 ml
and run at a flow rate of 0.5 ml/min in the same buffer. Fractions
enriched for rHtrA were pooled and exchanged into a buffer of
PBS using Amicon ultracentrifugal filters (nominal molecular
weight limit 10,000; Millipore, Bedford, MA) and concentrated
to ~1-2 mg/ml as determined using a MicroBCA kit (Pierce).
The same SEC conditions were used for analytical SEC, except the
injection volume was reduced to 50 ul for rHtrA samples that had
been previously purified as well as for a molecular size standard
(Bio-Rad gel filtration standard).

Protein Electrophoresis, Zymography, and Western Blotting—
SDS-PAGE was performed under denaturing conditions using
standard methods. For native gel electrophoresis, samples were
first mixed 1:1 with a loading buffer of 20% glycerol, 100 mm
Tris-Cl, pH 6.8, and 0.2% bromphenol blue before running on
4 -15% acrylamide gradient gels with a running buffer of 25 mm
Tris base and 0.19 M glycine. NativeMark (Invitrogen) was used
as a molecular weight marker. Zymography was performed as
described previously (29). Western blotting for HtrA was
essentially as described (29) and for pneumolysin employed a
1:1000 dilution of an anti-pneumolysin monoclonal antibody
(ab71810; Abcam, Cambridge, MA) and secondary detection
with an anti-mouse immunoglobulin alkaline phosphatase con-
jugate (1:10,000; Sigma-Aldrich).

FRET Assays of CSP Proteolysis by rHtrA—A CSP-1 FRET
reporter peptide was synthesized by Cambridge Research Bio-
chemicals (Billingham, UK) with incorporation of a QSY-7
quencher (Invitrogen) and a Cys(Alexa488) fluorophore (Invit-
rogen) at the N terminus and C terminus of CSP-1, respectively.
Purity greater than 95% was verified by HPLC and mass spec-

2 The abbreviations used are: SEC, size exclusion chromatography; CSP, com-
petence-stimulating peptide; rHtrA, recombinant HtrA.
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trometry. Samples of rHtrA or the S234A variant protein (10
pg) were incubated in 100 ul of buffer containing a 1 um con-
centration of the CSP-1 FRET peptide together with 387 mm
NaCl, 1.4 mMm KCI, 5 mm Na,HPO,, 1 mm KH,PO,, 1.5 mm
MgCl,, 1.5 mm CaCl,, and 83 mwm Tris-Cl, pH 7.4. B-Casein
(C6905, >98% purity; Sigma-Aldrich) was included at 10 pg/ml
as indicated. Fluorescence was read (excitation 485 nm, emis-
sion 528 nm) every 2-5 min for samples incubated at 37 °C in
96-well plates using a Synergy?2 plate reader (Bio-Tek, Win-
ooski, VT).

Mass Spectrometry—To determine sites of CSP digestion, 1
uM unmodified CSP-1 (synthesized by GenScript, Piscataway,
NJ) was incubated at 37 °C with 5 ug of either wild-type rHtrA
or the S234A variant in 50 ul of the same buffer used for the
FRET assay with these samples. To enhance the activity of
rHtrA, 0.5 ug of B-casein was added, and a control reaction
with only B-casein and CSP-1 was also analyzed. Following
digestion, samples were flash frozen and stored at —80 °C until
analysis by mass spectrometry. Aliquots were thawed, diluted
5-fold in 0.1% TFA, and immediately analyzed by LC-MS/MS
using an LTQ-OrbiTrap XL mass spectrometer. The precursor
ion series was examined for ions matching the predicted m/z for
CSP-1 or fragments of the peptide. The MS2 spectra were
searched against a sequence database comprising CSP, E. coli
proteins (because rHtrA had been expressed in this back-
ground), and a list of common contaminants and other proteins
of interest using the MASCOT search engine. The MS2 spectra
were further analyzed using Scaffold (version 3.4.5; Proteome
Software, Portland, OR) to verify identification of each peptide.
MS2 total ion current values were summated for all of the spec-
tra assigned to each peptide. Because the number of peptides
that theoretically could be generated by digestion of 3-casein
and rHtrA would be much larger than those arising from CSP,
degradation of these larger proteins was analyzed using Scaffold
to identify MS2 spectra assigned to either of these proteins with
a confidence probability of >80%.

CSP Digestion by Pneumococcal Culture Fractions—S. pneu-
moniae was grown in CAT medium (33) to an ODy,,, ..., of 0.25.
Cells were collected by centrifugation at 1875 X g for 20 min at
4°C and resuspended in an equal volume of fresh medium.
Supernatants were passed through a 0.22-um filter before use.
Selected samples of washed cells were disrupted by sonication
at 10 watts for 6 bursts of 10 s each while chilled in ice water. For
analysis of CSP digestion, 4 ul of culture samples were diluted
in PBS to a volume of 200 ul in the presence of the CSP-1 FRET
peptide at concentrations ranging from 10 to 160 nm. For com-
petition assays, alternative substrates were added at the con-
centrations indicated. Denaturation of BSA was achieved by
incubating 0.7 mm BSA with 20 mwm dithiothreitol for 3 h at
40 °C immediately before each assay. Fluorescence was read for
samples incubated at 37 °C as above.

Protoplast Formation and Proteinase K Digestion—Cultures
were grown as above and concentrated 10-fold by centrifuga-
tion, washing, and resuspension in SMM buffer (0.5 M sucrose,
20 mm MgCl,, 20 mm MES). Following the addition of lysozyme
(0.5 mg/ml; Epicenter Technologies, Madison, W1I) and muta-
nolysin (0.01 mg/ml; Sigma-Aldrich), samples were incubated
for 1 hat 37 °C, centrifuged at 3000 X g, and resuspended in an
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equal volume of fresh SMM buffer. Production of protoplasts
was verified by testing osmotic fragility. Proteinase K (2 mg/ml;
Roche Applied Science) was added to aliquots as indicated.
After incubation at 37 °C for 1 h, Pefabloc SC (4 mg/ml; Roche
Applied Science) was added to inhibit the protease during a
10-min incubation at room temperature. Protoplasts were then
collected by centrifugation and resuspended in fresh SMM
buffer containing Pefabloc before electrophoresis.

Generation of S. pneumoniae Mutants—An in-frame dele-
tion of the pneumococcal comA gene (designated strain
KSP209) was generated in the background of the R6 derivative
strain R895 (31) using PCR ligation mutagenesis as described
previously (34). Gene segments for ligation to the counterse-
lectable Jauns cassette (35) were amplified flanking comA with
the primers 5 -TTTTGTTTAGTGATTGGGGTAAG-3" and
5'-ACGAGGATCCGAGAGCAGACCATTTTTTTGTTC-3’
for the 5’ region and 5'-AGCAGGGCCCAATACCAAGAAG-
GGGCAGAGGG-3' and 5'-TAGCGAACAGAATCACCGAC-3
for the 3' region. A product encoding the in-frame deletion was
constructed by overlap extension PCR using the primers 5'-
TTTTGTTTAGTGATTGGGGTAAG-3' and 5'-CTTCGAC-
AATCTTGCCCTGTGGACTAGGTGCCATAAAAAGAGTC-3'
for the 5" region and primers 5'-GACTCTTTTTATGGCACC-
TAGTCCACAGGGCAAGATTGTCGAAG-3' and 5'-TAGC-
GAACAGAATCACCGAC-3' for the 3’ region. A similar proc-
ess was used previously in constructing strains KSP122 (htrA
S234A) and KSP148 (htrA™) in the same background (8).

Competence Assays—A luciferase reporter consisting of an
ssbB'-luc transcriptional fusion was used to measure activation
of the competence system as described previously (8). Expres-
sion of ssbB is specifically induced during competence, and this
reporter has been demonstrated to reflect competence for
transformation (31, 36).

RNA Isolation and Quantitative RT-PCR—The comA dele-
tion strain KSP209 was grown at 37 °C in C+Y,; medium (8)
supplemented with antibiotics at concentrations that previ-
ously had been shown to modulate development of competence
in this medium (8). Samples were harvested in exponential
growth phase (OD, .., ~0.2) and stored in RNAl/ater solution
(Invitrogen). RNA was purified using the RNeasy Plus Mini kit
(Qiagen, Valencia, CA) followed by DNase digestion and cDNA
synthesis as described previously (37). Quantitative PCR for
htrA employed primers 5'-AAAAGCCATCCAAACTGATA-
CTGCTA-3" and 5'-CCGATAACCTGCCCTTGAATATTGA-
3"and the probe 5'-6-carboxyfluorescein-CTCTGGCGGCCC-
ACTG-nonfluorescent quencher-3'. Transcript levels for htrA
were normalized to that of rpoA as an internal control after
quantitative PCR as described previously (37).

RESULTS

Purification and Characterization of Recombinant Pneumo-
coccal HtrA—We expressed and purified pneumococcal HtrA
as a His,-tagged recombinant protein (rHtrA) by affinity chro-
matography followed by SEC (Fig. 14). A variant of the protein
containing an $234A mutation at the catalytic site was also pre-
pared as a control. During the characterization of initial prep-
arations of the protease, mass spectrometry revealed that small
quantities of the homologous E.coli protein DegP were
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FIGURE 1. Characterization of wild-type (WT) rHtrA and the S234A catalytic site variant. A, SDS-PAGE of samples in Tris/NaCl buffer following the
preparative SEC step and after exchange into PBS. B, B-casein zymography. C, native gel electrophoresis. D, analytical SEC in Tris/NaCl buffer in the presence or
absence of B-casein. Elution volumes for standards are shown with arrows. mAU indicates milli-absorbance units.

retained in the purified sample, possibly due to formation of
heteromultimers. To circumvent this issue, the expression host
was therefore modified to have a deletion of degP. Purification
of rHtrA yielded a protein that was largely intact following SEC
(Fig. 1A, lanes I and 3). The final step of purification, however,
required concentration of the protein and exchange from a high
salt buffer to PBS, without which process proteolytic activity
was not seen. This step was accompanied by partial degradation
of the intact protein, which appeared to be the result of auto-
proteolysis, considering that the change was not observed
in the S234A catalytic site variant (Fig. 1A4). Such autodigestion
has been noted for other proteases in the HtrA family, including
DegP (38). Although we have not directly compared the stabil-
ity of our protease with that of DegP, self-cleavage may be
enhanced in the case of pneumococcal HtrA due to the lack of
cysteine residues and a disulfide bridge that has been shown to
be important for stabilizing DegP against autodigestion (38).

Activity of the rHtrA protease was demonstrated by zymog-
raphy using B-casein as a substrate (Fig. 1B). Importantly, no
activity was observed in this assay for the S234A variant. The
primary band of digestion observed for rHtrA was at the size
expected for the intact protease, but two less intense bands
were also noted to migrate with sizes both larger and smaller
than the main band. The lower band is likely to represent a
fragment of the protease generated by autodigestion but that
retains activity. The origin of the faint upper band, which
migrates in the range of 75 kDa, is uncertain, but mass spec-
trometry identified rHtrA in gel slices cut from each of these
three bands on the zymogram. The absence of these bands in the
S234A variant supports the conclusion that they result from the
recombinant protease, albeit in different forms.

Because other HtrA proteases have been described to form
multimers in a process that may be promoted by the presence of
substrate proteins, we examined the recombinant pneumococ-
cal protease by native gel electrophoresis. Under these condi-
tions, the protease ran with an estimated molecular mass near
700 kDa (Fig. 1C), in the range expected for an 18-mer based on
rHtrA monomers of 40 kDa. Consistent with the partial diges-
tion of rHtrA monomers seen with denaturing electrophoresis,
the active protease demonstrated multiple bands and a reduc-
tion in size relative to the S234A mutant on the native gel. No
change in the migration of rHtrA was observed when the sam-
ple was incubated with -casein prior to native electrophoresis
(data not shown).

We also examined the purified protein by analytical SEC but
unexpectedly did not observe the form of the protein that had
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been seen by native electrophoresis near 700 kDa. The inactive
S234A variant was used for these multimerization assays to
prevent self-digestion. In the same high salt buffer that had
been used for SEC during the purification process, the protein
eluted with a principal peak near the size expected for the mon-
omer (Fig. 1D). A smaller peak was also observed in the range of
95 kDa that may represent either a trimer or the detergent-
stable form of the protease corresponding to the faint upper
band seen with zymography. A very small amount of material
was also evident eluting near the exclusion limit of the column
(1300 kDa). The addition of B-casein to the sample reduced the
intensity of both peaks that had been seen with rHtrA alone but
without the formation of larger species. Using PBS rather than
the high salt buffer, the predominant peak on SEC remained
that of the monomer without the production of larger forms
(not shown). Despite injection of equivalent quantities of pro-
tein, the intensity of the monomer peak under these conditions
was substantially reduced relative to assays in high salt buffer.
As discussed below, these findings in conjunction with clear
evidence of oligomerization by native electrophoresis suggest
that pneumococcal rHtrA may form multimers that are unable
to elute from the size exclusion column.

Digestion of CSP by Recombinant HtrA—W e tested the abil-
ity of rHtrA to digest CSP in FRET assays by incubating the
protein with a synthetic version of the CSP-1 signaling peptide
modified to have an Alexa 488 fluorophore at the C terminus
and a quencher at the N terminus. Fluorescence resulting from
digestion of the peptide was observed with the active form of
the protease but not with the S234A catalytic site variant (Fig.
2A). Because other HtrA proteases, such as DegP, demonstrate
allosteric activation in the presence of substrate proteins (20—
23, 26), we evaluated the impact of adding B-casein to the reac-
tion. The rate of proteolysis was significantly increased by the
addition of B-casein. In a control reaction, B-casein alone did
not affect the CSP FRET peptide.

In order to determine the site at which HtrA cleaves the
signaling peptide, samples of rHtrA as well as the inactive
S234A variant were incubated with CSP-1, in the presence of
[B-casein to enhance activity of the protease, and then analyzed
by mass spectrometry. This process demonstrated the genera-
tion of a peptide fragment (EMRLSKFF) in the rHtrA sample
(corresponding to the first 8 residues from the N-terminal por-
tion of CSP-1) that was not found in the rHtrA S234A sample
(Fig. 2, Band C). This fragment was not seen in a control sample
containing only 3-casein and CSP-1, consistent with the FRET
data indicating that the B-casein preparation did not itself con-
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FIGURE 2. A, fluorescence generated by incubation of labeled CSP-1 FRET peptide with rHtrA or the catalytic site variant (rHtrA S234A) in the presence or
absence of B-casein, expressed as relative fluorescence units (RFU). Symbols represent means = S.D. (error bars) (n = 3). B, MS2 fragmentation spectrum from
peptide EMRLSKFF produced by digestion of CSP-1 with rHtrA. C, total MS2 ion current from fragments of CSP-1 detected afterincubation of intact peptide with
rHtrA or rHtrA S234A. D, total MS2 ion current from intact CSP-1 detected in the same samples shown in C.

tain protease activity. This finding demonstrates the ability of
HtrA to digest CSP-1 following residue Phe-8 in the central
a-helix of the peptide. Although production of the complemen-
tary C-terminal fragment RDFILQRKK would be expected to
accompany this cleavage event, we were unable to detect this
highly charged peptide in either the rHtrA sample or the S234A
control. It is uncertain whether the absence of this peptide
reflects a secondary degradation event that efficiently elimi-
nates this fragment or biophysical properties of the peptide that
impair its detection in this system.

Several other fragments of CSP-1 were also observed but
were detected in both the rHtrA digest and the S234A control.
For each of these other peptides, the MS2 total ion current
signal was less intense than for the EMRLSKFF fragment (Fig.
2C). Such fragments present in the S234A control sample may
represent either products of spontaneous hydrolysis of CSP-1
or impurities present in the chemical synthesis of the original
peptide. The increased signal intensity noted for several of
these minor fragments in the active protease sample may indi-
cate the potential for less efficient digestion of CSP-1 by HtrA at
multiple sites. Although these differences were seen for several
peptide fragments, it is important to note that the rHtrA and
S234A samples were well balanced with regard to the signal
measured for the intact peptide (Fig. 2D).

Cleavage Site Profiles for HtrA—The target site selectivity of
HtrA was investigated at a more general level by examining the
pattern of peptide fragments resulting from digestion of 3-ca-
sein and of rHtrA autodigestion within the same samples that
were analyzed by mass spectrometry to determine the site of
CSP cleavage. This process revealed a pattern of fragments
indicating 66 breakage sites in rHtrA and 22 sites in 3-casein.
Of these, 62 and 18 sites, respectively, were not found in the
rHtrA S234A sample and were considered to represent sites of
HtrA proteolysis for subsequent analysis. No breakage sites
were found exclusively in the inactive rHtrA S234A sample. We
focused our analysis on residues found at the P1 site of the
substrate (immediately on the N-terminal side of the hydro-
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lyzed bond) because interactions between these residues and
the S1 binding pocket of the enzyme are principal determinants
of the specificity of serine proteases in the chymotrypsin family
(39), of which HtrA is a member. The distribution of amino acid
residues at the P1 site was analyzed by calculating the frequency
of each residue among the P1 sites and then normalized to the
frequency of that residue in the overall protein sequence. The
resulting enrichment score was greater than 1 for residues that
were overrepresented at the P1 site and less than 1 for residues
that were underrepresented.

For both B-casein and rHtrA, a preference existed for non-
polar, aliphatic residues at the P1 site (Fig. 34), although
enrichment for glutamine was also noted in the case of 3-ca-
sein. With both substrates, a bias against charged P1 site resi-
dues was further evident. Because the efficiency of digestion
among these sites would be expected to vary, we also repeated
the analysis using weighted values for each P1 site based on the
strength of the MS2 total ion current measured for the individ-
ual spectra associated with each peptide fragment. This analysis
also indicated a preference for aliphatic residues at the P1 site
(Fig. 3B). Interestingly, neither 3-casein nor rHtrA showed sub-
stantial digestion following phenylalanine such as had been
seen with CSP-1, although the frequency of this residue in the
proteins was low (1 and 4% for rHtrA and B-casein, respec-
tively) and may have limited the availability of sites having phe-
nylalanine displayed in an appropriate context. This observa-
tion, however, raises the possibility that the selectivity of
pneumococcal HtrA may have been modified during its evolu-
tion in order to accommodate activity against CSP while retain-
ing general activity for proteolysis near aliphatic residues.

Activity of HtrA in Pneumococcal Cultures—We next used
the FRET method to measure the ability of native HtrA to digest
CSP in the setting of growing pneumococcal cultures. In these
assays, the activity of an htrA wild-type strain was compared
with that of an strA S234A catalytic site mutant measured in
parallel. Importantly, the bacterial densities in these samples
were not significantly different between the wild-type and
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FIGURE 3. A, P1 residues associated with sites of HtrA cleavage of either rHtrA (62 sites) or B-casein (18 sites) based on mapping of fragments identified by mass
spectrometry. The frequency of each residue among the P1 sites was divided by the overall frequency of that residue in the target protein to generate an
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of HtrA cleavage as in A, except that frequencies were weighted by MS2 total ion current signal intensity of the spectra attributed to each fragment. Conversion
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mutant strains when measured in terms of either cfu/ml or the
average number of bacteria comprising an individual chain of
pneumococci (data not shown). For both washed cells and cul-
ture supernatants prepared from equal volumes of the same
cultures, wild-type samples digested CSP more rapidly than did
the htrA S234A mutant (Fig. 4, A and B). Notably, the rate of
CSP degradation in the mutant was minimal, suggesting that
HtrA is the principal extracytoplasmic protease active against
this peptide.

Our previous fractionation experiments with S. pneumoniae
showed that the largest amount of HtrA protein was associated
with the cell membrane upon fractionation and that only
smaller quantities were present in the supernatant (29). In con-
trast, these FRET assays indicated that the activity of washed
cells was no greater than that of supernatants. Because there
was a delay in the development of HtrA-specific fluorescence
signal in assays using washed cells (Fig. 44, compare wild-type
versus htrA S234A samples during the first half of the assay), it
was uncertain whether the increased signal measured during
the later part of the assay reflected surface-associated HtrA or
enzyme that had been shed from the cells. Sonication of these
cells, however, dramatically increased digestion of CSP such
that a 5-fold dilution of the samples was required to avoid sat-
uration of the assay through rapid consumption of the substrate
(Fig. 4C). Sonicated samples from both wild-type and htrA
S234A cultures demonstrated enhanced digestion of CSP, sug-
gesting the release of other proteases from within the bacteria.
Importantly, however, the component of the fluorescence sig-
nal attributable to HtrA, which was defined by the difference
between the wild-type and mutant samples, also increased
more than 10-fold upon sonication (Fig. 4D, in which the son-
icated samples were diluted 5-fold).

Proteases in the HtrA family have been uniformly found in
the periplasmic space of Gram-negative bacteria or as extracel-
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lular proteins in Gram-positive organisms. Considering the
impact of sonication, however, we sought to verify the orienta-
tion of pneumococcal HtrA relative to the membrane. Exposing
protoplasts to proteinase K, we demonstrated that HtrA was
indeed susceptible to enzymatic degradation as expected for a
protein associated with the exterior aspect of the cell mem-
brane (Fig. 4E). In contrast, proteinase K failed to digest pneu-
molysin, which is localized to the cytoplasm in this strain (29).
These findings indicate that the enhanced HtrA activity gener-
ated by sonication cannot simply result from the enzyme being
released from an intracellular store. Instead, these observations
suggest that HtrA is likely to exist on the surface of S. pneu-
moniae as part of a complex that in the absence of sonication
limits the access of exogenous peptides to the protease.

Kinetics and Inhibition of HtrA Activity—Because assays using
pneumococcal supernatants demonstrated linear increases in
FRET signal over time (Fig. 4B), we used these samples to inves-
tigate the kinetics of CSP digestion by native HtrA. Fixed dilu-
tions of supernatant were incubated with concentrations of the
CSP FRET peptide ranging from 10 to 160 nm. HtrA activity
measured from the difference between fluorescence curves for
wild-type and htrA S234A mutant samples fit Michealis-Men-
ten kinetics well, with an apparent K, value of 24.7 = 6.0 nm
(Fig. 4F). To test the ability of HtrA to interact with the unla-
beled, native form of CSP-1 as well as with the other prevalent
variant of the peptide (CSP-2), we performed FRET assays with
and without these peptides. As anticipated, the presence of
unlabeled peptide as an alternative substrate for HtrA reduced
the fluorescence signal from degradation of the labeled peptide
(Fig. 5A). In this assay, both CSP-1 and CSP-2 appeared to be
recognized by HtrA with equivalent efficiencies.

Because -casein had been able to serve as a target for HtrA
in zymography but had also enhanced activity of the recombi-
nant protein in FRET assays, we tested the impact of this pro-
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tein on the ability of HtrA to digest CSP in the context of pneu-
mococcal supernatants. In contrast to the increased digestion
triggered by B-casein when using recombinant HtrA, 3-casein
at concentrations of 200 or 1000 nM reduced the ability of HtrA
derived from culture supernatants to degrade CSP (Fig. 5B).
Lowering the concentration of B-casein to 20 nM resulted in min-
imal inhibition of the reaction (data not shown) but still did not
enhance digestion in the way that had been seen with the recom-
binant protease. The inability of B-casein to enhance the activity of
HtrA in the setting of bacterial cultures may be the result of expo-
sure to other proteins or peptides, whether present in the growth
medium or produced by S. prneumoniae itself, that may activate the
protease on an ongoing basis.

B-Casein is distinctive in having a relatively open conforma-
tion that does not adopt a well ordered tertiary structure (40).
This relaxed structure together with the amphipathic character
of B-casein (40) is likely to expose hydrophobic regions for pro-
teolysis by an enzyme, such as HtrA, that shows selectivity for
cleavage near non-polar residues. From this perspective, assays
using -casein simulate the capacity of a denatured protein to
serve as a substrate for HtrA. To evaluate the potential of a well
folded protein to serve as a substrate, we tested the ability of
BSA to interact with HtrA. BSA was unable to inhibit the diges-
tion of the FRET peptide by HtrA at concentrations of up to
1000 nm (Fig. 5C), at which level B-casein had been an effective
inhibitor. Denaturing the protein by reducing its intramolecu-
lar disulfide bonds with dithiothreitol (DTT), however, con-
verted BSA into a potent inhibitor of CSP digestion (Fig. 5D). As
expected, this inhibition by denatured BSA was competitive in
nature, as demonstrated by reduced efficacy as the concentra-
tion of the FRET CSP peptide was increased and convergence of
the Lineweaver-Burk plots (Fig. 5, E and F).

Because the presence of BSA or serum in the growth medium
has been required for development of pneumococcal compe-
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FIGURE 6. A and B, luciferase activity of the ssbB’-luc reporter for competence in strains KSP148 (wild-type htrA) (A) and KSP122 (htrA S234A) (B) grown in media
containing either 7.2 um or 0.6 um BSA. Symbols represent means = S.E. for 12 replicate cultures. C and D, optical density (OD at 620 nm) for the same cultures
shown in A and B, respectively. E, fluorescence from digestion of the CSP-1 FRET peptide (20 nm) in the presence (triangles) or absence (squares) of 7.2 um BSA.
Fluorescence values represent differences in relative fluorescence units between samples containing wild-type versus htrA S234A supernatants and are shown
as means = S.D., n = 4. F, initial reaction velocities versus substrate concentration for digestion of the CSP-1 FRET peptide are shown for identical aliquots of
supernatant diluted into PBS that had been adjusted to the pH values indicated. G, relative expression of htrA as measured by quantitative RT-PCR in cultures
of strain KSP209 grown in the presence of antibiotics that promote development of competence (kanamycin (Km), 6 wg/ml; streptomycin (Sm), 3 ug/ml;
paromomycin (Pm), 3 ug/ml) compared with that of untreated samples. H, relative expression of htrA in KSP209 treated with antibiotics that repress develop-
ment of competence (kasugamycin (Ks), 6 ng/ml; spectinomycin (Sp), 6 ng/ml; tetracycline (Tc), 60 ng/ml). Bars, means = S.D. (error bars), n = 3. Differences
between treated and untreated samples are significant only for tetracycline (p < 0.01 by analysis of variance with Dunnett’s multiple comparison test).

tence in vitro, we tested for evidence of interaction between this
component of the medium and HtrA. Notably, our standard
competence medium contains 7.2 um BSA, a concentration
high enough that a reduction of HtrA activity could be seen
against the FRET CSP peptide even in the absence of DTT (Fig.
6E). We speculate that this inhibition may result from occa-
sional proteins with the stock of BSA that may be damaged or
misfolded. Without any supplemental BSA, cultures failed to
grow (data not shown). Reducing the concentration of BSA
from 7.2 to 0.6 uM, however, resulted in loss of competence
with an strA wild-type strain but not in an strA S234.A catalytic
site mutant (Fig. 6, A-D).

Effects on HtrA of Other Factors That Modulate Competence—
Because the development of competence is impaired by small
decreases in pH of the growth medium, we examined the effect
of pH on the activity of HtrA from pneumococcal supernatants.
The observation that the HtrA family protease DegQ from
E. coli displays increased activity at lower pH (41) raised the
prospect that modulation of HtrA activity might explain the pH
sensitivity of the competence system. In contrast to the report
for DegQ, however, we found that activity of pneumococcal
HtrA did not increase at lower pH but rather declined modestly
as the pH was reduced from 7.4 to 7.0 (Fig. 6F). Direct modula-
tion of HtrA activity by changes in pH therefore would not
appear to be responsible for the effect of pH on competence.

We have shown previously that competence is induced by
antibiotics that increase the frequency of translational errors
and is blocked by antibiotics that reduce such errors (8). These
agents would be expected to affect the level of protein folding
stress but might also trigger changes in the level of HtrA in
response. Although we had shown previously that the antibiot-
ics streptomycin, kanamycin, and paromomycin did not appear
to influence the quantity of HtrA detected by Western blotting,
we sought to evaluate the possibility of error-responsive htrA
regulation more quantitatively using RT-PCR. In order to sep-
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arate possible effects of antibiotics on htrA from the known
induction of htrA that is a delayed part of the competence
response (10), these assays were conducted in the background
of a strain with a deletion of comA. This strain is unable to
secrete CSP and does not develop spontaneous competence.
We found that antibiotics that stimulate ribosomal errors and
induce competence (Fig. 6G) did not significantly affect the
expression of itrA. Of the antibiotics that increase translational
accuracy and repress competence (Fig. 6H), kasugamycin and
spectinomycin did not change /trA expression. Although tet-
racycline appeared to increase htrA expression (Fig. 6H), a
change limited to this antibiotic does not itself explain the
repression of competence exerted by this entire group of anti-
biotics. Together these observations suggest that the dominant
interaction modulating the digestion of CSP by HtrA is compe-
tition from misfolded proteins rather than changes in expres-
sion of the enzyme or alterations in its intrinsic activity.

DISCUSSION

In this work, we showed that the HtrA protease of S. pneu-
moniae was able to digest the peptide pheromone CSP, which
regulates development of genetic competence. This protease
furthermore accounted for the large majority of the CSP-de-
grading activity present in extracytoplasmic fractions of pneu-
mococcal cultures. The apparent K, , for native HtrA catalyzing
this reaction in the context of culture supernatants was ~25 nm,
which is close to the concentration of CSP required to initiate
competence signaling (30, 42). Specifically, maximal transfor-
mation was reported to be induced by CSP-1 at concentrations
of at least 13 nm (42), whereas half-maximal activation of com-
petence signaling by CSP-1 and CSP-2 was seen at 4.4 and 14
nM, respectively (30). The similarity of these values suggests
that HtrA should be effective in degrading CSP produced by
S. pneumoniae during growth.
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Digestion of CSP by HtrA thereby appears to provide a mech-
anism to explain the earlier observations that competence was
enhanced by either deletion of strA or a point mutation inacti-
vating the catalytic site of the enzyme (8, 29). HtrA appears to
prevent the onset of competence under specific conditions dis-
cussed below, such as when biosynthetic errors during protein
production are rare (8) or when the extracellular protein con-
centration is low (this work). Increased expression of HtrA
through activation of the CiaRH two-component signaling sys-
tem also inhibits development of competence (29). In contrast
to the ability of HtrA to block competence initiation in these
settings, the role of the protease in terminating competence is
less clear. Although /trA expression is induced ~8-fold as part
of a delayed response following the activation of competence
(10), mutants in which /ZtrA has been inactivated or deleted
terminate competence in a manner similar to what is seen in the
wild type and do not extend the response into the stationary
phase of growth (Fig. 6, A and B) (8, 29). Because the onset of
competence is somewhat earlier in strains without active HtrA
(Fig. 6) (8, 29), the net effect is a modest prolongation of the
competence response. Although HtrA may contribute to shut-
ting off competence signaling by digesting CSP, these observa-
tions indicate that other factors, which remain to be defined,
are sufficient to terminate the response. Considering that pos-
itive feedback strongly amplifies the production of CSP once
competence has begun, the reduced efficacy of HtrA in turning
competence off as opposed to blocking its initiation may be the
result of higher pheromone levels at the later stage. Finally, it is
important to note that although HtrA expression is regulated
by at least two signaling systems (10, 43), changes in HtrA levels
are not responsible for the modulation of competence by this
protease that allows it to serve as a sensor for the accuracy of
protein biosynthesis (Fig. 6, G and H) (8).

Whereas the role of pneumococcal HtrA in modulating cell-
to-cell communication appears to be unique, other general
characteristics of the HtrA protease in S. pneumoniae reflect
conserved properties similar to those described for related
members of the HtrA family. Among these features are its abil-
ity to form multimers and the enhancement of protease activity
by exposure to molecules, such as 3-casein, that serve as sub-
strates for the enzyme. The ability of B-casein to stimulate the
activity of recombinant pneumococcal HtrA against CSP was
evident (Fig. 2), but its impact on assembly of higher order
multimers, similar to the substrate-induced multimerization
shown for other HtrA proteases, was less clear. On native gel
electrophoresis, our recombinant protein appeared to have a
size of ~700 kDa, which, given the propensity of other HtrA
proteases to combine subunits consisting of trimers, suggests
assembly into 18-mers. Remarkably, however, peaks corre-
sponding to multimers in this size range were not evident by
SEC although the system used had an exclusion limit of 1300
kDa. Although the high salt buffer (0.5 m NaCl) employed dur-
ing SEC may have limited intermolecular interactions, per-
forming SEC using PBS substantially reduced the apparent
amount of the eluted monomer without generating new peaks
corresponding to larger forms. Similarly, we noted that the
addition of B-casein to the HtrA sample reduced the intensity
of the peak eluting at the size of the monomer without produc-
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ing additional peaks. These observations suggest that both
reduction in the salt concentration and the addition of B-casein
may affect the state of HtrA so as to promote its retention on
the column. Whether these changes reflect increased affinity of
the protein for the resin or formation of aggregates that are too
large or collectively bind too avidly to elute from the column is
uncertain. The transition from the high salt buffer to PBS dur-
ing purification of rHtrA, however, was also associated with
increased protease activity (Fig. 14) such as accompanies for-
mation of larger DegP multimers. We therefore favor the inter-
pretation that pneumococcal HtrA may be able to form oligo-
mers that are larger even than what was seen on native gel
electrophoresis and that exposure to substrate molecules, such
as 3-casein, may promote this transition. Notably, multimers of
DegP have been described that contain up to 30 monomer sub-
units (19). The precise nature, however, of HtrA multimers in
S. pneumoniae remains a subject for investigation.

The increased rate of CSP proteolysis by purified rHtrA in
the presence of B-casein suggests an allosteric activation that
would be consistent with the recent report that the PDZ
domain of pneumococcal HtrA contains a peptide-binding
groove able to recognize several peptides having hydrophobic
residues at the C terminus (44). Binding of similar peptides to
the PDZ domains of other HtrA proteases has been shown to be
responsible for substrate-induced activation of these enzymes
(12). Contrasting with such behavior of the purified protease,
our work shows that, in the context of supernatants from grow-
ing bacterial cultures, pneumococcal HtrA cannot be further
activated by the addition of an exogenous substrate protein. In
this setting, protein components of the complex growth
medium and potentially also from the organism itself may
maintain HtrA in a continual state of activation. Under such
circumstances, the predominant effect of the accumulation of
additional substrates for HtrA is likely to be that of competition
as discussed below.

In addition to its activity against CSP, pneumococcal HtrA
displayed the ability to digest a range of other proteins. Based
on sites of digestion within B-casein and within HtrA itself,
such proteolysis appeared to occur preferentially on the C-ter-
minal side of non-polar residues. Combined with the finding
that denaturation is required to convert BSA into an effective
competitive inhibitor of HtrA, this pattern of digestion sug-
gested an overall selectivity for exposed hydrophobic regions
such as result from improper protein folding. This activity
against unfolded proteins resembles what has been character-
ized for DegP but, when combined with activity against CSP,
generates the potential for cell signaling that is responsive to
protein folding stress. The ability of HtrA to digest denatured
proteins is also consistent with previous reports that pneumo-
coccal strA mutants have a reduced ability to tolerate thermal
or oxidative stresses (45) and show a greater reduction in
growth rate with subinhibitory concentrations of the antibiotic
streptomycin, which causes ribosomal errors (8).

The predominant cut site for HtrA within CSP-1 was on the
C-terminal side of residue Phe-8 within the hydrophobic patch
of the central a-helix of the peptide. The conservation of hydro-
phobic residues at this site among CSP variants (30, 46) is likely
to account for the ability of HtrA to recognize both CSP-1 and
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CSP-2. From the perspective of the protease, this region of CSP
therefore seems likely to resemble an exposed hydrophobic seg-
ment of a misfolded protein. This similarity places the degra-
dation of CSP in direct competition with the degradation of
misfolded proteins. Competition between CSP and other
substrates for HtrA proteolysis would then have the effect of
making the pneumococcal competence pathway sensitive to
the level of misfolded proteins on the exterior of the cell. These
observations therefore raise the possibility that CSP functions,
rather than as a dedicated quorum-sensing pheromone for
measuring bacterial density, as part of a mechanism for the
bacterium to monitor the folding status of its extracytoplasmic
proteome.

Misfolded proteins that interact with HtrA may be derived
from a combination of secondary denaturation of mature pro-
teins as a result of environmental stress and primary biosyn-
thetic errors that result in production of proteins with intrinsic
folding defects. Consistent with the ability of HtrA to sense
proteins in the environment, a pneumococcal strain with wild-
type htrA showed repression of competence when the concen-
tration of BSA in the growth medium was reduced, and this
repression could be relieved by either inactivating htrA or
increasing the amount of BSA. Our in vitro data predict that
denatured proteins should be more effective than well folded
proteins in promoting competence by acting as efficient alter-
native substrates for HtrA and competitively reducing the
digestion of CSP. Attempts to demonstrate this effect in the
setting of pneumococcal cultures using exogenous denatured
proteins, however, have not been successful and are likely to be
complicated by the intrinsic tendency of denatured proteins to
aggregate and to stick to other proteins and surfaces. For com-
petence assays, denatured proteins would need to survive as
soluble molecules in the presence of abundant proteins in the
medium and on the bacterial cells themselves over several h of
culture growth. Although neither heating nor DTT treatment
enhanced the ability of BSA to promote competence, these
findings may reflect limited stability of denatured proteins
under culture conditions.

Because HtrA is at least approximately co-localized with the
Sec apparatus for protein translocation (47), it appears possible
that HtrA may preferentially monitor the folding status of
recently secreted proteins. Consistent with this model for stim-
ulation of competence by primary biosynthetic errors, we
recently showed that competence can be induced by increasing
the frequency of translational errors during protein synthesis
and that repression of competence by HtrA is relieved when
such errors are common (8). Development of competence in
the setting of such folding stress would seem to be an adaptive
response because the competence regulon encodes cellular
proteases and chaperones, such as ClpL, GrpE, DnaJ, Dnak,
GroEL, and GroES, as well as HtrA itself (10) that are critical for
both refolding and digesting misfolded proteins. Beyond the
immediate response to folding stress, it is furthermore interest-
ing to speculate that genetic exchange resulting from transfor-
mation may function in repairing upstream genetic lesions that
contribute to the burden of misfolded proteins.

In summary, we have demonstrated that pneumococcal
HtrA digests the bacterial signaling peptide CSP in a manner
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that is competitively inhibited by the presence of misfolded
proteins, which serve as alternative substrates for the protease.
This finding contributes to an emerging view of competence in
S. pneumoniae as a stress response that is triggered by errors in
protein folding and points to a key regulatory role for the HtrA
protease in this process.
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